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Preface

Navigational surgery in the craniomaxillofacial field
started to become clinically applicable in the 1990s.
Its distribution into daily routine, however, was limit-
ed due to the fact that all navigation systems narrow-
ly addressed neurosurgical needs, which are basically
to find a 3D structure within a 3D volume. However,
in the field of craniomaxillofacial surgery these
neurosurgery-oriented navigation systems had to be
adapted and the software changed, especially with
respect to preoperative planning, including virtual
model building and following the pre-op plan during
surgery. This changed the workflow in the field of
navigational surgery in the craniomaxillofacial field
so greatly that a separate imaging analysis platform
for pre- and postoperative assessment and quality
control became more and more demanding.

The authors have promoted the idea of pre- and
postoperative planning and the interface of these
imaging analysis achievements with intraoperative

navigation. This has led, over recent years, to a very
beneficial implementation of modern technology
into the area of patient care. We implemented this
technique into our daily routines in our departments
and we even promoted the idea of preoperative plan-
ning in teaching of our residents and students, so that
every voxel-based data set is now assessed on an
imaging analysis platform. Furthermore, we found
it useful that pre- and postoperative image fusion of
voxel-based datasets led to a unique type of quality
control with respect to surgically achieved results.
We hope that through this book we can share the
ideas we had and achievements we made during
the last ten years. We hope that the next generation
of surgeons will have the chance to include these
achievements in their daily practical work.

Alexander Schramm, Nils-Claudius Gellrich
and Rainer Schmelzeisen
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Surgical procedures in the head and neck region re-
quire a detailed knowledge of head and neck anato-
my. Particularly in the skull, structures of major func-
tional and aesthetic importance are spaced close to-
gether within a relatively confined area. Anatomical
changes due to tumor growth, trauma-related defects
or displacements, and craniofacial deformities and
dysgnathias present special challenges for the sur-
geon. Besides the clinical examination, which is still
of fundamental importance, imaging procedures are
used in the preoperative assessment of anatomical
changes. Imaging studies enable us to analyze the
pathological condition and plan the operation ac-
cordingly. Two-dimensional techniques such as con-
ventional radiography are seriously limited due to
the presence of superimposed structures. Computed
tomography (CT) was the first imaging modality to
provide a three-dimensional (3D) representation of
the clinical situation. Recent developments in 3D
shadowing software can produce high-contrast sim-
ulated 3D models of the skull that are particularly
useful in traumatology. Once an image data set has
been acquired, it can be digitally processed without
further radiation exposure to provide detailed views
of the bones and soft tissues. Magnetic resonance im-
aging (MRI) may offer similar advantages, depending
on the nature of the investigation.

These examination techniques also have major
importance as postoperative studies. They provide an
objective, detailed basis for evaluating the results of
operative procedures, planning adjuvant therapies,
and conducting follow-ups. There is still a need, how-
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Introduction

ever, to avoid negative postoperative surprises caused
by faulty intraoperative judgments, and this problem
has sparked a desire among surgeons for improved
methods of intraoperative visualization. Recent de-
velopments in 3D sectional imaging technology such
as volume tomography and C-arm techniques from
traumatology may provide simpler and more practi-
cal options for intraoperative use. These new devel-
opments involve less radiation exposure and are con-
siderably more cost-effective than conventional CT.
The intraoperative use of CT or MRI is associated
with high staffing and equipment costs. These
modalities hamper the clinical course and may inter-
fere with certain operating room procedures, pre-
cluding several interventions. Intraoperative CT also
subjects the patient to extra radiation exposure, mak-
ing it inappropriate for routine operative use.

Intraoperative navigation is free of these disad-
vantages. It enables the surgeon to correlate the
anatomy of the operative site with the data set ac-
quired before the operation. This makes it possible to
locate anatomical and pathological structures with-
out having to rely on subjective assessments and in-
terpretations of image data sets. When we supple-
ment preoperative analysis with the ability to plan
surgical access routes and mark tumor boundaries
and surgical clearance margins, we have a new treat-
ment modality known as computer-assisted surgery.
Unlike robotic techniques, the operation is con-
ducted without the use of manipulators or of semi-
or fully automatic cutting, burring, or drilling instru-
ments.
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Chapter 2

Historical Evolution

of Computer-assisted
Surgery

Frame-based Stereotaxy

Stereotaxy was first used by Dittmar in 1873 to obtain
tissue samples from the medulla oblongata. Horsley
and Clarke (1908) developed a method for localizing
intracranial structures by using a head frame com-
bined with a stereotactic atlas. In 1947, Spiegel was
the first surgeon to use a head frame for orientation
and instrument guidance in a human patient (Spiegel
et al. 1947). Stereotactic procedures were planned
and carried out with the aid of frames that were
rigidly secured to the patient’s head. For this purpose
the frame had to maintain a constant position during
image data acquisition and during the operation it-
self. Thus it remained attached to the patient’s head
throughout the preoperative period. Instruments
were mounted on the frame to guide the surgeon dur-
ing the operative procedure.

This method is based on the use of a stereotactic
atlas in which every internal structure is correlated
with a particular external reference mark in a coordi-
nate system. Any of a variety of stereotactic frames
can be used to define the external coordinate system
for targeting intracranial structures. The stereotactic
atlas is used to assign coordinates to an external
structure. CT- or MRI-guided stereotactic surgery
began with modified conventional stereotactic in-
struments (Leksell and Jernberg 1980; Goerss et al.
1982) and evolved through the development of new,
specialized instrumentation (Perry et al. 1980; Patil
1982; Apuzzo and Sabshin 1983). With modern imag-
ing techniques, it became possible to make a precise
morphological analysis of each individual patient.
Stereotactic atlases became less important because
they could provide only an approximate representa-




tion of individual anatomy and pathology. With the
development of CT, new methods were needed to de-
fine and correlate the stereotactic coordinates based
on the CT data acquired from the patient (Leksell and
Jernberg 1980).

The disadvantages of stereotaxy are that the instan-
taneous position of the surgical instrument cannot be
reliably determined (Anon et al. 1997) and the compli-
cated frame assembly may restrict access to the opera-
tive field (Bale et al. 1997). The screws driven into the
skull increase the invasiveness of the procedure. Arti-
facts also make the frame incompatible with CT scan-
ning, despite the development of alternative devices
made of carbon and plastics (Brown 1979; Goerss et al.
1982). Because of these problems and the practical in-
convenience of the frame, stereotaxy has been unable
to achieve maximum clinical efficiency in neuro-
surgery (Smith et al. 1994). Carini et al. (1992) suggest-
ed the idea of fixing the frame noninvasively to the
maxillary dental arch. An additional aid to orientation
is definitely needed in cases where it is necessary to
target deep subcortical tumors and in regions where it
is difficult to define the boundaries between the tumor
and surrounding edematous brain (Kelly 1986).

Frameless Stereotaxy

Computer-assisted surgery has its origin in frameless
stereotaxy, first introduced to neurosurgery in 1987
(Watanabe et al. 1987). This technique, called “neu-
ronavigation,” enabled the selective intraoperative
localization of anatomical structures based on CT or
MRI data sets acquired before the operation (Zamo-
rano et al. 1992). The navigation instrument consists
of an articulated mechanical arm linked to a comput-
er workstation. Detectors in the joints of the arm
measure the angular deflections, making it possible
to calculate the position of the pointer tip, which is
designed as a tracking sensor. Generally the arms
have six degrees of freedom. One problem with track-
ing arms is that they are cumbersome to use due to
the spring mountings and the overall weight of the
assembly. The first commercially available system to
be used clinically was the Viewing Wand System (ISG
Technologies, Toronto, Ontario, Canada) (Guthrie
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and Adler 1992; Maciunas et al. 1992a; Olivier et al.
1994; Golfinos et al. 1995). The Viewing Wand was
widely utilized (Anon et al. 1994; Dyer et al. 1995;
Golfinos et al. 1995; Nabavi et al. 1995; Carney et al.
1996; Carrau et al. 1996; Sipos et al. 1996; Tronnier et
al. 1996; Freysinger et al. 1997a; Gunkel et al. 1997a;
Marmulla et al. 1997a, 1998; Thumfart and Gunkel
1997; Arginteanu et al. 1998; Hassfeld et al. 1998a;
Hilbert et al. 1998a). However, the mechanical cou-
pling shortens the radius of action and limits the ap-
plications of this system, and more innovative sys-
tems had to be developed.

Ultrasound-based and electromagnetic naviga-
tion systems were the first systems to eliminate the
need for mechanical coupling by applying the princi-
ple of satellite tracking. In electromagnetic systems, a
low-frequency magnetic field is superimposed over
the operative site. The position of a tracking probe is
determined by analyzing the effect of its ferromag-
netic parts on the magnetic field. Kato et al. (1991),
Manwaring et al. (1994), Wagner et al. (1995, 1996),
and Metson et al. (1998) presented magnetic field-
based systems that had a reported accuracy of
2-4mm (Fried et al. 1997). The problem with these
systems is the variable stability of the magnetic field.
Several metallic objects (e.g., surgical instruments)
as well as electromagnetic radiation can distort the
magnetic field and compromise the accuracy of the
localization. There is no effective way to eliminate in-
terference from extraneous electromagnetic fields
and moving metallic objects in the operating suite
(Cutting 1992).

In ultrasound-based systems, the position of the
pointer is determined by measuring the time it takes
for a transducer-emitted tone to reach the micro-
phone-bearing frame, whose geometry has been pre-
cisely calibrated (Reinhardt and Zweifel 1990; Rein-
hardt et al. 1991,1996; Barnet et al. 1993; Koivukangas
et al. 1993; Horstmann and Reinhardt 1994a; Kalfas et
al. 1995; Barnett 1996). However, the frame geometry
varies with temperature, and a temperature gradient
may exist between the transmitter and the micro-
phone. Echoes and air currents may also produce un-
wanted effects. Thus, the disadvantages of ultra-
sound-based systems relate to a lack of intraoperative
accuracy (Mosges 1998).
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An optical instrument-based navigation system
was first introduced by Heilbrunn et al. in 1992, and
other systems followed (Reinhardt et al. 1993; Buch-
holz et al. 1994; Henderson et al. 1994; Smith et al.
1994; League 1995; Westermann et al. 1995). Instru-
ment tracking in optical systems is based on the de-
tection of light-emitting diodes (LEDs) by infrared
cameras (Fig. 1). Passive systems were also developed
in which the active light sources are replaced by re-
flectors on the surgical instruments. The cameras il-
luminate the reflectors with infrared flashes so that
the instruments can be tracked. The advantage of

passive systems is that instruments can be tracked
without electrical wires or batteries (Fig.2). As
for their disadvantages, natural and artificial light
sources may interfere with tracking, and sterile drap-
ing of the reflectors cannot be achieved (Engelhardt
2000). Owing to their high technical precision (Bu-
cholz et al. 1993) and their insensitivity to ambient
operating room conditions, navigation systems based
on the use of infrared light have become commercial-
ly popular (Hassfeld 2000; Hassfeld and Miihling
2001).

Fig. 1. Passive optical navigation system.a The infrared cam-
eras are combined with infrared emitters and detect the in-
frared light reflected from the instruments (IVS Solutions,

Chemnitz, Germany). b,c The instruments used in passive
optical navigation systems are fitted with infrared light reflec-
tors
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Fig. 2. Universal adapters make it possible to use any non- e, f Calibration of an operating endoscope. Sleeves of various
flexible surgical instrument such as a biopsy forceps (a), diameters are used for precision guidance of the instruments
suction probe (b), elbow piece (c), or endoscope (d). during the calibration process

The instruments can be calibrated before or after surgery.




Navigation systems were first used in neurosurgery
for the detailed visualization of brain anatomy based
on the use of modern neuroimaging procedures (CT,
MRI). During the 1990s, initial reports were pub-
lished on the successful use of intraoperative naviga-
tion for improved orientation in pediatric neuro-
surgery (Drake et al. 1991), the resection of brain tu-
mors (Barnett et al. 1993; Iseki et al. 1994; Spetzger
et al. 1996), the drainage of brain abscesses (Laborde
et al. 1993), epilepsy surgery (Olivier et al. 1994;
Chabrerie et al. 1998), the guidance of biopsy needles
and ventricular catheters (Dorward et al. 1997), func-
tional neurosurgical procedures, and in patients with
multiple lesions and biopsies (Thumfart et al. 1997;
Roessler et al. 1998b; Wirtz and Kunze 1998). Navi-
gation systems also appeared feasible in the brachy-
therapy of neurosurgical tumors (Mosges et al. 1991),
but intraoperative accuracy in all intracranial proce-
dures was significantly limited (1-2 cm) due to the
“brain shift” that occurred following craniotomy
(Kikinis et al. 1996).

Thus, the paranasal sinuses and skull base, with
their close relationship to stationary bony structures,
offered an excellent area for the application of frame-
less stereotaxy (Kavanagh 1994). Foreign-body re-
moval (Klimek et al. 1992a, 1993c), optic nerve de-
compression (Kurzeja et al. 1994), and endoscopical-
ly navigated sinus operations were described (Mos-
ges and Klimek 1993; Ossoff and Reinisch 1994;
Gunkel et al. 1995; Roth et al. 1995; Carrau et al. 1996;
Hauser et al. 1996; Kriickels et al. 1996; Freysinger et
al. 1997b; Gunkel et al. 1997¢).In 1994, Anon et al. de-
scribed the use of frameless navigation in previously
operated areas, extensive lesions, in the sphenoid
bone,and in patients with Onodi cells or other anom-
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Evolution of the Clinical Use

of Navigation Systems in
the Head and Neck

alies that could lead to complications. In frontal sinu-
sotomy, Carrau et al. (1994) described the advantages
of navigation in preventing dural perforations and
frontal lobe injuries. Caversaccio et al. (1997) found
that navigation systems could reduce the high risks
associated with procedures on the anterior or lateral
skull base and arteriovenous malformations with
risk of vision loss, deafness, facial nerve paralysis,
and intracerebral neurological complications. Vari-
ous authors have described the use of navigation sys-
tems in surgery of the paranasal sinuses and anterior
skull base (Freysinger et al. 1997b), intranasal endo-
scopic or microscopic sinus surgery (Hauser et al.
1997), preoperatively operated areas, patients with
massive polyposis or hemorrhage (Klimek et al.
1993a), and in surgical procedures on the orbit, na-
sopharynx, pituitary gland, and the middle and ante-
rior cranial fossae (Schlondorff et al. 1989; Klimek
and Mosges 1998). Endonasal surgery of the para-
nasal sinuses involving more than just the maxillary
sinus, revision sinus surgery, and the surgical re-
moval of sinonasal and orbital tumors can be per-
formed more easily with the aid of image guidance
and computer assistance. It is easier to locate foreign
bodies in the orbital region (Klimek et al. 1993b).
Navigation also facilitates orientation in procedures
on the lateral skull base, especially the transtemporal
surgery of acoustic neuroma and the insertion of
cochlear implants (Mdsges 1993).

The use of a mechanically coupled navigation sys-
tem in oromaxillofacial surgery was first described in
1994 for the removal of skull base tumors, foreign
body extractions, and the transfer of osteotomy lines
(Hassfeld et al. 1994). These publications were fol-
lowed by isolated reports on navigated tumor resec-




tions (Wagner et al. 1995; Hoffmann et al. 2004; Wes-
tendorff et al. 2004), implant insertions (Ploder et al.
1995), and corrective osteotomies (Marmulla et al.
1997b; Marmulla and Niederdellmann 1998, 1999;
Heiland et al. 2004; De Greef et al. 2005; Ewers et al.
2005; Westermark et al. 2005). Surgeons had not yet
incorporated this very promising technology into
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routine oromaxillofacial operations, however. The
main reasons for this were a lack of intraoperative ac-
curacy, an inability to plan and simulate surgical pro-
cedures with existing computer software, the high
technical costs, and the learning curve for mastering
the software and hardware components of the navi-
gation systems.



Intraoperative navigation is comparable to the navi-
gation systems used in automobiles. While the posi-
tion of an automobile is determined by satellite re-
ceivers that track waves emitted from the vehicle, an
optical-based intraoperative navigation system uses
infrared cameras to detect the light waves emitted by
LEDs mounted on the surgical instruments. Road
maps are analogous to the CT or MRI data sets that
are acquired from the patient prior to the operation.
To calibrate the system, it is necessary to define a
starting position so that the virtual patient on the
monitor corresponds anatomically to the real patient
on the operating table. This is done by using refer-
ence points that can be uniquely identified on the pa-
tient and can be located in the data set. This process
of correlating the patient’s images to the patient’s ac-
tual anatomy is called registration. Usually it is based
on three non-coplanar reference points that can be
uniquely identified in the image data and on the skull
of the patient. At the start of the operation, these ref-
erence points are sequentially touched with a localiz-
ing system, such as an instrument fitted with LEDs,

Chapter 4

Intraoperative Navigation

and they are simultaneously digitized in the image
data. When registration (spatial correlation) is com-
plete, the computer can calculate the spatial position
of the instrument in the 3D model and display it in
relation to the preplanned trajectory and the target-
ed surgical site. It must also be possible to continual-
ly update changes in the patient’s position (“reregis-
tration”), because movements during the operation
cannot be prevented and are even necessary for some
maneuvers. This is accomplished with an LED array
that is securely attached to the patient. Generally a
metal clamp with three steel prongs is mounted on
the patient’s head for this purpose - a procedure that
is done routinely in almost all neurosurgical opera-
tions. When the setup is complete, the surgeon can
move a tracking instrument during the operation
while watching the corresponding movements of the
instrument tip on the monitor. Any rigid surgical in-
strument such as a drill, chisel, or even an endoscope
or the focus of an operating microscope can be
tracked in this way, providing a means of intraopera-
tive navigation.
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Chapter 5

Registration Process

To define the position of the instrument in the patient
data set, the computer must be able to convert be-
tween the coordinate systems of the patient, instru-
ment, camera, and data set. The basis for these trans-
formations is the “local rigid body” concept, which
states that an object must have at least three fixed ref-
erence elements that span the coordinate system of
the object in question (Zamorano et al. 1993b). Regis-
tration, or the process of correlating the physical ref-
erence points to those in the data set, is done by car-
rying out multiple computer transformations. The
first transformation, designated T, (Fig. 3), calculates
the position of the instrument in relation to the cam-
era coordinate system. Because the reference elements
are placed on the instrument in a fixed pattern, their
position can be used to calculate the position of the
instrument tip. Another essential part of surgical nav-
igation is registering intraoperative movements of the
operative field. These position changes may result
from deliberate or accidental intraoperative changes
in the position of the patient or operating table. With
an optical system, these movements are registered by
LEDs mounted directly or indirectly on the patient’s
head (“dynamic reference frame,” DRF). In the second
transformation, designated T, (Fig. 3), the position of
the DREF is calculated in relation to the camera. The
reference elements of the DRF must also be mounted
in a fixed position in space. The DRF is securely at-
tached to the patient’s head so that the reference
points maintain a fixed relationship to the DRE This
means that a fixed quantity is calculated in T;. In the
final step, T,, the reference points in space are corre-
lated to the corresponding points in the image data
set. Once registration has been completed, the initial
relationships of the camera, DRE instrument, and




Fall
Camera -
T T:
Data set (CT or MRI)
Referencing Ta
(Registration)

Instrument

DRF

Tracking

Head fixation (Registration)

Fig. 3. Transformation process used in correlating the posi-
tion of the instrument to the image data (registration). The
head is fixed in a head frame to which the dynamic reference
frame (DRF) is attached. The registration points are shown in
green, and the different coordinate systems are shown in red.
The four steps in the transformation process are designated as
T,-T,

data set have been uniquely defined in relation to one
another. Then, whenever a position change occurs in
any of the elements, its new position can be calculat-
ed. Registration of the patient and virtual image (CT
or MRI image data set) and the reregistration of in-
traoperative movements can be done in either of two
ways: invasively and noninvasively.

Invasive Registration

Prior to data acquisition, “screw markers” are placed
transcutaneously in the patient’s head under local
anesthesia. This may be done extraorally (e.g., on
the calvarium or lateral orbital margin) or intraorally
by placing markers in the maxilla, mandible, or
both (Schramm et al. 1999a). Commercially available
marker systems (Cranial Marker Set, Stryker-
Leibinger, Freiburg, Germany) consist of titanium
screws (2-mm-diameter) with an additional external
thread on the screw head for mounting the base com-
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Fig. 4. Screw markers for invasive registration (Cranial Marker
Set, Stryker-Leibinger, Freiburg, Germany). The heads of the
titanium screws have external threads for mounting the base
components. Markers for CT and MRI can be inserted into the
base components

ponent (Fig. 4). These base components function as
holders for applying the CT and MRI markers. Both
the base component and markers are made of poly-
methylmethacrylate (PMMA) plastic. CT markers are
fitted with a gold bead for visualization, while MRI
markers have a spherical cavity that can be filled with
gadolinium contrast agent. Multimodal markers that
are compatible with CT and MRI are also available
commercially. These systems are suitable for both in-
tra- and extraoral use. Extraoral screws are placed in
the facial bones or cranial vault under local anesthe-
sia, and then the base components are screwed into
place. The markers are then applied for CT or MRI
data acquisition and can be removed afterward. The
screws with the base components must remain in
place until the start of the operation (Fig. 5).

The disadvantages of invasive registration tech-
niques are the need for operative insertion and the
limited time interval between data acquisition and
navigated surgical procedure. They may also delay
the initiation of operative treatment. Invasive mark-
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Fig. 5. Clinical application of screw-based invasive registration. Markers placed extraorally (a) or intraorally (b) under local
anesthesia are visualized in the CT data set and used as registration points (c)

ers have been used in neurosurgery (Maciunas et al. In secondary operations, internal fixation material
1992a,b, 1996; Nabavi et al. 1995; Colchester et al. that is already in place, such as titanium screws,
1996) but are rarely used in otolaryngological or oro- may provide acceptable reference points for surgical
maxillofacial surgery because of these disadvantages. navigation (Maciunas et al. 1992b; Marmulla et al.
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Fig. 6. Use of internal fixation screws as reference markers.  nal fixation miniscrews are inserted through a stab incision
The center of the screw head marked in the CT data set (@) is  under local anesthesia (d). During the operation these points
touched intraoperatively with the pointer (b) and functionsas  are touched with the pointer for registration. They can be
a reference point (c). Before acquisition of the data set, inter-  removed at the end of the operation



5 Registration Process

Fig. 6. (continued)

1997a). While this type of registration can be done
only in secondary procedures, it is an elegant and re-
liable method (Fig. 6). Thus, in cases where CT data
sets are used exclusively, as in traumatology, internal
fixation screws are inserted subcutaneously prior to
data acquisition. Generally this is done under local
anesthesia, placing the screws in the lateral orbital
margins and temporoparietal areas on both sides.
Intraoral maxillary placement is another option.

Noninvasive Registration

Noninvasive registration is advantageous because it
is technically easier to perform and makes it possible
to provide immediate surgical treatment (optic nerve
decompression, trauma care) in urgent cases.

Anatomical Landmarks

The development of increasingly powerful comput-
ers in the early 1990s led to the use of anatomical
landmarks for registration (Boesecke et al. 1990; Hass-
feld et al. 1995a; Carney et al. 1996; Desgeorges et al.
1997). The anatomical landmarks are well-defined

structures, usually bony prominences, that provide
definite reference points for instrument tracking
(Golfinos et al. 1995; Vrionis et al. 1997). Edinger et al.
(1999) described the use of teeth and filling contours
for navigation. For navigating in the nose and para-
nasal sinuses, Anon et al. (1994) suggested using the
nose as a landmark. The tragi and canthi have been
used in oromaxillofacial surgery (Horstmann and
Reinhardt 1994a; Golfinos et al. 1995; Freysinger et al.
1997b).

Registration is done by correlating soft tissue or
bony points on the facial skeleton of the patient to
corresponding points in the CT or MRI image data
set (Fig.7). This registration method is time-con-
suming, difficult to reproduce, and therefore opera-
tor-dependent. The correlation process can be partic-
ularly difficult and unreliable when MRI data sets are
used. Landmark-based registration can achieve an
intraoperative positional accuracy of only about
4-6 mm (Horstmann and Reinhardt 1994b; Kondzi-
olka and Lunsford 1996; McDermott and Gutin 1996).
Thus, intraoperative navigation in oromaxillofacial
surgery based on landmark registration is feasible
only when it is used as an adjunct to other registra-
tion methods.
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Fig. 7. Landmark-based registration. Here the left frontozygomatic suture is registered as a reference point with the pointer.
This landmark may be used as an adjunct to other reference points, such as the registration splint shown here

Adhesive Skin Markers

Adhesive markers are attached to the skin of the pa-
tient’s head prior to data acquisition (Fig. 8) and are
defined as registration points at the start of the oper-
ation. This is the most widely used registration
method (Roberts et al. 1986; Giller and Purdy 1990;
Watanabe et al. 1991; Guthrie and Adler 1992; Labor-
de et al. 1992, 1993; Takizawa 1993; Sandemann et al.

1994). Cutaneous marker systems are small plastic
pads with adhesive on one side and a major diameter
of 1-1.5 cm. They are fitted with a central radiopaque
marker such as a lead bead (Hassfeld et al. 1995b,
1998b). At least four markers are placed on the pa-
tient’s skin and remain there until the start of the op-
eration (Klimek et al. 1995; Nabavi et al. 1995; Vinas et
al. 1997; Alp et al. 1998). To allow for the risk of pre-
mature marker loss, extra markers are usually ap-
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Fig. 8a, b. Adhesive skin markers.
The reference markers are placed

on the patient’s skin prior to data
acquisition and must remain in place
until the operation

plied and the skin area is marked with a waterproof
skin marker so that a dislodged adhesive marker can
be easily reattached (Barnett et al. 1993; Wenzel et al.
1994; Desgeorges et al. 1997; Freysinger et al. 1997b;
Roessler et al. 1998a). The adhesive markers are easy
to apply and locate during the operation. They are
said to provide a positional accuracy of approximate-
ly 2 mm, but studies to date are based on phantom
models or human preparations that do not take into
account movements of the plastic or skin. But even
changes in skin tone during data acquisition and dur-
ing the operation itself may lead to unpredictable er-
rors of correlation.

The clinical application of noninvasive registra-
tion methods such as adhesive skin markers or the
use of anatomical landmarks has shown an intraop-
erative accuracy of no better than 2 mm (Anon et al.
1994; Hassfeld et al. 1995a, 1998b; Nabavi et al. 1995;
Roth et al. 1995; Desgeorges et al. 1997; Alp et al. 1998;
Edinger 1999) and often considerably higher (Horst-
mann and Reinhardt 1994b; Golfinos et al. 1995;
Vinas et al. 1997). In the case of adhesive skin mark-
ers, this results from the soft tissue-based attachment
of the markers and the consequent inability to pre-
dict position changes during application, data set ac-
quisition, and the operation itself (Hauser et al. 1996;
Fried et al. 1997). Orientation and registration based
on anatomical landmarks may be compromised by

poor reproducibility, especially in revisions and op-
erations for recurrent disease, because in many cases
the reference structures are no longer present, are in-
accessible, or have been displaced from their original
position (Klimek and Mosges 1998). This is such a se-
rious drawback that the use of anatomical landmarks
is no longer considered appropriate in oromaxillofa-
cial surgery (Hassfeld 2000). Like the newer video-
and laser-based registration methods, they are used
chiefly in paranasal sinus surgery and neuronaviga-
tion.

Headset

In this method the markers are attached to a headset
that resembles a dental frame. The headset is placed
on designated soft tissue points of the facial skeleton
(the bridge of the nose and the external auditory
canals). This method is commonly used in endoscop-
ically navigated sinus surgery (Thomas et al. 1990;
Takizawa et al. 1993; Howard et al. 1995; Hauser et al.
1997; Klimek and Mdsges 1998). Head masks are also
used for noninvasive registration (Smith et al. 1994;
Walker et al. 2002) and provide a reported positional
accuracy of 1.2-2.8 mm (Heermann et al. 2001; Wang
et al. 2002). But this registration method has limited
reliability due to its soft tissue-based support and,
unlike maxillary splints, is poorly tolerated by chil-



dren (Postec et al. 2002). The headset or cap must re-
main in place during the operation, which limits their
application to endonasal procedures because other
approaches would require a different position. The
soft tissue support also prevents accurate reregistra-
tion, resulting in a low degree of intraoperative accu-
racy. The use of headsets should thus be limited
to endoscopic sinus surgery, although facial neu-
ropathies have been described following the use of
a headset for image-guided surgery (Hwang et al.
2002).

Surface Matching

“Surface matching” is a markerless technique in
which surfaces on the patient are scanned and corre-
lated with congruent areas in the image data set. The
accuracy of this method depends on the algorithm
that is used, and scanning skin surfaces is no more
accurate than the use of adhesive skin markers, de-
spite several promising reports on laser-based tech-
niques (Raabe et al. 2002; Marmulla et al. 2003, 2004,
2005; Troitzsch et al. 2003; Hoffmann et al. 2005a).
Matching bony surfaces yields satisfactory results,
but it is necessary to use large, well-curved bony sur-
faces in order to achieve good accuracy. Thus, surface
matching can be used only in operations on the facial
skeleton that involve extensive exposure, such as a bi-
coronal incision (Fig. 9).

Dental Arch Splints

This noninvasive registration system encompasses
various types of splints (Schramm et al. 2002a).

Vacuum-formed Maxillary Splint

An impression of the maxilla is taken and is used to
fabricate a plaster model. After the model has hard-
ened, a plastic plate 1-2 mm thick is “deep-drawn”
over the plaster model in a vacuum. The splint is
worked to follow the dental equator on the vestibular
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Fig. 9. Surface matching. Registration is done by correlating
surface points in the image data set to designated points on
the surface of the patient

and palatal surfaces. The base components for attach-
ing the CT markers are polymerized to the base of the
splint (Fig. 10). The effect of the geometrical arrange-
ment of the markers on the accuracy of registration is
greater than the effect of the number of markers
used. It is essential, then, to place the reference mark-
ers in an optimum configuration so that they encom-
pass the largest possible volume. The gain in intraop-
erative accuracy is independent of the registration
method used. Thus the base components should be
positioned in an XYZ array that provides a maximum
separation of the vectors in all three spatial planes.
The use of navigation splints for follow-up examina-
tions, which may be done up to several years after the
initial examination, requires a splint with long-term
durability, like that provided by the vacuum-forming
process. This is why vacuum-formed PMMA splints
are the standard splints used in all elective treat-
ments, multiple examinations, and staged operative
procedures (Fig. 11).
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Fig. 10a, b. Vacuum-formed maxillary splint. A vacuum-
formed splint is custom-made in the laboratory and
includes four base components that are polymerized to

the splint. Gold-bead markers are inserted into the sockets
for CT data acquisition. Reference markers made of stainless
steel are used during the operation. Another option is to
use titanium miniscrews, which are screwed into saw model
pins that are polymerized to the splint
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Fig. 11. Noninvasive splint-based registration. The reference markers are attached to a vacuum-formed maxillary splint (a—c).
The center of the marker serves as a reference point in the image data set (d)
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Fig. 12a-c. Maxillary silicone impression splint. The prefabricated, ready-made maxillary splints are fitted to the patient’s

dental arch with silicone impression material

Maxillary Silicone Impression Splint

The basic shape of the maxillary splint is determined
by disposable impression trays, which come in vari-
ous sizes. The ready-made sockets for receiving
the standard navigation markers are attached to the
vestibular surfaces of the trays. This prefabricated
maxillary splint is lined with silicone impression ma-
terial and fitted to the patient’s jaw. One- and two-
phase impression methods can be used (Fig. 12).
After setting for 2-5 minutes, the splint is removed
from the mouth and sterilized. The patient watches
the splint insertion in a mirror and can then practice
positioning the splint without help. With this
method, navigation splints can be fabricated in min-
utes without having to suction saliva or having an ab-
solutely dry dental arch and oral mucosa, allowing for
emergency care even in orally intubated patients. It is
therefore used mainly in primary posttraumatic re-
constructions and optic nerve decompressions.

Vestibular Silicone Impression Splint

The basis for this type of navigation splint is an ellip-
tical, ready-made, perforated oral vestibular plate
made of photosetting plastic (Fig. 13). The external
dimensions of the plate are based on the sizes of the
disposable impression trays. The splint has an indi-
vidual handle-tab at the front and four integrated
base components for attaching the reference mark-
ers. As in the maxillary splint, the base components
are oriented in the sagittal, coronal, and transverse
planes to achieve maximum separation of the mark-
er vectors in space. After the CT or MRI markers are
attached, the basic shape of the splint is fitted to the
patient’s dental arch. Full denture wearers and pa-
tients who have a partial denture and few remaining
teeth should wear their dentures intraoperatively to
maintain their occlusal relationship. Edentulous pa-
tients and patients who do not have functional den-
tures due to trauma can be fitted with a modified



vestibular splint that includes an occlusal stop. The
bite plate will aid in fitting the splint along the atro-
phied alveolar ridges and will help stabilize the sili-
cone impression material. In cases where the splint
can be anchored on one side only, extensions should
be added to optimize the distribution of the markers.
In these cases it is better to use vestibular splints that
can be anchored in the upper and lower jaw than vac-
uum-formed splints or maxillary silicone impression
splints.

In partially dentulous patients, the edentulous ar-
eas should be partially bridged with an occlusal stop.
Edentulous patients who cannot be fitted with a max-
illary splint due to limited mouth opening can be fit-
ted with a vestibular splint that does not have an oc-
clusal stop. This type of splint permits the use of an

5 Registration Process

Fig. 13a-c. Vestibular silicone impression splint.The pre-
fabricated, ready-made vestibular plate is fitted to the maxil-
lary and mandibular dental arches with silicone impression
material. This noninvasive registration method is particularly
recommended in patients with very limited mouth opening
and in full denture wearers

orotracheal tube during general endotracheal anes-
thesia or the placement of an orogastric feeding tube
by the pre- or intraoperative removal of excess im-
pression material from the posterior third (distal free
end) of the splint.

Invasive Head Registration

The simplest invasive head tracking device is the
Mayfield clamp, which provides acceptable accuracy
and is used routinely in neurosurgical operations.
This device fixes the position of the patient’s head in
relation to the operating table. Infrared LEDs or re-
flectors are attached to the head clamp for registra-
tion, making it possible to detect all position changes
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and register movements of the operating table and
clamp during intraoperative navigation (Fig. 14a,b).
A potential drawback is unnoticed slippage of the
head within the clamp. This prompted the develop-
ment of holding devices for infrared LEDs (Nolte et

Fig. 14. Invasive registration of the head. A registration
array attached to a Mayfield clamp tracks the movements
of the patient’s head and operating table (a). This method

is suitable for active and passive optical systems and can
also be used in children (b).The registration array is screwed
to the calvarium and tracks the movements of the patient’s
head and operating table (c)

al. 1995; Bettega et al. 1996; Schramm et al. 2006) that
can be screwed directly or transcutaneously into the
bony skull (Fig. 14¢). Invasive registration methods
require general anesthesia, and this may be cited as a
disadvantage in oral implant procedures.




Noninvasive Head Registration

The splint described above can also be used for non-
invasive tracking of the patient’s head. Because it re-
stricts surgical access, however, its use is limited to
operations on the paranasal sinuses. Another non-
invasive option is a silicone maxillary splint with an
integrated LED array (Caversaccio et al. 1998). Its use
has been described in procedures on the skull base
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and paranasal sinuses (Caversaccio et al. 2002). This
method is not compatible with intraoral approaches,
which are necessary in the great majority of oromax-
illofacial operations. Attaching a registration array
(DRF) to a maxillary dental arch splint makes it pos-
sible to perform navigation-assisted implant inser-
tions in the mobile lower jaw under local anesthesia
(Schramm et al. 2000d; Fig.15). This registration
method is also used in all commercially available
implant navigation systems.

Fig. 15. Noninvasive registration

of the jaw.The registration system is
attached to a dental arch splint and
tracks the movements of the jaw.

In this way navigation-assisted im-
plant insertions can be performed
under local anesthesia, even on the
mobile lower jaw



A sectional imaging study is needed in order to pro-
duce a virtual 3D model of the patient. The software
programs process data sets that have been acquired
by CT, digital volume tomography (DVT), MR, or a
combination of these modalities. The advantages of
MRI are better visualization of soft tissue and the
ability to acquire images without exposure to ioniz-
ing radiation. But since the diagnostic workup is
based largely on bony structures, the principal source
of image data is spiral CT, which may be supplement-
ed by MRI data sets in selected cases. The advantages
of CT include the markedly better delineation of
bony structures, better visualization of foreign bod-
ies, relatively short acquisition times, and consider-
ably lower costs. The use of DVT can significantly re-
duce the radiation exposure associated with CT scan-
ning. DVT should not be used in tumor patients be-
cause of its relatively poor soft tissue discrimination,
but it is preferred over standard CT scans in implan-
tology, dysgnathic surgery, and especially in trauma-
tology. The disadvantages of MRI-acquired data sets

Chapter 6

Imaging Procedures

in the head region are poor delineation of bony struc-
tures as well as current technical limitations. For ex-
ample, a phase distortion of up to several millimeters
may occur in MRI data sets. Accuracy is also compro-
mised by the use of 3- to 4-mm slice thicknesses
(thinner slices are extremely difficult to acquire for
technical reasons). Moreover, the relatively long ac-
quisition time increases the risk of motion unsharp-
ness (especially of the eye), making the data difficult
to interpret.

The limiting factors in the head region with regard
to radiation exposure are the ocular lens and the thy-
roid gland. The acquisition of axial CT scans can de-
crease radiation exposure by a factor of 30 compared
with coronal CT scans (Hassfeld 2000). The slice
thickness used for CT data acquisition is 1 mm. Slice
thicknesses of 2 mm or more may introduce errors of
up to 2 mm, particularly along the Z-axis. With a slice
thickness of 1 mm, a table increment of 1 mm, and a
pixel size of 0.5 mm, an effective accuracy of approx-
imately 0.4 mm can be achieved.
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Chapter 7

Preoperative Planning

and Simulation

Stereolithographic Method

Numerous methods of planning and simulating max-
illofacial surgical procedures have been described in
the literature - particularly stereolithographic mod-
els, which were developed during the 1980s and be-
came increasingly popular during the 1990s (Hemmy
et al. 1983; Vannier et al. 1984; Brix et al. 1985; Marsh
and Vannier 1985; Gillespie and Isherwood 1986). A
real model is sculpted with a cutting drill or fabricat-
ed by the stereolithographic method based on the CT
data sets (Fleiner et al. 1994; Komori et al. 1994; Bill et
al. 1995; Sader et al. 1997; Petzold et al. 1999). The ad-
vantage of having a real model is that the altered
anatomy is easier to grasp than in a digital model and
the surgical procedure can be planned directly on the
model. This method has been used in an effort to
simulate corrective osteotomies of the calvarium and
facial skeleton. It has been applied in the surgical
treatment of craniostenosis (Lambrecht and Brix
1990), callus distraction osteogenesis (Takato et al.
1993), the reconstruction of mandibular and mid-
facial defects (Klimek et al. 1993b), orthognathic and
maxillofacial corrective osteotomies (Lindner et al.
1995; Santler 1998), and reconstructive orbital sur-
gery (Perry et al. 1998).

The fabrication of these models is a costly and
time-consuming process. For planning cranial recon-
structions, stereolithographic models made from
spiral CT data sets make more complete use of the
available radiological information, although this in-
formation is basically limited to osseous structures.
Another disadvantage is the appearance of “pseudo-
foramina,” which result from the fact that thin bony
lamellae cannot be accurately represented (Holck et




al. 1999). This lack of detail makes it impossible to
plan certain skull base operations, and consequently
this method does not provide a sufficiently accurate
basis for planning primary and secondary recon-
structions (Fig. 16). The further limitation of stere-
olithography to only a few corrective simulations has
prevented its clinical application on a broad scale.

Computer-assisted Planning

By contrast, computer-assisted virtual planning and
surgical simulations (CAP) offer the advantages of
exceptionally high detail without information loss
and the ability to conduct an almost limitless number
and variety of simulations. Computer-assisted plan-
ning in virtual patient models (3D models) is based
on preoperative sectional images obtained by CT or
MRI. The first step is visualization of the image data
acquired in the patient, i.e., calculating and display-
ing a virtual 3D model (Linney et al. 1989). This im-
proves spatial orientation and facilitates diagnostic
evaluation. The next step is to analyze the virtual
model. This includes determining the extent of a de-
fect by two- and three-dimensional measurements
(distances, angles, volumes) performed in arbitrary

7 Preoperative Planning and Simulation

Fig. 16. Stereolithographic model
of the naso-orbitoethmoid region.
The frequent appearance of pseudo-
foramina in areas of very thin bone
is a serious hindrance to planning,
especially in orbital wall reconstruc-
tions

planes of section. These steps supplement the infor-
mation supplied by conventional imaging procedures
and serve as a foundation. Actual planning in the vir-
tual model begins with a virtual modification of the
individual situation (simulation). The goal of preop-
erative planning is to create a virtual model that cor-
responds to the desired result of the operation
(Schramm et al. 2002b). This is intended to improve
the predictability of the operation in terms of the de-
sired outcome, especially in complex reconstruc-
tions, and to increase intraoperative safety (Fig. 17).
Planning systems have been developed for the in-
dividual preoperative simulation of surgical proce-
dures (Paul et al. 1992; Zamorano et al. 1993a; Hilbert
et al. 1998b). Simulation programs have been de-
scribed for craniofacial surgery (Altobelli et al. 1993;
Girod et al. 1995; Vannier et al. 1995; Vannier and
Marsh 1996; Bohner et al. 1997; Gladilin et al. 2004;
Haegen et al. 2005) and for dysgnathic surgery (Carls
et al. 1994). Basic criteria have been formulated for
these systems (Klimek et al. 1992b, 1995; Papadopou-
los et al. 2002). Besides basic model movements such
as rotation and translation, the systems should be
able to calculate sections viewed from arbitrary
directions, define skin incisions and approaches to
the operative site,and provide an interactive environ-
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Fig. 17. Flowchart for computer-
assisted planning (CAP)
CAP
Analysis
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Fig. 18. Three-dimensional (3D)
visualization of a large recurrent
meningioma (red) compressing the
optic nerve.The optic nerve (blue)
and the tumor area to be resected for
optic nerve decompression (yellow)

are displayed separately in the left l - . \ '. .
window as a surface-rendered model 4 M

ment for simulating the effects of operating instru- for creating, programming, and implementing a re-
ments (Figs. 18-20). First, however, it must be possi- flection (mirroring) program for preoperative analy-
ble to isolate segments of an arbitrary shape from the sis and virtual surgical planning have been integrat-
skull and position them as desired. Next, it should be ed into clinical use (Gellrich et al. 1999a; Schramm et
possible to carry out these manipulations as realisti- al. 1999b; Thoma 1998).

cally as possible. To date, simple software solutions



7 Preoperative Planning and Simulation

Fig. 19. Computer-based analysis for orbital measurements. The bony orbital dimensions (left) and CT-based Hertel measure-

ments (right) are shown

Besides enabling the segmentation and mirroring
of selected portions of the data set, modern surgical
planning systems such as VoXim (IVS-Solutions,
Chemnitz) also let the surgeon freely move the seg-
ments in relation to one another. This makes it possi-
ble to perform virtual bone-based reconstructions

and bone-moving operations, and the result of the
simulation, or the virtual model, can be used intraop-
eratively as a virtual template when intraoperative in-
strument navigation is used (Hohlweg-Majert et al.
2005; Schipper et al. 2005).
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Fig. 20. Computer-assisted simulation for orbital reconstruc-
tion. After the plane of symmetry is defined in three dimen-
sions (upper left), the surgeon marks the volume of the de-
formed orbit that is to be replaced (upper right). Three-dimen-
sional reflection (mirroring) of the volume data set generates

avirtual surgical template for making an idealized reconstruc-
tion. By comparing the original (lower left) and reflected data
set (lowerright), it is possible to analyze and validate the result
of the simulated reconstruction



Fusion of Image Data Sets

Major diagnostic advances have been achieved
through the combination of CT and MRI data sets
(Hill et al. 1993). A multimodal image display, espe-
cially when it includes additional modalities [posi-
tron emission tomography (PET), single-photon
emission computed tomography (SPECT), magnetic
resonance angiography (MRA)], can significantly en-
hance operative planning (Woods et al. 1993; Hill et
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al. 1994; Peters et al. 1994; Cohen et al. 1995; Lee-
miiller et al. 1996; Mukherji et al. 1996). The technol-
ogy of image fusion is still in its early stages, and
many groups of authors throughout the world are
making rapid advances in this area. In the field of
medicine, the fusion of image data is being utilized to
improve preoperative planning and diagnosis (Hass-
feld 2000). One diagnostic technique involves super-
imposing the images from different modalities
(“multimodal image fusion”) in order to combine
their specific advantages. Several technical problems
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Fig. 21. Image fusion for postoperative evaluation of recon-
structive procedures. The result of the reconstruction can
be visualized and quantitatively evaluated by a landmark-
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still need to be resolved in order to achieve the suc-
cessful fusion of multimodal images. For example,
the images usually have different properties with re-
gard to pixel size, threshold values, spatial resolution,
and slice thickness. There are inconsistencies in the
position and projection of the sensor, including the
distance of the sensor from the patient, the inclina-
tion angle, and the table increment, as well as differ-
ences in patient position and data acquisition times,
which may lead to motion artifacts.

These inconsistencies result in images with differ-
ent information contents that vary in their propor-
tions, orientation, and resolution and cannot be
meaningfully correlated and superimposed without
preliminary measures. For this reason, we must first
transform the images into a “common representa-
tion” that has the same proportions before proceed-
ing with the actual image fusion and orientation in a
common matrix (Fig. 21). Various techniques can be
used for this purpose.

Feature-based Fusion

Techniques of “feature-based fusion” involve the use
of characteristic quantities. This means that it is first
necessary to define and segment known features in
the data sets that are to be fused. These feature may
be surface textures or objects, for example.

One feature-based fusion technique is “landmark
matching,” which is based on the principles of coor-
dinating two different spatial coordinate systems,
analogous to the principles of landmark-based regis-
tration. The advantages of this technique are rapid
computation and high accuracy. Mongioj et al. (1999)
and Amdur et al. (1999) superimposed CT and MRI
data sets obtained with the use of skin markers and
anatomical landmarks, respectively,and documented
respective accuracies of 0.9 mm and 1.3-1.4 mm.

Techniques based on the “surface matching” prin-
ciple employ an algorithm that interpolates and
matches previously extracted (segmented) portions
of anatomical contours. Parsai et al. (1997) used a
surface matching technique to fuse CT and SPECT
images from the same patient and reported an accu-
racy of 3-4 mm. Lattanzi et al. (1997) fused CT and
MRI data sets and used a fixation apparatus to place

the patient in an ideal position for superimposing the
images. “Likelihood registration” is a type of feature-
based fusion that is useful in other areas, especially
pattern recognition. In this technique image fusion is
accomplished with an algorithm based on hypothe-
ses and probabilities on the definition of a surface or
an object.

In this type of fusion, as in registration, at least
three non-collinear reference points must be identi-
fied in each of the two data sets. But in contrast to reg-
istration, where the reference points (e.g., markers)
must be accessible to a tracking instrument, each
uniquely identifiable anatomical reference point can
be used for the fusion of two data sets, regardless of
its location. These points are located manually, which
results in loss of accuracy. But calculating the stan-
dard deviation of the points by computer tells us
nothing about the overall accuracy of the fusion, only
on the segmented region. For example, the result of
the fusion may be more accurate for selected points
spaced far apart (large segment) with a greater stan-
dard deviation than for points spaced close together
(small segment) with a smaller standard deviation.

Accordingly, we can increase the accuracy of the
fusion by spacing the reference points farther apart
and also by identifying additional points. The com-
puter-calculated standard deviation can be used as a
good approximation. In doubtful cases, the relevant
region can be visually inspected at high magnifica-
tion to assess the accuracy of the fusion.

Image-based Fusion

These fusion techniques are based on image infor-
mation, i.e., elements that are already contained in
the image such as pixel size, color intensity, wave-
length, and threshold values. “Intensity matching”
and “voxel-based fusion” are examples of the tech-
niques that are used in medical image processing.
The grayscale threshold information of the individ-
ual voxels in different modalities (e.g., CT and MRI),
initially different, are correlated with an intermediate
algorithm and are then superimposed. This comput-
er operation is relatively time-consuming, however.
Besides accuracy, speed is an important factor in cer-
tain applications (e.g., the fusion of images in real




time). Various algorithms with different degrees of
accuracy and computation times have been de-
scribed in the literature (Maes et al. 1997). Because
these techniques do not employ characteristic quan-
tities and do not require user interaction, they have a
broad range of applications.

The techniques of image fusion described above
are also known collectively as “rigid transformation.”
The fusion of moving images, or nonrigid transfor-
mation, affords access to the “fourth dimension” and
opens up new possibilities in diagnosis. Another data
fusion method, still in the developmental stage, is
called “sensor fusion.” Involving the use of a record-
ing device equipped with various sensors, this
method yields images from different modalities on a
single medium.

Monomodal Image Fusion

In monomodal image fusion, images acquired with
the same imaging modality are superimposed. To
date, relatively few articles on this topic have ap-
peared in the literature. This method of image fusion
is particularly well suited for computer-assisted plan-
ning and follow-ups in the medical field. The techni-
cal problems associated with this method are rela-
tively easy to manage. Images acquired with the same
technical settings (sensor-patient distance, table in-
crement, slice thickness, pixel size, etc.) contain prac-
tically identical information, resulting in data sets
with identical proportions. There is no need for an
algorithm to correlate the data sets, and this should
result in higher technical accuracy than in multi-
modal fusions. It is still necessary, however, to take
into account differences in patient position. The
stereotactic frames (Levin et al. 1988; Pelizzari et al.
1989) initially used for fusion of the data sets were
replaced with noninvasive adhesive skin markers
(Arun et al. 1987; Pelizzari et al. 1989; Berry et al.
2003) or data set correlation based on anatomical
landmarks (Boesecke et al. 1990). The disadvantage
of this noninvasive method is the poor reliability of
adhesive skin markers and the considerable time
needed when landmarks are used. The correlation of
two CT data sets in one patient can be achieved rela-
tively easily and reliably by means of “landmark cor-
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relation.” Corresponding bony points are marked in
both CT data sets,and then both images are superim-
posed by matching up the corresponding points
(Fig. 22). This method is suitable for routine clinical
use, as it enables the rapid fusion of pre- and postop-
erative CT image data sets from the same patient. In
this way tumor volumes can be transferred and the
results of reconstructions in the facial skeleton can be
evaluated with millimeter accuracy.

Although the correlation of CT and MRI data sets
based on anatomical landmarks is often a very diffi-
cult task for the therapist, the fusion of CT and MRI
allows us to transfer soft tissue structures (e.g., tu-
mors) that are clearly delineated by MRI to the CT
scan, making it possible to combine soft tissue infor-
mation and skeletal information in the same image.

When a noninvasive registration splint is used, the
well-defined splint-based markers can be used for cor-
relation. This requires the patient to wear the splint
during the acquisition of both data sets (Fig. 23).

Splint-based registration is a repeatable process
that allows us to transfer tumor boundaries from the
MRI data set to the CT data set for pretherapeutic
analysis and to compare pretherapeutic acquisitions
with all further data sets that are acquired after
chemotherapy, radiotherapy, or operative treatment
(Fig. 24). The use of registration splints also makes it
possible to fuse CT and MRI data sets since the mark-
ers can be identified in both modalities (Schramm et
al. 2000c¢). This could also be achieved with invasive
screw markers, but these devices could not be used due
to the long treatment periods. Thus we may list the fol-
lowing advantages for clinical therapeutic settings:
= By transforming pretherapeutic data into post-

therapeutic data sets, we can measure the efficacy

of chemotherapy based on the quantitative deter-
mination and localization of the tumor mass.

= By transforming pretherapeutic data into post-
therapeutic data sets, we can perform a naviga-
tion-guided resection that conforms to the origi-
nal tumor boundaries.

= By transferring the preoperative tumor bound-
aries into the postoperative data set, we can con-
duct a precise follow-up evaluation for tumor re-
currence and refine the planning of postoperative
adjuvant radiotherapy.
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Fig. 22. Image fusion of two CT data sets based on the use of  easy to locate and identify during the use of CT data sets.The
anatomical landmarks. The sella turcica (above) and the ante-  data sets to be correlated (CT 7 and CT 2) are displayed in the
rior nasal spine (below) are reproducible landmarks that are  multiplanar mode (coronal, sagittal, and axial planes)
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Fig. 23. Image fusion of two CT data sets based on the use of  image data sets.The data sets to be correlated (CT 7 and CT 2)
splint-based markers. The reproducible, well-defined markers  are displayed in the multiplanar mode (coronal, sagittal, and
on the arch splint allow for a rapid and precise fusion of the  axial planes)
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Fig. 24. Use of splint-based markers
in the fusion of CT (upper) and MRI
(lower) data sets.The reproducible,
well-defined markers on the dental
arch splint allow for the rapid and
precise fusion of data sets, even those
acquired with different imaging
modalities. The data sets to be corre-
lated (CT and MRI) are displayed in
the multiplanar mode (coronal, sagit-
tal, and axial planes)
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Chapter 8

Preoperative Preparations

Definition of the Reference Points

After the patient has received the appropriate regis-
tration system, the acquisition of image data is car-
ried out. When the examination is completed, the dig-
ital data from the CT or MR images is imported into
the navigation system. Actual preoperative planning
begins by defining the centers of the spherical mark-
ers in the CT or MRI data set (Fig. 25), as they will
serve as reference points during the operation. Errors
may result from faulty positioning of the registration
splints by the therapist or patient. Vacuum-formed
splints with an occlusal rest can reduce this source of
error.

When the splint is fabricated, particular care
should be taken that the markers are not imaged
in the axial planes of artifact zones caused by dental
filling materials or arch splints. Artifact problems
may even render a marker useless for registration
(Fig. 26).

Following a patient- and disease-specific analysis
of the image data, the planning software is used to
outline tumor boundaries, draw virtual lines and ob-
jects, define approach vectors, etc., depending on the
nature of the planned procedure. A detailed descrip-
tion of the various forms of treatment is given under
the headings for specific procedures.




STN Reference Points: CT/02

File Edit Choose
Set of Reference Points: NO_NAME

No. Used Coordinate (X, Y, 2)

1 m 253 65.1 -43.4
> W |13.0 82.7 -58.0
# Used: 4 3 @ -10.2 89.2 -45.3
precision: |10 4 W |-29.2 |65.4 -48.9

Auto. Pairing
| M Landmark test 5 0.0 0.0 0.0

Select

Show

Take Current

Clear

Clear All

8 Preoperative Preparations

Fig. 25. Preoperative definition of
the reference points.The centers of
the reference markers in the dental
arch splint are marked at high magni-
fication (400-800%) in the multi-
planar mode (coronal, sagittal, axial,
and 3D)
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Fig. 26. Artifacts caused by dental fillings. The splint marker is located in a plane that is obscured by artifacts. As a result,
the center of the marker cannot be accurately visualized, and that marker cannot be used for registration



Intraoperative Setup

After the navigation system has been set up in the
operating room, the arm-mounted camera is
positioned and any necessary instrument cali-
brations are performed. The DRF is attached to

Pointer

8 Preoperative Preparations

the Mayfield clamp or dental arch splint and is
correctly aligned with respect to the camera (Fig.
27).

The infrared camera may be placed at the foot or
head of the operating table as needed. Its placement
should cause minimal interference with the surgeon,
assistants, and instrumentation (Fig. 28).

Fig. 27. Intraoperative setup of an
active optical registration system.
After the head is fixed in the Mayfield
clamp, the registration system (DRF)
and arm-mounted camera are cor-
rectly positioned. The pointer is
prepared for registration
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Fig. 28a, b. Variations in the setup

of the navigation system.The camera
and monitor should be positioned to
meet the requirements of the surgeon
and of different treatment modalities

Registration

The first step in intraoperative navigation is registra-
tion. Generally a pointer is used to define the refer-
ence points, but in principle the tip of any trackable
instrument can be used for reference point registra-
tion. The tip of the pointer is successively touched to
the center of the hollow spheres on all the registra-
tion markers, and a correlation is established for each
reference point (Figs. 29, 30). A minimum of three
markers should be used for registration. Registration

may be done before draping or under sterile condi-
tions, and it can be repeated during the procedure as
often as desired. The registration splint can be plas-
ma-sterilized preoperatively or placed in disinfectant
solution during the operation. It can be removed
from the mouth after each registration. Preoperative
registration before aseptic preparation of the opera-
tive field is preferred in neurosurgical operations ow-
ing to the separation of the registration field and op-
erating field. Preoperative registration is unnecessary
in procedures on the facial skeleton, and registration
should be done under sterile conditions.




Fig. 29. Preoperative registration with a dental arch splint.
The markers on the registration splint are individually
touched with the pointer (a) and are checked for plausibility

The coordinates of the reference points stored in
the preoperative CT data set are compared with the
coordinates of the reference markers registered dur-
ing the operation and are checked for deviations. This
deviation represents the internal reference point de-
viation (IRD) of the system. In our own laboratory
studies, we found no correlation between the IRD
and the intraoperative accuracy of registration, re-
gardless of the registration method used. The result
of the transformation is stated in millimeters as the
internal deviation of the point coordinates of the
markers in the CT or MRI data set and of the spatial
coordinates of the reference markers on the patient.
Values less than 1 mm indicate a successful registra-
tion, although they do not predict the attainable level

8 Preoperative Preparations

at the completion of registration (b). This process may pre-
cede the actual operation. The splint may be removed after
successful registration

of intraoperative accuracy because the IRD only re-
flects the agreement between the geometrical marker
arrangement in the CT data set and the operative site.
Nevertheless, the registration process should be re-
peated if the IRD is greater than 1 mm, as this most
likely indicates faulty positioning of the registration
system.

A clinical “landmark test” [placing the pointer tip
on salient points of the facial skeleton: center of the
glabella (Fig. 31), incisal point, lateral orbital rim, in-
fra- and supraorbital foramina, external auditory
canal] should be done to compare anatomical points
on the patient with the virtual anatomy in the image
data set. If this test is satisfactory, the registration
process is complete.
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Fig. 30. Intraoperative registration o
with a dental arch splint. The markers
on the splint can also be registered
with the pointer under sterile condi-
tions.The registration system can be
plasma-sterilized or it can be covered
with sterile film as shown

Intraoperative navigation can now be utilized
during each phase of the operation. If the position of
the DRF changes in relation to the operative field,
however, a valid correlation can no longer be en-
sured. This problem may result from inadvertent
slippage of the DRF in the holder or incidental move-
ment of the patient’s head in the Mayfield clamp (cra-
nial osteotomy with a chisel, reduction maneuvers,
etc.). Intraoperative reregistration should be per-
formed in these cases. This process can be repeated as
often as desired in cases where splint- and minis-
crew-based registration is used. After successful clin-

ical validation of the registration, the operation can
be continued.

Besides the pure localization of structures with a
pointer, the navigation system can be used to track
endoscopes and any nonflexible operating instru-
ment. Navigation-assisted microscopy is achieved by
laser-based detection of the focal point, which can
then be identified as a virtual image in the patient’s
image data set. The individual steps involved in navi-
gation using a pointer, endoscope, and operating mi-
croscope are illustrated under the headings for spe-
cific surgical procedures.
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Fig. 31. Landmark test to validate the registration. An essen-  of the glabella) with the pointer.The position of the pointer tip
tial prelude to intraoperative navigation is validating the reg-  in the CT data set is compared with the operative site
istration by touching reproducible landmarks (e.g., the center



The accuracy (or inaccuracy) of intraoperative navi-

gation depends critically on the following five factors:

1. Inaccuracy of the CT data set and its processing
and visualization

2. Inaccuracy of the navigation system used

. Inaccuracy of pointer localization

4. Inaccuracy in registering the patient’s head with
the registration system

5. Inaccuracy of the registration method used

w

The first four technical factors in this list can be kept
below 0.2-0.3 mm with proper technique (Husstedt
et al. 1999). The greatest variation in accuracy results
from the type of registration method used. Because
the intraoperative accuracy of navigation is the sum
of all five factors, the accuracy of the registration sys-
tem is considered to be the most important factor.

The mean positional accuracy of 2mm recom-
mended for surgical applications (Sandemann et al.
1994) can be reliably achieved through the use of
bone-anchored screw markers (Hassfeld et al. 1997,
2000; Brinker et al. 1998). Their advantages are their
reliability and reproducibly high accuracy. They are
invasive, however, and this limits their usefulness in
emergency and elective procedures (Hassfeld 2000).
Nevertheless, for many years screw markers have
been the only feasible method of intraoperative nav-
igation in oromaxillofacial patients.

Chapter 9

Intraoperative Accuracy

Because the maxillary splint is considered a bone-
based method because of its attachment to the dental
arch, it is the only noninvasive registration method
that provides consistently high intraoperative accu-
racy (Schramm et al. 2001¢c; Eggers et al. 2005; Hoff-
mann et al. 2005b,c). In surgery of the facial skeleton
and skull base region, a registration splint with four
markers arranged in an optimum geometrical pat-
tern is accurate to less than 1.5 mm, depending on
the type of splint used (Naumann 2001; Nilius 2001;
Fig. 32).

Splint-based registration is superior to invasive
markers in the facial skeleton because the center of
the reference points on the splint is closer to the cen-
ter of the facial skeleton than when screw markers
are used: The greater the distance of the operative
field from the center of the reference markers, the
poorer the accuracy of the registration (Fig.33).
For a distance of up to 10 cm between the reference
center and marker point, the accuracy of invasive
bone-screw registration and noninvasive splint-
based registration is less than 2 mm. When this dis-
tance is increased, deviations of up to 8 mm occur
when splints are used. This is directly attributable to
the increasing distance of the markers from the oper-
ative field.
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Fig. 32. Intraoperative accuracy of splint-based and screw-  vacuum-formed PMMA splints and screw markers provide a
marker-based registration. The intraoperative accuracies of  reproducible accuracy of 1 mm in all regions of the skull. The
bone marker (BM), PMMA splint (PS), silicone splint (SS), and  silicone impression splints show markedly higher values in
vestibular splint (VS) determined in laboratory tests can be  the skull base and cranial vault (b)

directly compared based on their bony attachments (a). The
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Fig. 33. Intraoperative accuracy as a function of distance
from the reference center. The intraoperative accuracies of
bone-screw markers (bone marker), vacuum-formed splints
(PMMA splint), maxillary silicone impression splints (silicone
splint), and vestibular silicone impression splints (vestibular
splint) determined in laboratory tests are plotted as a function
of distance from the reference center. When this distance is
greater than 11 cm, the accuracy values of splint-based regis-
tration decline significantly. This is not the case with screw
markers distributed symmetrically on the skull




Computer-based navigation in craniomaxillofacial
surgery involves adjunctive measures designed to
improve planning and spatial orientation. This
means that patients are operated and treated accord-
ing to the same principles as they would without
the use of navigation. Application requires only thin-
slice spiral CT scanning or DVT imaging prior to
the operation: additional images are not required.
Intraoperative registration does not cause additional

Chapter 10

Patient-friendly Navigation

risk or discomfort for the patient when a noninvasive
method (splint) is used. Information on possible
risks and precautionary measures and principles of
informed consent are maintained in accordance with
standard clinical practices. The application of com-
puter-assisted surgery increases the safety and accu-
racy of the surgical procedure, and this should result
in a better outcome for the patient.
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Chapter 11

Computer-assisted Therapy

Navigation-assisted procedures in craniomaxillofacial
surgery can be grouped into the following categories:
== Minimally invasive procedures and biopsies

== Optic nerve decompression

== Resections and reconstructions

== Traumatological procedures

= Corrective osteotomies of the facial skeleton

== Implant insertions

Minimally Invasive Surgeries and Biopsies

Navigation-assisted biopsies were the first applica-
tions of computer-assisted surgery in the head and
neck region (Watanabe et al. 1991). Since then, they
have become widely practiced (Klimek et al. 1993a-c;
Gunkel et al. 1997b; Siessegger et al. 2001; Postec et al.
2002; Kajiwara et al. 2003; Majdani et al. 2003; Casler
et al. 2005) and are considered a domain of frameless
stereotaxy (Grunert et al. 2002). It is particularly de-
sirable to use a noninvasive registration method for
these procedures. Splint-based registration satisfies
this requirement and eliminates the need to use a
head frame in endonasal endoscopic operations. The
site of the intraoperative incisional biopsy (or biop-
sies) can be defined preoperatively and correlated
with the postoperative histological diagnosis based
on instantaneous views in the multiplanar display
(Fig. 34).

Intraoperative navigation of the endoscopes is de-
sirable in cases where significant anatomical changes
are encountered and especially in posttraumatic
paranasal sinus surgery. This enables the surgeon to
correlate the visual impressions on the endoscope
monitor with the position of the endoscope in the CT




Fig. 34. Navigation-assisted endoscopic biopsy in the pos-
terolateral portion of the left maxillary sinus (a). The area to be
biopsied was marked preoperatively and can be identified

data set and helps to eliminate the risk of injuring or
displacing vital structures (Fig. 35).

In examinations to exclude a recurrent tumor and
in oncological follow-ups, purely visual orientation at
the operative site is unsatisfactory because of the sur-
gically altered anatomy. The advantage of intraopera-
tive navigation in these cases is that it provides a
combination of pointer-based, endoscopically assist-
ed microscopic treatment. When splint-based regis-
tration is used, a correlation can be established be-
tween the CT and MRI data sets, thus increasing the
accuracy of the diagnostic studies (Fig. 36).

The correlated data sets can be used at any time for
navigation-assisted surgery. Our illustrative case in-
volves a mucocele of the right sphenoid sinus. Pitu-
itary structures cannot be positively identified due to
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intraoperatively in the multiplanar display of the CT data set

(b, red)

postirradiation changes (blue marking in Fig. 36),
and a recurrence of the underlying disease cannot be
excluded. In this case the noninvasive splint-based
registration system makes it possible to perform a
navigation-assisted operation without the need to ac-
quire additional data sets. Intraoperative accuracy
can be increased by combining the splint-based ref-
erence markers with extraoral orbital implants
(Fig. 37), especially if the splint relies on soft tissue
support.

During the operative procedure, the focal point of
the operating microscope is tracked following suc-
cessful registration. This facilitates the safe removal
and biopsy of suspicious structures while avoiding
injury to the pituitary gland. The route of approach
and important vital structures can be outlined pre-
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Fig. 35. Navigation-assisted endoscopic biopsy in the region of the left ethmoid cells in a patient with a methicillin-resistant
Staphylococcus aureus (MRSA) infection following complex facial trauma

operatively and visualized during the operation
(Figs. 38-40).

Another CT data set is acquired after the opera-
tion. When the registration splint is reused for
this purpose, the splint-based markers can be used
in correlating the pre- and postoperative data sets
(Fig. 41).

The ability to accurately compare pre- and postop-
erative data sets permits a detailed evaluation of the
operative result. The postoperative data set then es-
tablishes a baseline for further evaluations. Follow-
up images taken at standard intervals should always
be obtained with the registration splint in place to
allow for accurate data set correlations and facilitate
the early detection of changes (Fig. 42).

Navigation-assisted biopsies are appropriate in
previously operated or previously treated areas and
for multiple biopsies that require an objective means
of correlating the biopsy specimens with their sites of
origin. With splint-based registration, the same im-
age data set can be used to perform any additional
resections that may be needed.

The resection of neoplasms, especially benign tu-
mors that would normally require an extensive expo-
sure because of their relationship to vital structures,
can often be done in a minimally invasive fashion by
using navigation-assisted techniques. Navigation in
these cases permits the tumor and adjacent struc-
tures to be identified, even if the tumor cannot be
directly or indirectly visualized. Retromaxillary or



Fig. 36. Correlation of CT and MRI data sets for preoperative
diagnosis. When splint-based registration is used (vestibular
splint in a full denture wearer, a,b), a point-to-point correla-
tion can be made between the CT (c) and MRI (d) data sets.

intraorbital osteomas are a particularly strong indi-
cation for the use of intraoperative navigation. For
example, the retromaxillary space often must be ap-
proached by a preauricular or retromandibular route
due to difficult visual conditions. By using infrared
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This is a follow-up examination in a patient who underwent
orbital exenteration and postoperative radiotherapy for squa-
mous cell carcinoma of the right medial canthus

localization, however, the surgeon can reach the
retromaxillary space through an intraoral route. This
significantly reduces the morbidity of the procedure
while increasing the safety and accuracy of the resec-
tion and preserving nearby structures (Figs. 43-45).
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Fig. 37. Combination of splint registration markers and extraoral implants. The reference markers on the splint (a) can be
combined with reference points on extraoral implants (orbital implant, b)



Fig. 38. Navigation-assisted technique for opening the ante-
rior wall of the sphenoid sinus. As the anterior wall of the
sphenoid sinus is opened (lower right panel), the position of
the rotating instrument tip is shown in a multiplanar display
(axial, sagittal, coronal) of the CT data set. The approach tra-
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jectory is marked in yellow, and the pituitary is outlined in
blue.The lower right panel shows the field viewed through the
operating microscope. The starting and end points of the in-
strument trajectory (line in the upper right panel) and the cur-
rent tip position (cross) are superimposed as virtual structures
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Fig. 39. Navigation-assisted forceps biopsy. The tip of the shows the view through the operating microscope. The focal
biopsy instrument is displayed in the multiplanar mode (axial, point of the microscope is represented by superimposed
sagittal, coronal). The approach trajectory is marked in yellow,  crosshairs

and the pituitary is outlined in blue. The lower right panel



Fig. 40. Navigation-assisted exploration of the sphenoid si-
nus. The focal point of the operating microscope is displayed
in the multiplanar mode (axial, sagittal, coronal).The approach
trajectory is marked in yellow, and the pituitary gland is out-
lined in blue.The lower right panel shows the view through the
operating microscope. The focal point of the microscope is
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represented by superimposed crosshairs.The starting and end
points of the approach trajectory (line next to the crosshairs)
and current position (small cross on the line) are superimposed
as virtual structures. The outline marks the boundaries of the
pituitary gland
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Fig. 41. Data set correlation using splint-based markers. The
centers of the four splint-based markers are defined in the
preoperative (CT 1 in the upper left panel) and postoperative
CT data set (CT 2 n the upper right panel), whereupon the data

Mean Deviation: 0.2

sets are correlated based on the four corresponding points
(lower panel). The deviation can be determined for each indi-
vidual point,and the overall deviation can also be determined



11 Computer-assisted Therapy

Fig. 42. Correlation of preoperative (a) and postoperative (b)  of the data sets can also be performed. This provides a base-
CT data sets. Besides data set correlation using the splint-  line for further examinations during oncological follow-up
based markers (see 3D images), a point-by-point correlation
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Fig. 43. Osteoma of the pterygoid process.The panoramicto-  the lateral plate of the pterygoid process of the sphenoid
mogram (a) shows an opacity at the level of the right tem-  bone (b). The surface-rendered view after tumor marking (c)
poromandibular joint, identified by CT as a bony expansion of  gives a 3D impression of the size and shape of the tumor
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SNP:

Fig. 44. Navigation-assisted
resec-tion of an osteoma of
the pterygoid process. a Navi-
gation-assisted insertion of
an internal fixation screw for
attaching a retaining wire
during the operation. ¢ Navi-
gation-assisted osteotomy
of the unaffected part of the
lateral plate. Clinical photo-
graphs show the tumor be-
fore (b) and after complete
removal (d)
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Fig. 44. (continued)

SN




Fig. 45. Assessment of mouth opening after intraoral resec-
tion of an osteoma. Six weeks after the intraoral resection of
an osteoma of the pterygoid process, the patient has regained
a normal degree of mouth opening

Optic Nerve Decompression

The oromaxillofacial surgeon may come into contact
with the prechiasmatic visual pathway during trauma-
tological surgery, oncological surgery, and craniofacial
reconstructions. A structured approach to recognizing
and dealing with lesions of the visual pathway requires
clearly delineated concepts and treatment strategies
(Gellrich 1999). This includes a knowledge of the path-
ogenic mechanisms of possible visual pathway lesions
as well as necessary primary imaging studies and fur-
ther investigations. The treatment of lesions close to
the optic nerve is a challenge for all disciplines that
deal with head surgery, because an important goal in
any intervention is to avoid damage to the visual sys-
tem. The treatment of malignant tumors may be an ex-
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ception to this rule, because adequate tumor clearance
may require surgical interruption of the visual path-
way. In traumatology and reconstructive plastic
surgery, however, preservation of the visual pathway
is an important priority, and visual loss would consti-
tute a serious posttraumatic condition or complica-
tion (Lehnhardt 1973; Goldware et al. 1980; Raveh and
Vuillemin 1988). In the past, the question of the pre-
dictability of a visual pathway lesion has not been ad-
equately incorporated into primary diagnostic and
therapeutic concepts, with the result that injuries of
the visual pathway are generally considered a matter
of fate. Often this is recognized at a later date when
therapeutic options are no longer available. Beyond
clinical tests of visual pathway integrity, which are
often inconclusive, we have established flash visual
evoked potentials (VEPs) and flash electroretino-
grams (ERGs) as reliable electrophysiological tests for
confirming whether signal conduction through the vi-
sual pathway is intact, altered, or completely disrupted.
These tests can be done during the primary workup
and can also be used intraoperatively during a recon-
structive procedure. Even the subjective and objective
detection of unilateral blindness does not necessarily
represent a definitive finding. Supported by multipla-
nar reconstructions of thin-slice CT scans, it is neces-
sary to make an immediate (emergency) decision for
or against the need to treat a visual tract lesion, partic-
ularly in terms of avoiding secondary damage to the
visual pathway. The conservative treatment of choice
for traumatic optic nerve damage is megadose methyl-
prednisolone therapy (Urbason 30 mg/kg body weight
i.v. and 5.4 mg/kg body weight per hour i.v. for anoth-
er 48 hours). Surgical treatment consists of decom-
pressing the orbital compartment in patients with a
retrobulbar hematoma or exposing the intracanalicu-
lar segment of the optic nerve in cases with CT-con-
firmed trauma to the bony optic nerve canal or poste-
rior orbit (Lehnhardt and Schultz-Coulon 1975). An
analysis of our own cases and of the international lit-
erature shows that the time factor is greatly underesti-
mated in the treatment of optic nerve trauma. Modern
therapeutic concepts require a differentiated approach
to the diagnosis and treatment of traumatic optic
nerve injury, with the overriding goal of preserving
visual function.
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Traumatic damage to the intraorbital or intra-
canalicular segment of the optic nerve usually repre-
sents a multifactorial process consisting of:
= A bony lesion
= [schemia due to microvascular spasms or vascular

occlusion
= Reactive edema
== A hemorrhagic mass

Damage to the visual pathway may be caused by trau-
ma lasting only a fraction of a second or may result
from slowly progressive nerve compression initiated
by a traumatic event. Frontonasoethmoid fractures
are most commonly associated with damage to the
afferent visual pathway (Ramsay 1979; Momose and
Joseph 1991). In many cases it is not possible to clin-
ically assess the severity of a presumed optic nerve
injury during the acute posttraumatic period (David-
son 1938; Cook et al. 1951; Garston 1970; Stutzin et al.
1988).

An integral part of the primary clinical evaluation
in head-injured patients is a preliminary assessment
of the visual pathway with testing of pupillomotor
function, vision, visual field integrity, and ocular
motility. In cases where the clinical assessment of
visual function is not possible or is equivocal (e.g.,
due to unconsciousness, morphine administration,
or massive swelling), electrophysiological testing by
flash VEP and ERG should be performed during the
early posttraumatic period in order to make an ob-
jective assessment of visual pathway function. In cas-
es where intraoperative tests are done immediately
after the completion of an orbital reconstruction
with autologous bone grafts or after optic nerve de-
compression, for example, the electrophysiological
measurements are taken while the patient is under
general anesthesia. In this case testing can be done
with a mobile neurophysiological unit equipped with
separate parallel leads for recording an ERG and VEP.
The traces are immediately evaluated based on the
amplitude and latency of the electrical signals. Since
these amplitudes vary even within a normal popula-
tion, more than a 50 % amplitude difference between
the right and left sides is considered to indicate an
abnormal result. The active electrode for recording
the ERG consists of a fiber electrode placed in the

lower conjunctival sac. It is important to obtain an
ERG in patients with an absent or abnormal ipsilater-
al VEP to ensure that visual signals are not compro-
mised by an opacity of the refractive media or at the
retinal level. This arrangement can be used in exam-
ining both conscious and unconscious patients. The
clinical and electrophysiological findings are supple-
mented by a spiral CT examination, which is per-
formed immediately after the fabrication of a silicone
impression splint for later registration. The definitive
decision for or against treatment of the visual path-
way is based on the clinical, electrophysiological, and
CT findings.

Recommendations for the Treatment
of Traumatic Optic Nerve Injury

1. The primary diagnostic workup of every midfacial
and/or basal skull fracture should include an as-
sessment of visual pathway function. If this cannot
be accomplished by an ophthalmological exami-
nation, a flash VEP and ERG should be obtained
for the detection or exclusion of posttraumatic
damage to the visual pathway. This also applies to
craniofacial procedures involving the orbits.

2. A normal light response is a reliable parameter for
confirming an intact visual pathway in emergency
settings. In most cases, however, a definitive as-
sessment of visual pathway function cannot be
made during the primary evaluation of head-in-
jured patients (in 60 % of our cases), due for exam-
ple to the suppression of pupillomotor response by
morphine administration. Even anisocoria or
maximum pupillary dilation does not necessarily
indicate an afferent lesion in the affected eye, as
the actual cause may be an efferent lesion (internal
ophthalmoplegia), direct injury to the iris sphinc-
ter, or even brain edema or a midbrain lesion.
Pupillomotor response was a reliable parameter
for diagnosing an afferent lesion of the visual
pathway in only 30% of our patients.

3. In the case of a clinically established afferent le-
sion of the visual pathway with decreased or ab-
sent vision or in an unconscious patient with a
questionable afferent injury, the flash VEP exami-
nation makes it possible to grade visual pathway
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function as “normal VEP” “abnormal but repro-
ducible VEP,” or “nonreproducible VEP” In the ab-
sence of clear-cut neuro-ophthalmological find-
ings, the flash VEP provides the basis for a working
hypothesis that, when combined with clinical and
radiological findings, can justify the decision to
treat the patient for a visual pathway lesion. Espe-
cially in patients with abnormal but reproducible
flash VEP tracings, immediate therapeutic inter-
vention is recommended to prevent additional
secondary damage to the optic nerve.

. In all cases with a clinically detected afferent le-
sion of the visual pathway or an abnormal VEP,
megadose methylprednisolone therapy is recom-
mended for a 48-hour period, provided this thera-
Py is not contraindicated by the general condition
of the patient.

. Decompression of the orbit is indicated as a
primary emergency measure in patients with an
afferent lesion of the affected visual pathway based
on a retrobulbar hematoma and there is no evi-
dence of a cerebrospinal fluid leak, no pulsatile
exophthalmos (indicating a carotid-cavernous
sinus fistula), and no contraindications relating to
the overall pattern of injury.

. Decompression of the optic nerve canal should
be performed as soon as possible in a conscious
patient who has been diagnosed with an afferent
lesion causing progressive or complete visual loss
and there is direct or indirect radiological evi-
dence of trauma in the retrobulbar orbit or in the
region bordering the optic canal. Although vision
did not return after optic nerve decompression in
our patients who also had a nonreproducible VEP,
returning only in patients who had an abnormal
but still reproducible VEP, it is nevertheless pru-
dent to recommend operative intervention. This
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policy should be continued until such time as re-
sults in larger populations or animal studies have
proven that optic nerve recovery definitely cannot
occur in patients with a nonreproducible VEP.

7. Optic nerve decompression is recommended in
unconscious patients if there is direct or indirect
radiological evidence of trauma in the retrobulbar
orbit or in the region bordering the optic canal
and there is an afferent lesion of the visual path-
way on the affected side. If the afferent lesion can-
not be diagnosed clinically, the presence of an ab-
normal VEP (reproducible or nonreproducible)
should warrant immediate surgical intervention.

8. Postoperative CT documentation should be ob-
tained in all patients who have undergone optic
nerve decompression in order to document the
morphological result of the operation.

Examples are presented below to illustrate the tech-
nique of computer-assisted optic nerve decompres-
sion (Figs. 46-49). Relatively little time is needed to
fabricate a silicone impression splint, making it pos-
sible to proceed with operative treatment within
1-2 hours after initial care (Schramm et al. 2000e).
Despite the ability of navigated microscopy to pro-
vide a highly detailed intraoperative display, the
navigation should be supplemented at intervals by
pointer-based tracking in order to achieve maximum
accuracy (Fig.47). Postoperatively, the result of the
operation can be evaluated by using the splint-based
markers to correlate the pre- and postoperative data
sets (Fig. 48).If a secondary reconstruction of the re-
sected medial orbital wall is necessary to correct
postoperative enophthalmos, it can also be carried
out with computer guidance and evaluated postoper-
atively by transposing the original contours into the
postresection data set (Fig. 49).
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Fig. 46. Preoperative planning of optic nerve decompres- multiplanar mode and marked with a yellow line. A transeth-
sion.When using a prefabricated maxillary silicone impression  moidal approach was selected due to the traumatic etiology
splint (see 3D image), the surgeon can proceed at once with  of the nerve compression

intraoperative navigation.The approach is determined in the
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Fig. 47. Navigation-assisted microscopy for postoperative atively with the preoperatively acquired CT data set using
decompression of the right optic canal.The focal point of the  splint-based registration (a). The focal point is located at the
operating microscope (crosshairs in b) is correlated intraoper-  center of the crosshairs in the sectional images

Fig. 48. Postoperative evalu-
ation of optic nerve decom-
pression.The splint-based
reference markers are used in
correlating the preoperative
(left) and postoperative
(right) CT data sets.The
arrows indicate the resection
sites for optic nerve decom-
pression in the postoperative
data set

Preoperative Postoperative
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Fig. 49. Orbital reconstruction after optic nerve
decompression. Enophthalmos of the right eye
following resection of the medial orbital wall (a, b)
was corrected by navigation-assisted orbital recon-
struction with a calvarial graft.The original medial
wall boundary was imported into the data set after
optic nerve decompression in order to place the
graft in the desired position during the reconstruc-
tion. CT scans before decompression (c), after de-
compression (d), and after orbital reconstruction (e).
f Clinical appearance after reconstruction of the
medial wall

After decompression

After orbital
reconstruction




Resections and Reconstructions

Navigation-assisted tumor resections have already
become almost routine procedures in clinical neuro-
surgery (Spetzger et al. 1996; Kajiwara et al. 2003;
Raabe et al. 2003). In otorhinolaryngological surgery
(Mann and Klimek 1998) and especially in oro-
maxillofacial surgery, navigation systems have not
been widely utilized in tumor resections and have
mostly been limited to endonasal surgery (Truppe et
al. 1996; Mann and Klimek 1998; Selesnick and Kack-
er 1999; Koele et al. 2002) and lesions in the skull base
region (Carrau et al. 1996; Vaughan 1996; Hassfeld et
al. 1998b; Caversaccio et al. 1999,2002; Schramm et al.
1999¢, 2000a; Hayashi et al. 2001; Heermann et al.
2001; Schmelzeisen et al. 2002a,b; Wang et al. 2002;
Ecke et al. 2003). Preoperative planning usually con-
sists of marking the tumor volumes and possibly the
resection margins, outlining vital structures (e.g.,
vessels, nerves, meninges), and determining their
intraoperative locations.

The treatment of malignant tumors near the skull
base requires an accurate, 3D preoperative determi-
nation of the tumor extent, especially with regard to
defining the resection margins while taking into ac-
count vital structures. But minimally invasive diag-
nosis in the form of incisional biopsies may also pres-
ent a surgical challenge. The location, biological be-
havior, and extent of the tumor are crucial factors in
selecting the surgical approach. As recently as the
1960s, tumors infiltrating the alar muscles, infratem-
poral fossa, and middle skull base were still consid-
ered inoperable due to the limited access, high blood
loss, and unfavorable esthetic and functional out-
comes.

As a result of interdisciplinary cooperation, par-
ticularly in operations on the skull base, operative
techniques familiar in traumatology, craniofacial sur-
gery, and orthognathic surgery have helped to im-
prove surgical access to the skull base. While median
and paramedian mandibular osteotomies in the
setting of skull base surgery can give very good expo-
sure of retromaxillary tumors and even the cranio-
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cervical junction in exceptional cases, lateral
mandibular osteotomies have proven particularly
useful for exposures of the middle cranial fossa.
When median and paramedian osteotomies have
been performed, it is essential to stabilize the bone
segments in order to prevent the development of
nonunion. Lateral osteotomies must respect the
course of the inferior alveolar nerve. With vertical ra-
mus osteotomies, the articular surfaces of the
mandible must be replaced in an anatomically cor-
rect position in order to prevent postoperative func-
tional abnormalities of the temporomandibular
joint. In summary, we may emphasize the versatility
of the temporary mandibular osteotomy as a safe,
reliable method for gaining access to various regions
of the skull base. When due attention is given to
anatomical factors, mandibular osteotomies are asso-
ciated with very little postoperative functional im-
pairment.

A key problem, however, is the need to surgically
encompass tumors with an adequate 3D safety mar-
gin, especially with tumors that have been down-
staged by neoadjuvant chemotherapy or radiothera-
py- This important goal requires accurate preopera-
tive localization such as that provided by frameless
stereotaxy. Computer-assisted surgery allows for
preoperative planning and simulation, intraoperative
localization and navigation, and postoperative fol-
low-up. Through special adaptations of existing soft-
ware, it is possible to correlate and transfer outlined
tumor boundaries in various image data sets ob-
tained from the same patient. This enables us to com-
pare the volumes of tumor masses before and after
chemotherapy and also transfer the original tumor
boundaries into posttherapeutic data sets (Schramm
etal. 2000c). These capabilities are useful not only for
3D preoperative planning and postoperative evalua-
tions but also for the intraoperative infrared localiza-
tion of virtually defined resection lines and proposed
tumor clearance margins. Case examples will be pre-
sented to illustrate the advantages and possible indi-
cations of computer-assisted surgery in the treat-
ment of lateral skull base tumors.
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Lateral Skull Base and Temporo-
mandibular Joint

A 45-year-old woman presented with lower facial defor-
mity caused by fibrous dysplasia affecting the right lat-
eral skull base and right mandibular condyle (Fig. 50).

Following the exclusion of an active process by
scintigraphy, a navigation-assisted resection of the
affected bony areas was carried out through a pre-
auricular approach. The intraoperative instrument
tracking allowed the safe and selective removal of the
abnormal areas (Fig. 51).

Fig. 50a-d. Fibrous dysplasia of the lateral skull base. These
images are 3D reconstructions of the preoperative CT data
set.The two internal carotid arteries are shown in red and the

left internal jugular vein in blue.The right internal jugular vein
has already been obliterated. Note the proximity of the inter-
nal carotid artery to the mass




Fig. 51. Navigation-assisted removal of fibrous dysplasia of
the lateral skull base. The tip of the rotating instrument (bot-
tom left) is continuously displayed intraoperatively in real time
in the multiplanar mode as the end-point of the broken green

Postoperative CT shows the extent of the resection
after data set correlation using the navigation splint
(Fig. 52). Because fibrous dysplasia is not a tumor
mass, a complete or radical resection is not indicated
because of the risk to vital structures. A contouring
osteotomy is the treatment of choice (Fig. 53).

An example of bony ankylosis of the temporo-
mandibular joint is presented in Fig54. In this
34-year-old male a recidive occurred 10 years after
joint resection and rib grafting. Because mouth open-
ing was limited to 10 mm data set acquisition for nav-
igation-assisted surgery was performed with an oral
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line.The internal carotid artery is marked preoperatively and
superimposed on the image (dotted red line) to avoid inadver-
tentinjury to that vessel during bone removal

vestibular splint of a type that could be fabricated
even in patients with a very limited degree of mouth
opening (Fig. 55).

The operation consisted of a navigation-assisted
osteotomy and contouring resection of the left tem-
poromandibular joint. The proximity of the resection
to the stylomastoid foramen made intraoperative im-
aging desirable (Fig. 56). The navigation splint was in-
serted for postoperative evaluation so that the data sets
could be correlated with high precision (Figs. 57, 58).

An example of navigation-assisted resection of a
meningioma is presented in Fig. 59. The result of the
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Fig. 52. Postoperative evaluation of a navigation-assisted
contouring osteotomy of the lateral skull base (fibrous dys-
plasia).The preoperative (a) and postoperative CT data sets (b)

resection could also be validated with millimeter ac-
curacy by correlating the pre- and postoperative im-
age data sets based on the reference points of the re-
movable maxillary splint (Fig. 60). Correlations of CT
and MRI data sets with transfer of the preoperative
tumor boundaries are essential for effective follow-
up examinations, making it easier to distinguish
between residual and recurrent tumor and surgery-
induced scars.

A 66-year-old man underwent the navigation-as-
sisted radical resection of an osteosarcoma of the lat-
eral skull base. The preoperative acquisition of MRI
and CT data sets with a navigation splint made it pos-
sible to correlate the data sets and also transfer and
correlate the tumor boundaries (Fig. 61). Thus, the
additional information contained in the MRI data set
was imported into the CT data set used for intraoper-
ative navigation to ensure that the soft tissue compo-
nents of the tumor could also be identified. Tumor
clearance can be significantly improved by the use of
this technique.

are correlated with the aid of splint-based markers. The red
crosshairs mark the corresponding points in both data sets in
the multiplanar mode (coronal, sagittal, axial, 3D)

Radical resection of the tumor along with large
portions of the lateral skull base was facilitated by the
intraoperative localization of tumor extensions. The
primary reconstruction of the lateral skull base with
a calvarial graft was matched to the initial situation
with navigational assistance. By correlating the pre-
and postoperative CT data sets with the navigation
splint in place, the surgeon can transfer the tumor
volume and confirm that an adequate resection has
been accomplished (Fig. 62).

The transfer of the original tumor boundaries into
the planning CT data set in preparation for postoper-
ative radiotherapy increases the precision of radio-
therapy planning (Fig. 63). In this way the radiother-
apy field can be individually tailored to the postoper-
ative anatomical relationships with regard to the
original extent of the tumor. The traditional subjec-
tive comparison of images and operator drawings is
replaced by an objective process. This eliminates the
problem of making the dimensions of the radiother-
apy field too large or too small.



Fig. 53. Postoperative evaluation of a navigation-assisted
contouring osteotomy of the lateral skull base (fibrous dys-
plasia). Preoperative (a) and postoperative (b) bony 3D recon-
structions. Preoperative panoramic tomogram (PSCHA, c¢) and
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the tomogram following resection and reconstruction with a
prostheticimplant (d).Clinical appearance before (e) and after
(f) the end of treatment
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Fig. 54. Bony ankylosis of the temporomandibular joint (PSCHA).The patient presented with a recurrence of ankylosis 10 years
after temporomandibular joint resection and primary reconstruction with a rib graft

Fig.55. Bony ankylosis of the temporomandibular joint tiplanar display (a). The 3D reconstruction shows the naviga-
(planning CT). The extent of the ankylotic transformation of  tion splint with the reference markers (RM). b Intraoperative
the temporomandibular joint can be appreciated in the mul-  view



Fig. 56. Navigation-assisted resection of the temporomandi-  through a preauricular approach. The multiplanar display (a)
bular joint. a Intraoperative image of the navigation-assist-  shows the proximity of the lesion to the site of emergence of
ed osteotomy. b Navigation instrument being introduced the facial nerve. c Excision specimens
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Fig. 57. Data set correlation with navigation splint markers.  (RM) on the navigation splint. This can achieve a positional
Correlation of the preoperative (left) and postoperative (right)  accuracy of better than 1 mm
CT data sets is done by correlating the four reference markers
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Preoperative

Fig. 58. Postoperative analysis after the resection of temporomandibular joint ankylosis. Correlation of the preoperative (left)
and postoperative (right) CT data sets allows the postoperative result to be evaluated with millimeter precision
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Fig. 59. Navigation-assisted resection of meningioma. The better tumor clearance by visualizing the tumor boundaries.
intraoperative view of the operative field in the multiplanar  Lower right panel shows the view through the operating
display of the CT data set enables the surgeon to achieve microscope during the resection
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Preoperative Postoperative f"Postoperative MRI™)

Fig. 60. Follow-up after meningioma resection. Correlation of the preoperative CT data set (left) with the postoperative CT
(middle) and MRI (right) data sets makes it possible to transfer the preoperative tumor boundaries
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Fig. 61. Preoperative planning for the resection of an osteo-
sarcoma of the lateral skull base. Correlating the preoperative
MRI and CT data sets and transferring the tumor boundaries
(a) makes it possible to combine the imaging information and

improve tumor clearance using navigation-assisted tech-
nique. Superimposing the tumor volumes in the 3D recon-
struction (b) makes it easier to select the route of approach
and plan necessary osteotomies of the facial skeleton
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Fig.62a, b. Postoperative evaluation following the resection  boundaries and evaluate the completeness of the navigation-
of a lateral skull base tumor. Correlation of the pre- and post-  assisted resection.The primary reconstruction with a calvarial
operative CT data sets makes it possible to transfer the tumor  graft is shown in the 3D image (b, lower right)
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Fig. 63. Visualization of preoperative tumor volumes for the alize the original tumor boundaries to direct the planning of
planning of postoperative radiotherapy. Correlation of the postoperative radiotherapy
pre- and postoperative CT data sets makes it possible to visu-



Anterior Skull Base

Preoperative planning for tumors of the anterior
skull base includes marking the tumor volumes
based on the CT data set or transferring the margins
from the MRI data set to the CT data set. Use of the
registration splint permits the fusion of the CT and
MRI data sets because the markers can be identified
in both imaging modalities. In surgery done after
preoperative chemotherapy, the pretherapeutic tu-
mor boundaries can be transferred into the
postchemotherapy data set (Fig. 64).

Through the transfer of pretherapeutic tumor vol-
umes, a radical navigation-assisted resection can be
carried out in accordance with the original tumor
boundaries. Pointer-based navigation improves the
adequacy of tumor clearance intraoperatively by
demonstrating margins that are not clinically visible
to the surgeon (Fig. 65).

Extensive resections in the naso-orbitoethmoid
region are reconstructed with synthetic materials
(titanium, polymers) or autologous bone grafts (cal-
varium, ilium, rib, etc.). A primary reconstruction is
desired because of its functional advantages and
quality-of-life benefits. Because intraoperative navi-
gation makes available all information on the origi-
nal facial skeletal contours before the tumor resec-
tion, the computer-assisted insertion and positioning
of the synthetic materials or bone grafts can be more
easily performed (Fig. 66).

Postoperative follow-ups can easily be correlated
with the previous data sets by reusing the navigation
splint. This allows the result of the operation to be
validated in terms of radical tumor clearance and the
quality of the reconstruction. At the same time, nec-
essary postoperative radiotherapy can be individual-
ly planned and follow-ups can be maintained for sev-
eral years, facilitating the early detection of recurrent
disease (Figs. 67, 68).

Midface

Detailed, 3D planning of the resection and the func-
tional-esthetic reconstruction is of critical impor-
tance in the treatment of midfacial tumors. Special
attention is given to achieving an anatomical recon-

11 Computer-assisted Therapy

struction of the orbital region and the rehabilitation
of masticatory function (Fig. 69).

Primary reconstructions are generally preferred
over secondary reconstructions because they tend to
yield better functional and esthetic results. Primary
reconstructions of the periorbital region involve the
use of synthetic materials and autologous bone grafts
as described above (Hammer et al. 1999). Comparing
the reduction of tumor volume achieved after indi-
vidual chemotherapy cycles provides a measure of
tumor responsiveness to pharmacological therapy. If
the tumor volume is found to increase during
chemotherapy, the therapy should be discontinued at
once and the patient referred for immediate surgical
resection of the tumor (Figs. 70, 71).

Masticatory function after partial mandibular
resections can be rehabilitated with an obturator
prosthesis without the need for extensive bony re-
constructions, which are rarely indicated given
the low 5-year survival rates in these patients. The
prosthesis can be attached to teeth or dental implants
in the residual mandible. Dental implants anchored
in the zygoma can provide stable abutments with-
in the resected area. The titanium screw system
developed by Branemark for anchoring bone-inte-
grated screw implants in the zygoma (Zygomaticus
fixture) allows for implant-based prosthetic re-
construction of the posterior maxilla without ad-
ditional bone augmentation. Often no other treat-
ment options are available, especially in patients
with extensive tissue defects, and the solid bone
of the zygoma provides the only foundation for
stable implant attachment. In most cases these im-
plants are inserted immediately after the tumor re-
section. If the position of the implant has already
been planned and simulated preoperatively, both the
resection and the implant insertion can be done un-
der navigational guidance. In this way the placement
of the implant can be planned in accordance with
prosthetic requirements, and the planning can be ac-
curately transferred to the patient at operation
(Fig. 72).

The operative treatment of midfacial tumors con-
sists of navigation-assisted radical surgical resection
followed by a primary reconstruction of the peri-
orbital region and prosthetic reconstruction using
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Fig. 64. Esthesioneuroblas-
toma of the anterior skull
base before and after neoad-
juvant chemotherapy.a MRI
data set before neoadjuvant
chemotherapy.b MRI data
set after chemotherapy.

The tumor boundaries are
outlined in purple.By corre-
lating the data sets with the
markers on the navigation
splint, the tumor boundaries
can be transferred from the
pretherapeutic MRI data set
(outlined in green in b)

Before chemotherapy




Fig. 65. Navigation-assisted radical resection of an anterior
skull base tumor (esthesioneuroblastoma).The original tumor
boundaries before chemotherapy (outlined in green) have
been superimposed over the tumor boundaries after chemo-
therapy (outlined in purple) by correlating the pre- and post-

zygomatic implants (Gellrich et al. 2002c). Every
phase of operative treatment is guided by intraoper-
ative navigation. This increases radical tumor clear-
ance while improving the quality and predictability
of the reconstruction. Postoperative evaluation of the
outcome by CT is an essential step in preventing
postoperative complications and evaluating different
operative methods. As in other settings, data set cor-
relation is again of fundamental importance. It is eas-
ily accomplished by reusing the reference markers on
the registration splint (Fig. 73).
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therapeutic data sets.The images depict amoment during the
pointer-based radical resection based on the virtual original
tumor boundaries (green). These boundaries cannot be iden-
tified in the actual surgical field (lower right panel)

Prosthetic rehabilitation of the maxilla can be
performed after a period of 6-9 months. The use of
zygomatic implants as abutments for the obturators
improves the retention of the prosthesis, significantly
improving the patient’s quality of life (Fig. 74).

Navigation-assisted primary reconstructions have
rarely been described in tumor resections (Schramm et
al. 2000c). Accordingly, there have been no studies on
the validation of orbital reconstructions in the setting
of oncological resections. Positioning of the titanium
mesh and bone grafts can be done accurately and reli-
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Fig. 66. Navigation-assisted primary reconstruction of the
bony orbit following tumor resection.The images represent a
pointer-based position check following the placement of a
bone graft (lower right panel) for reconstructing the medial

ably by the use of splint-based registration (Schmelz-
eisen et al. 2000; Gellrich et al. 2002b). This is confirmed
by the results of comparative volume measurements in
our own patients. In validating our results, we observed
areduction in the postoperative orbital volume follow-
ing the tumor resection and primary reconstruction,
and this reduction can compensate for the soft tissue
defect that is simultaneously created (Gellrich et al.
2002a-c). A navigation-assisted primary reconstruc-
tion was performed in ten patients with midfacial tu-
mors. In all cases the titanium meshes and bone grafts
used for orbital and midfacial reconstruction were po-
sitioned in accordance with the original bony contours
prior to the tumor resection (Figs. 75-80).

orbital wall. The reconstruction is guided by the original bony
contours prior to resection of the anterior skull base esthe-
sioneuroblastoma

Splint-based registration is a repeatable technique
that allows the transfer of tumor boundaries from the
MRI data set to the CT data set for pretherapeutic
analysis and also from the pretherapeutic data set to
all further acquisitions following chemotherapy, ra-
diotherapy, or operative treatment. The use of regis-
tration splints also makes it possible to fuse CT and
MRI data sets since the markers can be visualized in
both modalities (Schramm et al. 2000c). This can
also be achieved with invasive screw markers, but
these devices cannot be used due to the long treat-
ment periods.
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Fig. 67. Long-term follow-up after chemotherapy, tumor re-
section, and irradiation of an esthesioneuroblastoma of the
anterior skull base. Follow-up examination for tumor recur-
rence 5 years after preoperative neoadjuvant chemotherapy,
navigation-assisted radical tumor resection, and postopera-
tive radiotherapy. a Before chemotherapy. b After chemother-
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After chemotherapy

apy. ¢ After resection. d Five years after radiotherapy.The orig-
inal tumor boundaries (purple) were transferred from the pre-
to the posttherapeutic data set by correlation. The suspicious
soft tissue structure in the former anteromedial portion of the
tumor (red arrows) was identified by endonasal biopsy as
reactive scar formation induced by the radiotherapy
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Fig. 68. Five-year comparison after chemotherapy, tumor resection, and irradiation of an esthesioneuroblastoma of the
anterior skull base. a Before treatment. b Five years after treatment
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Fig. 69a-e. Anaplastic carcinoma of the right maxillary sinus. Visualization of the tumor volume in a 3D reconstruction of the
CT data set allows for detailed planning of the resection and reconstruction

L

Fig. 70. Follow-up of the chemotherapy response of an
anaplastic carcinoma of the right maxillary sinus. a Left Initial
situation (tumor volume 29.9 cm3). Right After first cycle
(tumor volume 17.8 cm3). b Left After second cycle (tumor
volume 10.2 cm3). Right After third cycle (tumor volume
10.2 cm3). ¢ Left After fourth cycle (tumor volume 12.1 cm3).
Right Preoperative planning. Comparison of the tumor vol-
umes before (green) and after preoperative neoadjuvant
chemotherapy (purple after first cycle, yellow after second

cycle, blue after third cycle, red after fourth cycle) indicates a
reduction of tumor size after the first and second chemother-
apy cycles, followed by enlargement of the tumor during the
third and fourth cycles. This finding warrants the disconti-
nuation of neoadjuvant therapy and should prompt immedi-
ate surgical treatment. Planning of the radical resection is aid-
ed by transferring the original tumor boundaries (green line
in c right)
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Third cycle Fourth cycle

Fig. 71. Follow-up of tumor volumes during chemotherapy
for anaplastic carcinoma of the right maxillary sinus. Compar-
ison of the tumor volumes before (green) and after preopera-
tive neoadjuvant chemotherapy (purple after first cycle, a; blue
after second cycle, b; yellow after third cycle, c; red after fourth

cycle, d) indicates a decrease in tumor size after the first and
second chemotherapy cycles to 74% and 43% of the initial
value (29.9 cm3). Tumor size did not change during the third
cycle but increased after the fourth cycle to 51 % of the initial
value
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Fig. 72. Planning and simulation of a radical resection and chemotherapy.With a partial resection of the maxilla, the sur-
the insertion of a zygomatic implant. The radical surgical re- geon can simulate the insertion of a zygomatic implant for a
section is planned by transferring the original tumor bound-  delayed primary prosthetic reconstruction

aries (green line) into the CT data set after the completion of
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Fig. 73. Postoperative evaluation of a partial resection of the ~ zygomatic implant provides an abutment for an obturator
midface and orbit followed by primary reconstruction. The  prosthesis
images show a primary reconstruction of the bony orbit. The
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Fig. 74. Zygomatic implant and three dental implants for
treatment with an obturator prosthesis.The radiograph (a)
is a paranasal sinus projection taken after the insertion of
an obturator prosthesis following a partial resection of the
mandible for a malignant tumor. b Abutments. c Inserted
prosthesis
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Fig. 75. Squamous cell carcinoma of the right maxillary sinus. The multiplanar mode demonstrates the extent of the tumor,
whose boundaries have been outlined (yellow)
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Preoperative

Postoperative

Fig. 76. Postoperative evaluation of a partial midfacial resec-
tion. The images represent the correlation of preoperative
(left) and postoperative (right) CT data sets after the resection
of a right maxillary sinus carcinoma followed by a navigation-
assisted primary reconstruction of the midface and orbit with

titanium mesh (top). After correlation of the image data sets,
the tumor boundaries are transferred from the preoperative
data set to the postoperative data set to better evaluate the
adequacy of the resection (yellow line at bottom)
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Fig. 77. Image fusion for the
postoperative evaluation

of a partial midfacial resec-
tion.The 3D images represent
a 50% fusion (a) and a com-
plete fusion of pre- and post-
operative CT data sets after
the resection of a right maxil-
lary sinus carcinoma (b).The
resection was followed by a
navigation-assisted primary
reconstruction of the midface
and orbit with titanium mesh
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Fig. 78. Postoperative evaluation of the resection and radio-  useful in evaluating the adequacy of the resection and plan-
therapy planning.Transferring the tumor boundaries fromthe  ning the postoperative radiotherapy field
preoperative to the postoperative CT data set (yellow line) is
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Fig. 78. (continued)
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Fig. 79. Postoperative follow-up 2 years after a partial midfacial resection and primary reconstruction. Clinical appearance at
presentation (a) and 2 years after operative treatment (b)

Fig. 80. Comparison of orbital volumes cm?
(in cm3) before (gray bars) and after (black bars)
the navigation-assisted primary reconstruction 40
of a midfacial resection for a malignant tumor.
Postoperative validation of the orbital recon- 35
structions (n=10) showed an average postre-
construction decrease in orbital volume by 30 -
1.8 cm3 (SD=0.3 cm?), with preoperative values
of 23.5-34.9 cm? and postoperative values of 25 L M
22.3-33.5cm3
20 H —
15 H - — -
10 H — —
5 - - — _— et _— -
0 _— B . —
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facilitates and expedites the complicated process of
adjusting the X-ray tube (Fig. 81). However, the intra-
Pointer-based navigation can be used to plan the ra-  operative soft tissue displacement caused by the re-
diotherapy field in patients treated with intraopera- section limits this application to tumors that are situ-
tive radiation (e.g., for intraoral carcinoma). This ated near bone.

Intraoperative Radiotherapy

i e k%

Fig. 81. Navigation-assisted alignment of the X-ray tube for  tube conforming to the preoperatively marked tumor bound-
intraoperative radiotherapy. a The resection of a malignant  aries. b MR image shows the outlines of the tumor (red) and
tumor is followed by the pointer-based alignment of the X-ray  resection margins (green)
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Secondary Reconstructions
after Tumor Resections

Secondary reconstructions of the midfacial region
after tumor resections are challenging for the sur-
geon due to the soft tissue atrophy and scarring that
take place after the initial operation. Often the origi-
nal tumor site has also been subjected to radiothera-
py, necessitating the transplantation and microvascu-
lar anastomosis of soft tissues and in some cases even
hard tissue. Given the complex anatomy of the orbit
and periorbital region, it is often difficult to achieve a
functionally and esthetically sound reconstruction
with autologous bone grafts. It is much easier to re-
construct the midface using a combination of titani-
um and soft tissue transfers with microvascular anas-
tomosis. The bony reconstruction can be planned in
detail with the aid of computer-assisted surgery, and
the titanium reconstruction can be completed intra-
operatively using mini- and microplates and mesh
structures. The result of the reconstruction is evalu-
ated postoperatively by fusing the image data sets or
by superimposing the virtual template onto the post-
operative data set (Figs.82-87). The advantages of
this method are a shorter operating time and fewer
risks since composite grafts are considerably more
likely to fail due to greater difficulties in handling.
One disadvantage of using titanium combined with
soft tissue in the presence of maxillary defects is

the difficulty of prosthetic treatment with dental

implants. Cases of this kind require the insertion of

zygomatic implants without additional bony recon-
structions of the maxilla.

Thus, the advantages for clinical therapeutic use
are as follows:

1. By transforming pretherapeutic data into post-
therapeutic data sets, we can measure the efficacy
of chemotherapy based on the quantitative deter-
mination and localization of the tumor mass.

2. By transforming pretherapeutic data into post-
therapeutic data sets, we can perform a naviga-
tion-guided resection that conforms to the origi-
nal tumor boundaries.

3. By transferring the preoperative tumor bound-
aries into the postoperative data set, we can con-
duct a precise follow-up evaluation for tumor re-
currence and refine the planning of postoperative
adjuvant radiotherapy.

4. Through the use of virtual surgical templates dur-
ing intraoperative navigation, primary and sec-
ondary reconstructions can be predictably carried
out without the need for intraoperative imaging.

5. The correlation of pre- and postoperative image
data sets permits an extremely accurate validation
of the results of facial skeleton reconstructions.
Measurement of the orbital volumes provides a
particularly accurate measure of the quality of the
reconstruction.
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Fig. 82. Secondary reconstruction after a tumor resection —  mentation and mirroring to the opposite side, a virtual surgi-
preoperative planning and simulation.This patient has an ex-  cal template is created that defines the contours of the ideal
tensive left midfacial defect following a tumor resection (a,b).  reconstruction (d)

The CT images show the extent of the defect (c).Through seg-
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Fig. 83. Secondary reconstruction after a tumor
resection — intraoperative navigation.The titanium
meshes and plates for midfacial and orbital recon-
struction are provisionally inserted, and the surfaces
of the implants are traced with the pointer and
matched to the blue outline of the virtual surgical
template in the CT data set. Reconstruction of the
orbital walls with titanium mesh (a) and reconstruc-
tion of the paranasal pillar (b) and infraorbital margin
(c) with titanium miniplates can be performed and
controlled through an intraoral approach by this
method
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Fig.84. a
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Fig. 84. (continued) Secondary reconstruction after a tumor
resection — postoperative evaluation. a Clinical appearance
before and after midfacial reconstruction with a navigation-
assisted titanium reconstruction backed by a microvascular
latissimus dorsi muscle transfer. Intraoral and transconjuncti-
val approaches were used for the midfacial reconstruction. b

Comparison of the pre- and postoperative 3D bone images
shows the reconstruction of the osseous midfacial defect with
titanium implants (top). The quality of the reconstruction can
be checked qualitatively and quantitatively by superimposing
the virtual surgical template onto the postoperative data set
(bottom)
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Fig. 84. (continued) c Clinical appearance one year after reconstructive surgery

Fig. 85. Secondary reconstruction after a tumor resection —
preoperative planning and simulation.This patient has an
extensive intra- and extraoral soft tissue defect and a left
midfacial bony defect following a tumor resection (a, b)

(c,d see next page)

-

Fig. 86. Secondary reconstruction after a tumor resection -  er and matched to the blue outline of the virtual surgical tem-
intraoperative navigation.The titanium meshes and plates for  plate in the CT data set.The pointer tip is at the junction of the
midfacial and orbital reconstruction are provisionally insert-  orbital floor and medial orbital wall, which is a critical site in
ed,and the surfaces of the implants are traced with the point-  determining the success of the reconstruction
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Fig. 85. (continued) The CTimages show the extent of the defect (c). A virtual surgical template is created by segmentation and
mirroring of the opposite side. This template predefines the contours of the ideal reconstruction (d)

Fig. 86.
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Fig. 87. Secondary reconstruction after a tumor resection —
postoperative evaluation. a Clinical appearance after mid-
facial reconstruction with a navigation-assisted titanium
reconstruction backed by a microvascular latissimus dorsi
muscle transfer.b Comparison of the pre- and postoperative
3D bone images shows the reconstruction of the bony mid-
facial defect with titanium implants (top). The quality of the
reconstruction is checked qualitatively and quantitatively
by superimposing the virtual surgical template onto the
postoperative data set (bottom)




11 Computer-assisted Therapy

Fig. 87. (continued)
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Traumatological Procedures
Primary Orbital and Midfacial Reconstructions

The primary treatment of facial fractures, especially
those involving the naso-orbitoethmoid complex, is
superior to secondary reconstruction in terms of func-
tional recovery and should be the primary goal of
treatment. The complex anatomy of the periorbital re-
gion requires an experienced surgeon with a detailed
knowledge of functional anatomy who has access to
3D images for preoperative analysis and planning. CT
is the imaging study of choice,and a 3D representation
based on multiplanar algorithms (axial, coronal, and
sagittal reconstructions) is essential. However, the lim-
ited access to the periorbital region makes intraopera-
tive imaging desirable so that the surgeon can check
the progress of the reconstruction at frequent intervals
and ensure that the partial elements of the reconstruc-
tion are precisely coordinated and accurate in their de-
tails (Watzinger et al. 1997; Waldhart et al. 2000). Intra-
operative CT is an option, but the need to check the
various phases of the operation and the time-consum-
ing process of data acquisition and processing the data
sets have discouraged the clinical use of this method
on a broad basis. Because imaging must be repeated af-
ter each corrective measure and a final postoperative
check is still needed, the use of intraoperative CT leads
to an unacceptable increase in radiation exposure, par-
ticularly to the sensitive lens of the eye. The progress of
an orbital and midfacial reconstruction can also be
checked by intraoperative navigation, which involves
no radiation exposure and can be done without inter-
rupting the surgical procedure. Intraoperative naviga-
tion permits the detailed direct or indirect visualiza-
tion of the bony structures and, to a degree, of soft tis-
sue structures during each phase of the operation. The
use of this method is generally limited to secondary
procedures, however, because of the long and often
complicated preoperative preparations that are re-
quired. As a result, navigation-assisted primary recon-
structions of the orbit have rarely been described in
the literature. To date, invasive registration methods
have been the only way to perform computer-assisted
procedures with an acceptable degree of accuracy. But
the registration markers should be inserted prior to

11 Computer-assisted Therapy

initial imaging in order to avoid additional radiation
exposure from a separate planning data set, and the
prophylactic insertion of invasive markers prior to
data acquisition cannot be recommended as a routine
practice. Noninvasive registration methods such as
headsets, adhesive skin markers, surface matching
techniques, and anatomical landmarks cannot be used
in patients with facial skeletal trauma for obvious rea-
sons. Thus, besides the insertion of miniscrews, the use
of an intraoral registration splint appears to be the
only feasible option for conducting navigation-assist-
ed procedures with high precision in the primary
treatment of facial fractures. Most notably, the use of
prefabricated silicone impression splints permits rap-
id preparation (10-15 minutes fabrication time at bed-
side) before data set acquisition, even in intubated pa-
tients. Prophylactic fabrications are justified and will
eliminate treatment delays when computer-assisted
surgery is indicated because the surgeon can conduct
preoperative planning while the patient is being pre-
pared and anesthetized. The preoperative planning of
primary reconstructions includes analyzing the facial
fractures and planning the surgical approach and
mode of reconstruction (Figs. 88, 89). Moreover, the
ideal result of the reconstruction can be simulated in
unilateral orbital reconstructions by mirroring sub-
volumes of the data sets, i.e., reflecting portions of the
unaffected side onto the affected side (Fig. 90). In pa-
tients with bilateral fracture patterns, the ideal
reconstruction can be simulated by more complex
segmentations of the affected regions.

The first step in the operation is registration with
the intraoral splint. Afterward the splint is removed
to avoid interference with the operating team and is
reinserted only for intraoperative reregistration.
Reregistrations should be done following all manip-
ulations that may disturb the operative field, such as
osteotomies or bone graft removal from the calvari-
um. The total duration of reregistration (1-3 per op-
eration) averages 8-17 minutes in these procedures.
Pointer-based navigation after registration includes
checking the position of the zygomatic prominence
and the surface of the zygoma after the fracture has
been reduced and before the application of internal
fixation material. Surface registration of the inserted
titanium mesh and/or bone grafts in the orbit is done
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Fig. 88. Posttraumatic
primary reconstruction of
the midface - preoperative
analysis. Multiplanar display
(coronal, sagittal, axial, and
3D reconstruction) of a
preoperative CT data set in
a patient with comminuted
midfacial and orbital
fractures on the left side

Fig. 89. Posttraumatic
primary reconstruction of
the midface - preoperative
planning.The unaffected side
is reflected onto the affected
side, followed by segmenta-
tion and alignment to create
a virtual surgical template

for orbital reconstruction
(pink segments)
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Fig. 90. Posttraumatic primary reconstruction of the midface
- virtual reduction.The left zygoma (green segment) is virtual-
ly reduced based on the position of the mirrored segments

11 Computer-assisted Therapy

TV T

(pink), creating a virtual template for reconstruction of the
zygoma

Fig. 91. Posttraumatic primary reconstruction of the midface
- intraoperative navigation. Intraoperative multiplanar dis-
play shows pointer-based surface matching after titanium
mesh insertion for left orbital reconstruction (a). The pointer
tip has been touched to the inserted titanium mesh (b at

right). The position of the pointer tip (green line) in relation to
the virtual reconstruction template (pink segmentation) al-
ready shows an error in correction with no need for addition-
al intraoperative imaging
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Fig.92. Posttraumatic

Copyright © 1996

primary reconstruction of = =
the midface - postoperative a B L R dled
evaluation. Postoperative

comparison of the result of
the reconstruction with the
virtual template (pink seg-
mentation) confirms the
accuracy of the titanium
mesh orbital reconstruction
with millimeter precision (a).
Owing to the use of intra-
operative navigation, this
extensive reconstruction of
the orbital floor and medial
wall, plus the reduction

and internal fixation of the
zygoma, could be performed
without a coronal incision.
The laceration of the left
lower lid is posttraumatic (b)
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prior to the fixation (Ellis and Tan 2003; Fig.91).
Pointer-based navigation can also be used to deter-
mine the projection of the eyeball in order to evaluate
swelling and determine the anticipated sagittal pro-
jection of the eye in relation to the opposite side. It is
also possible to superimpose the virtual template
onto the postoperative data set, enabling a detailed
quantitative evaluation of the result (Fig. 92).

Isolated fractures of the orbital walls (medial wall
or orbital floor) are generally an indication for de-
layed primary care, since these fractures are often
missed on initial examination due to the absence of

functional abnormalities (diplopia, sensory distur-
bances in the distribution of the infraorbital nerve)
or are underestimated as a treatment priority. These
fractures can be clearly visualized by digital volume
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tomography (DVT), which involves less radiation
exposure than standard CT scanning. Because the
volume of the image data set is limited, it is not always
possible to image the entire skull, and soft tissue
structures are imaged in relatively poor detail. Thus
the application of this technique is limited to facial
fractures and especially to preimplant workups. The
resulting data set can be accessed in the DICOM for-
mat, making it suitable for intraoperative navigation
(Fig. 93). With its rapid availability and low radiation
exposure, it is reasonable to predict that DVT will in-
creasingly replace conventional CT scans in patients
with isolated midfacial fractures. When DVT data
sets are used, the preoperative and intraoperative
conduct of computer-assisted surgery are no differ-
ent than when standard CT data sets are used.
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Fig. 93. Posttraumatic
primary reconstruction of the
orbit — creating the virtual
template on the base of

a Cone Beam CT scan.The
unaffected side is reflected
onto the affected side,
followed by segmentation
and alignment to create a
virtual surgical template for
the orbital reconstruction
(blue segmentation)

Particularly in the case of orbital wall fractures
that involve the junction of the orbital floor with the
medial orbital wall or with a complete separation of
the orbital floor, the difficult visual conditions associ-
ated with the standard transconjunctival approach
often result in a faulty placement of the reconstruc-
tion materials. In many cases the junction of the or-
bital floor and medial wall is reconstructed at too
sharp an angle, or the posterior part of the orbital
floor is positioned too low. Both errors result in un-
dercorrection of the bony orbit and may lead to per-
sistent abnormalities of eye position. If a secondary
correction is needed, it has significant disadvantages
compared with an anatomically correct primary re-
construction because of the accompanying soft tissue
changes and central compensatory processes (diplo-
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Fig. 94. Posttraumatic pri-
mary reconstruction of the
orbit — intraoperative naviga-
tion. Intraoperative multipla- =
nar display shows pointer- : =
based surface matching after
the transconjunctival inser-
tion of titanium mesh for
orbital reconstruction.The
pointer tip has been touched
to the inserted titanium
mesh.The position of the
pointer tip (green line) in
relation to the virtual recon-
struction template (blue
segmentation) confirms the
correct position of the titani-
um mesh at the very critical
site between the orbital floor
and medial orbital wall

Doterbark Plonung Extras 7

pia is compensated in the visual cortex and may per-
sist after secondary corrections). In the primary
treatment of these fracture patterns, then, intraoper-
ative visualization is necessary in order to avoid these
positioning errors and reduce the need for secondary
reconstructions (Fig. 94). The operative technique of
navigation-assisted orbital wall reconstructions dif-
fers from conventional protocols only in the use of a
head restraint (Mayfield clamp). The length of the
operation is increased by approximately 30 minutes.
In complex periorbital reconstructions, the ideal
reconstruction is simulated preoperatively by mir-
roring the unaffected side onto the affected side
(Zizelmann et al. 2005a,b). Synthetic materials such
as titanium mesh will increasingly supersede the use
of autologous bone grafts owing to their better pre-
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dictability and absence of donor site morbidity
(Fig. 95).

With the aid of voxel-based planning and intra-
operative navigation, a coronal incision can be omit-
ted even in patients with extensive orbital wall frac-
tures and panfacial fractures, provided there are no
multiple fractures of the naso-orbitoethmoid com-
plex and the medial canthus does not require reat-
tachment (Fig. 96). Even in these extensive orbital re-
constructions, we were able to eliminate the need for
a coronal incision by means of intraoperative naviga-
tion. The titanium implants were inserted through a
transconjunctival approach and checked by pointer-
based navigation. The zygoma and maxilla were
accessed through the upper lid on each side and
through the maxillary vestibule. A fracture in the
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Fig. 95a,b. Posttraumatic primary reconstruction of the orbit  cision. Owing to the use of intraoperative navigation, this
- postoperative evaluation. Postoperative comparison of the  extensive reconstruction of the orbital floor and medial wall
result of the reconstruction (green segmentation) with the vir-  could be performed entirely through a transconjunctival
tual template (blue segmentation) confirms the accuracy of  approach. Clinical appearance 10 days (c) and 2 years (d, e)
the titanium mesh orbital reconstruction with millimeter pre-  after primary reconstruction of the left orbit
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Fig. 96a-c. Posttraumatic
primary reconstruction of
a panfacial fracture - post-
operative status with no
visible surgical scars
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Fig. 97. Panfacial fracture after a gunshot injury.a A surgical
instrument placed in the bullet track following a submental
pistol shot in a suicide attempt. b The 3D reconstruction

right condylar process was treated through an intra-
oral approach using an endoscopically assisted tech-
nique. When seen 10 days postoperatively, the patient
had no visible surgical scars.

In cases with extensive comminution of the facial
skeleton, voxel-based data processing can supply a
detailed view of the fracture patterns in two and
three dimensions. In cases with bilateral or central
comminution or bone defects, free segmentations are

11 Computer-assisted Therapy

shows an overview of the fracture pattern.The projectile exit-
ed the bone and lodged in the supraorbital soft tissue

necessary in order to simulate the ideal reconstruc-
tion. These segmentations are considerably more
difficult and time-consuming than mirroring and
aligning segments from the unaffected side. Check-
ing the anatomical reconstruction of the junction
of the orbital floor and medial wall is a particularly
useful intraoperative aid in achieving an optimum
reconstruction of the comminuted orbit (Figs. 97—
100).
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Fig. 98. Panfacial fracture after a gunshot injury — preoperative analysis.The multiplanar display of the preoperative CT data set
(corona, sagittal, axial, and 3D reconstruction) reveals the extent of the destruction
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Fig. 99. Panfacial fracture after a gunshot injury — intraopera-
tive navigation. Pointer-based position check following or-
bital reconstruction with titanium mesh (a). The surface of the
titanium implant is traced with the pointer, which is intro-

il ho L rally - 1 ng

=

duced through a transconjunctival approach (b), and is com-
pared intraoperatively with the contour of the virtual surgical
template displayed on the screen (light brown contour)
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Fig. 100. Panfacial fracture after a gunshot injury — postoper-
ative evaluation. Postoperative 3D reconstruction (a) shows
the overall result of the reconstruction. Postoperative com-
parison of the result of the reconstruction with the virtual

template (blue segmentation) confirms the accuracy of the
titanium mesh orbital reconstruction (b). The clinical appear-
ance after 1 year with eye prosthesis (c)
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Secondary Orbital
and Midfacial Reconstructions

The interval between patient selection and surgery is
highly variable in these elective procedures. It may
range from 1 to 100 days. Because a CT data set ac-
quisition is already necessary for patient selection,
there are many cases in which invasive registration
methods cannot be used. The only way to proceed
with high accuracy is by using registration splints
(Gellrich and Schramm 2002).

Besides analyzing the deformity and the defect,
preoperative planning should include a preoperative
simulation of the desired result of the reconstruction
(Fig. 101). In unilateral reconstructions, the desired
result can be simulated with a mirroring program
that reflects a subvolume of the CT data set from the
unaffected side to the affected side. The simulation
begins with correct 3D positioning of the plane of
symmetry. This process is the most time-consuming
planning step because the result must be checked
several times and the plane of symmetry must be ad-
justed. Thus, software programs have been developed
that position the plane of symmetry semiautomati-
cally on the basis of congruent surfaces. These pro-
grams are still in the experimental stage, however.

After the plane of symmetry has been correctly po-
sitioned, the subvolume of the data set to be recon-
structed is defined, or, in a surface-based simulation,
the surfaces to be reconstructed are marked and seg-
mented. This is followed by the mirroring process.
In volume-based simulations, the subvolume to be re-
constructed is overwritten by the corresponding sub-
volume on the unaffected side. In surface-based simu-
lations, the marked surface segment on the opposite
side is reflected onto the side to be reconstructed while
preserving the surface segments located there. The ad-
vantage of the volume-based simulation is that soft tis-
sue structures can also be mirrored. This makes it pos-
sible, for example, to check the predicted position of
the eye following the reconstruction. One disadvan-
tage of overwriting the original structures by the mir-
ror image is that intraoperative visualization of the
anatomical structures can be done only indirectly
based on outlines of the original contours that were
made preoperatively. Another option is “image fusion”
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of the mirrored data set and original data set. This can
also be done by intraoperative navigation. The disad-
vantage of surface-based simulations is that either
bony or soft tissue segments can be mirrored. Again,
however, this problem can be solved by image fusion
and data set correlation (Gellrich et al. 1999b).

When the mirroring steps have been completed, a
virtual template is obtained in the form of a new data
set (Figs. 102, 103). This template must be compared
with the original data set of the patient by data set cor-
relation and checked for plausibility. If the simulated
result of the reconstruction is satisfactory, the recon-
struction parameters can be calculated. These parame-
ters include the sagittal, axial, and vertical correction
heights of the orbital walls, the size of the grafts,and the
possible necessary graft volumes (Rojas et al. 2001).

In the reconstruction of bilateral facial deformi-
ties, the simulation and creation of the virtual surgi-
cal template consists of boundary lines and line seg-
ments that are positioned based on measurements of
orbital and midfacial parameters and on anatomical
landmarks that are still intact. With this method, the
bony contours of the ideal reconstruction and refer-
ence lines for shifting bony or soft tissue structures
can be imported into the data set. This new CT data
set has been used intraoperatively as a reconstruc-
tion template to check the position of the zygoma and
the reconstruction of the bony orbit.

The results have been qualitatively and quantita-
tively validated by comparison of the CT data sets
(Gellrich et al. 2002a). In 20 unilateral isolated orbital
reconstructions, the quality of the reconstruction
was evaluated based on comparative measurements
of pre- and postoperative orbital volumes (Fig. 104).
The comparative measurements of the preopera-
tive CT data sets indicated a mean volume of 26.5 cm?
for the unaffected orbit, with a standard devia-
tion of 2.8cm?® As expected, the volumes of the
deformed orbits were considerably greater (mean
volume =30.7cm’, SD=3.4cm’). Analysis of the
postoperative data sets indicated an average 4.0 cm?
reduction of orbital volume on the operated side
(SD =1.8 cm®). Comparison of the symmetry of the
operated side with the control side showed a volume
disparity of 0.2 cm® (SD = 1.2 cm®). Our analysis is
summarized in Table 1.
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Table 1. Orbital volumes before and after navigation-assisted unilateral secondary reconstructions.The mean values and stan-

dard deviations are shown at the bottom of the table

Number Control side Affected side:
of patients (cm3) preoperative (cm?3)
1 255 27.5 26.2
2 28.2 32.1 28.1
3 29.0 33.8 30.1
4 30.9 333 30.2
5 30.3 34.9 30.5
6 23.1 26.5 224
7 31.0 36.3 32.6
8 24.2 29.6 22.5
9 22.6 29.1 239
10 245 26.5 20.8
11 259 27.6 274
12 29.2 36.5 29.8
13 29.4 34.8 29.9
14 27.8 32.5 27.3
15 23.2 27.0 24.0
16 239 30.3 24.2
17 23.1 26.4 24.1
18 26.4 28.6 27.2
19 259 294 258
20 26.2 30.9 27.3
Mean 26.5 30.7 26.7
SD 2.8 34 3.2

Virtual reconstruction is more difficult in cases
with preexisting defects, and changes must be made
in the virtual patient model. The virtual reconstruc-
tion of unilateral defects is relatively simple. In this
case either the intact side or a subvolume of the intact
side can be used for mirroring (Perry et al. 1998). The
mirroring is done on a freely definable plane of sym-
metry (Schramm et al. 1999b, 2001a,b; Gellrich et al.
2002¢). It may prove difficult to define the plane of
symmetry in the midline because the skull does not

Affected side:

postoperative (cm?)

Difference between
the sides (cm?3)

Volume
reduction (cm3)

13 0.7
4.0 -0.1
3.7 1.1
3.1 -0.7
4.4 0.2
4.1 -0.7
3.7 1.6
7.1 =7/
52 13
5.7 -3.7
0.2 15
6.7 0.6
4.9 0.5
5.2 -0.5
3.0 0.8
6.1 0.3
23 1.0
1.4 0.6
3.7 -0.1
4.3 0.9
4.0 0.2
1.8 1.2

have precise mirror-image symmetry and this leads
to inaccuracies. Thus, the result of the mirroring re-
quires a visual evaluation and should be repeated as
required.

The capabilities of preoperative planning are
significantly improved by the use of voxel-based
simulations (VoXim, IVS Solutions, Chemnitz). This
method is illustrated below for the planning and sim-
ulation of a posttraumatic secondary reconstruction
of the orbit and periorbital region.
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Fig. 101. Preoperative analysis of an orbital deformity.

a Measurements of the vertical and sagittal malalignment
of the left eye.The Hertel measurement of ocular promi-
nence (right) is faulty in cases where the lateral orbital
margins are deformed. b Orbital dimensions (longitudinal
diameter plus anterior, middle, and posterior transverse
diameters). c 3D surface-rendered images permit a quanti-
tative and qualitative comparison of the orbital volumes
on each side
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Fig. 102. Simulation of the ideal reconstruction of a left-sided
orbital deformity by mirroring the unaffected side. a,c The
biplanar display (coronal and axial slices) shows pronounced
left-sided enophthalmos caused by the deformity of the

After the data set has been entered, it is first
aligned with respect to the plane of symmetry
(Fig. 105). This results in a new patient-specific coor-
dinate system. Next the bony elements of the facial
skeleton are segmented according to surgical and
anatomical requirements (Fig. 106). The next step in
planning is to copy and reflect (mirror) the unaffect-
ed side onto the affected side. Fine adjustments are
then made in the anatomical position of the seg-
ments, resulting in a virtual reconstruction template.
The template can be used to simulate the ideal place-
ment of grafts or implants for reconstructing defects,

orbital floor and medial wall. b,d The reflected (mirrored)
data set. The subvolumes on the right side (yellow frames)
have been reflected onto the affected left side

or it may be used to align the displaced bone seg-
ments of the facial skeleton. In addition, areas that are
to be resected can be virtually removed (Fig. 107).
When the virtual reconstruction is completed, a met-
ric analysis of the deformities can be carried out
(Fig. 108). In this way the bone-based surgical proce-
dure can be accurately simulated, and this can pro-
vide a more comprehensive understanding of indi-
vidual patient anatomy during the planning stage.
The reference points (splint-based markers or screw
markers) are marked after the virtual template has
been created.
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< 28.0 cm?

Fig. 104. Postoperative validation of the reconstruction.The  assisted reconstruction based on the preoperative (a,c) and
orbital volumes were measured to compare the unaffected  postoperative (b,d) CT data sets
side with the operated side before and after navigation-
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Fig. 105. Posttraumatic orbital deformity (a). The multiplanar  ing multiple attempts at reconstruction and augmentation of
display shows a periorbital deformity on the left side follow-  the left zygoma (b)
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Fig. 106. Computer-assisted simulation of orbital reconstruction — part I. After alignment of the data set in the patient-orient-
ed coordinate system (a), segmentation of the anatomical regions is performed (b)
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Fig. 107. Computer-assisted simulation of orbital reconstruc-
tion - part Il. The original data set (a) is segmented to extract
anatomically relevant structures such as augmentation mate-
rial (purple in b) and the zygoma (green in b).This permit a vir-
tual resection of the augmentation (c). After the contralateral
zygoma has been segmented (blue in d), it is reflected onto
the opposite side to create a positioning template for the dis-
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placed left zygoma (e). The displaced zygoma can now be
aligned to conform with the mirrored zygomatic contour (f).
After this alignment is completed, the mirroring can be re-
moved to obtain a virtual surgical template for repositioning
the left zygoma (g). Mirroring of the opposite side is adequate
for reconstruction of the bony orbital walls (h)
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Fig. 107. (continued)
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Fig. 108. Computer-assisted
simulation of orbital recon-
struction - part lll. Virtual
resection of the augmenta-
tion material, repositioning
the displaced left zygoma,
and mirroring the right

orbit have yielded a 3D surgi-
cal template that is available
through intraoperative navi-
gation (a). Comparison of
the virtual reconstruction
and original structure
permits a detailed metric
analysis of the deformity (b)
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Guided by intraoperative navigation, the surgeon
can check the reconstruction repeatedly during the
operation and adjust it to match the desired ideal.
After the zygomatic contour has been corrected, it is
probed with the pointer and its position is adjusted
until the virtual pointer tip matches the key points on
the virtual template. This can avoid unwelcome “sur-
prises” during subsequent analysis of the postopera-
tive CT data set (Figs. 109-112). Intraoperative imag-
ing (CT,DVT, C-arm) could be used as an alternative,
but multiple position corrections would significantly
increase the radiation exposure to the patient. It
would certainly be desired in these cases to use intra-
operative navigation followed by a single intraopera-
tive imaging check. The latest generation of C-arm
fluoroscopes are especially promising in this regard.
In contrast to primary reconstructions, posttraumat-
ic soft tissue changes are of major importance in sec-
ondary corrections of the orbit. As a result, the recon-
struction of the bony orbit cannot always be based on
anatomical criteria alone (Ramieri et al. 2000). Often
it is necessary to make overcorrections, which are dif-
ficult to predict preoperatively. But even in these cas-
es, intraoperative navigation is an essential aid to car-
rying out the planned reconstruction at operation.
Graft and implant positions can be checked as often

as desired by probing them with the pointer and ad-
justing them to match the virtual template. This sig-
nificantly increases the predictive value of these diffi-
cult procedures.

Reconstruction with CAD-CAM Implants

The planning and fabrication of titanium implants
for the reconstruction of deficient facial and calvari-
al bones is based on the preoperative CT data set
(Vougioukas et al. 2004). The figure illustrates the pri-
mary reconstruction of a postresection defect in the
parietal bone. After virtual resection in the CT data
set, the titanium implant was fabricated (CranioCon-
struct, Bochum, Germany) and pointer-guided re-
section of the cranial bone was carried out intraoper-
atively to accommodate the implant (Eufinger et al.
2001; Weihe et al. 2002; Fig. 113).

CAD-CAM reconstructions can be combined with
midfacial revision osteotomies and orbital recon-
structions (Gellrich et al. 2001). Pointer-based navi-
gation can then be used intraoperatively to direct the
revision osteotomy of the zygoma and also recon-
struct the adjacent calvarium with a CAD-CAM im-
plant (Fig. 114).
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EEE Fig. 109. Secondary recon-
struction — intraoperative
M Oe- f a %tk e Left Zygoma reduced - Pilot | E8-  navigation. After reposition-
Y = ing and provisional fixation
of the left zygoma, the
surface of the zygoma is
touched with the pointer
and its position is adjusted
until it conforms to the con-
tour of the virtual template
(green segmentation in a).
The same method is used
in positioning the orbital
mesh (b)
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Fig. 110. Secondary reconstruction — postoperative follow- restored ocular symmetry and the symmetry of the zygomat-
up. Clinical appearance before (a, b) and 1 year after (¢, d) the  ic prominences
navigation-assisted secondary correction. The operation has
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Fig. 111. Secondary reconstruction — postoperative evalua-
tion by image fusion. Superimposing the two CT data sets
before and after the reconstruction allows better visualization
and quantitative evaluation of the postoperative result
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Fig. 112. Secondary reconstruction — postoperative evalua-
tion by image fusion.The result of the reconstruction is vivid-
ly portrayed by successively superimposing the pre- and post-
operative CT data sets (from a to c)

11 Computer-assisted Ther

11 pnates]

Zoomcz 12

- BS/a0X HEO®




11 Computer-assisted Therapy

Preoperative

Fig. 113. Navigation-assisted resection of the left tem- um implant was fabricated (d). Intraoperatively the resection
poroparietal calvarium for chronic osteomyelitis. After virtual ~was guided by pointer-based navigation (c), followed by
planning of the resection (3D reconstruction, a,b), the titani-  insertion of the titanium implant (e, f)
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Fig. 114. aThree-dimensional CT data set of a trauma patient
with an extensive frontal bone defect and a displaced centro-
lateral midfacial fracture on the left side. b First the recon-
struction of the left zygoma and left orbit was simulated
by mirroring the data set.c This formed the basis for planning
and fabricating a custom-made titanium implant for re-
constructing the frontal bone. Intraoperatively, the titanium

reconstruction and midfacial reconstruction were performed
simultaneously with navigational assistance. d Postoperative
CT scan. e, f Clinical appearance before and after combined
frontal bone reconstruction with a custom-made titanium
implant (CAD-CAM) and navigation-assisted midfacial and
orbital reconstruction on the left side
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Fig. 114. (continued)
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Procedures for Midfacial Correction

Syndromic anomalies and complex dysgnathias re-
quire 3D planning to evaluate the asymmetries and
define the appropriate treatment concept (Mom-
maerts et al. 2001). Two-dimensional imaging must
often be supplemented in these cases by CT-based
evaluation. With modern planning systems, the nec-
essary corrections of individual cranial regions can
be simulated prior to distraction therapy or correc-
tive midfacial osteotomies to test the efficacy of the
proposed treatment strategy (Wagner et al. 1997;
Zeilhofer et al. 1997; Watzinger et al. 1999a; Santler
2000; Schramm et al. 2001a). Intraoperatively, osteo-
tomies can be navigationally guided in anatomically
hard-to-reach areas,and correction distances and the
positioning of bone segments can be directed in ac-
cordance with preoperative planning. Le FortIII
midfacial osteotomies are particularly challenging in
terms of planning and execution (Schmelzeisen and
Schramm 2002). The necessary surgical treatment
can be accurately determined preoperatively by seg-
mentation and virtual repositioning of the midface
and mandible. The simulation enables the surgeon to
perform the osteotomies and reposition the bone

11 Computer-assisted Therapy

segments with very high precision. Because the clini-
cal use of intraoperative navigation cannot and
should not replace the use of surgical splints, it is still
necessary to produce these splints in a conventional
way. In order to transfer the virtual planning to the
conventional model operation using plaster models,
it is necessary to fabricate a registration splint on the
articulated jaw models. This splint bears the registra-
tion markers that are necessary for intraoperative
registration and which also allow the virtual correc-
tion distances to be displayed separately for each
marker. So with synchronous alignment of the CT
data set and plaster models based on the hinge axis-
orbital plane, the conventional model operation can
be performed using the virtually determined correc-
tion distances for the upper jaw. The surgical splint
for the mandible can still be produced in the con-
ventional way (Schwestka-Polly et al. 1993). Intra-
operatively, the osteotomy is performed under navi-
gational guidance to protect vital structures. After
placing the maxillary surgical splint, the surgeon
can check and make fine adjustments of midfacial
position in the region of the zygomatic prominences
and nasal skeleton. The position of the maxilla can
also be checked by pointer-based navigation using the
reference markers (Schramm 2001; Figs. 115-119).
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Fig. 115. Facial correction in Crouzon’s disease — preopera- Segmentation of the data set based on the osteotomy lines
tive planning and simulation. When the data set has been  forms the basis for simulating the correction (b).The midfacial
symmetrically aligned in the individual patient coordinate advancement at the level of the Le Fortlll plane is planned
system and positioned parallel to the hinge axis-orbital plane, and simulated based on anatomical criteria (c). The mandibu-
it can be correlated with the articulated plaster models (a). lar ramus osteotomy is planned last (d)
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Fig. 116. Facial correction in Crouzon’s disease - transferring the
CT plan to plaster models. Since the data set has been aligned on
the hinge axis-orbital plane, it can be correlated with the articulated
plaster models.The virtual advancement of the splint-based markers
is determined by CT planning (a), and the desired mandibular cor-
rection is transferred to the plaster jaw model with the aid of a fully
adjustable articulator (b). After the maxilla has been articulated in i
ts new position, a surgical splint can be fabricated for midfacial
advancement (c). A second surgical splint for the mandibular cor-
rection is made conventionally by moving the plaster models to the
desired interocclusal relation (d)
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Fig. 117. Facial correction in Crouzon’s disease - intraopera-  facial position are the zygomatic prominences (b) and the
tive navigation. Following a navigation-assisted osteotomy to  nasal skeleton (c). The position of the occlusal plane is prede-
avoid injury to vital structures during the skull base osteo-  termined by the surgical splint. Additionally, the displacement
tomy (a), the midface is positioned using pointer-based sur-  of the splint-based markers can be checked by intraoperative
face control. The most critical landmarks for checking mid-  navigation so that fine adjustments can be made (d)
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Fig. 118. Facial correction in Crouzon’s disease - image
fusion. Superimposing the pre- and postoperative data sets is
accomplished by a point-based correlation of anatomical
landmarks that have remained unchanged. The preoperative
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(left) and postoperative (right) data sets are shown at the top
of the figure. Point-to-point correlation yields a 3D overlay
of the data sets, shown in two and three dimensions at the
bottom of the figure



11 Computer-assisted Therapy

Fig. 119. Facial correction in Crouzon's disease — postopera-
tive evaluation. Comparison of the clinical photographs with
3D reconstructions of the bony skull before (a, ¢, e,g) and after

(b, d, f,h) midfacial advancement reflects the relationship of
the soft tissue and bony corrections
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Complex dysgnathias, especially those involving
rotation and angulation of the maxillary occlusal
plane, are challenging in terms of preoperative plan-
ning and intraoperative execution (Hohoff et al.
2002). Virtual planning software is available that
allows the surgeon to plan all the osteotomies down
to the smallest detail and simulate the corrective
displacements of the jaw segments. The following
points and problems should be noted. Surgical splints
should still be used at operation, as they allow 3D
positioning of the osteotomized jaw segments to be
carried out more easily and accurately than would be
possible with navigational assistance alone. The
fabrication of the surgical splints, however, is often
based on approximate model operations that do not
always conform to actual anatomy, especially in cases
where maxillary rotation is proposed. But even in
complex dysgnathias, the positioning of the mandible
is usually determined by occlusion. This can easily
be simulated in a conventional model operation by
the tactile control of plaster models. The visualiza-
tion and adjustment of occlusion with imaging pro-
cedures is definitely too cumbersome and is even
unnecessary as the following planning method will
show.

A combination of conventional articulator plan-
ning and virtual CT data set-based planning can be
used for the simulation of complex bignathic correc-
tive osteotomies. It is necessary to have an articulator
with a freely movable upper part that can be locked in
any desired position. The upper and lower parts of
the articulator are connected to a registration array
that can register the movements of the plaster jaw
models in relation to each other. The initial position
of the models is taken from an intermaxillary splint
that is made conventionally on the patient with the
jaws in centric relation. Registration markers are at-
tached to the splint, and the patient undergoes a CT
examination with the navigation splint in place. This
uniquely defines the position of the mandible relative
to the maxilla, and the registration markers can also
be used to correlate the CT data set to the plaster
models made from the patient. When computer-as-
sisted planning is used, this makes it possible to
transfer all simulated jaw movements directly to the
articulator. The rest of the procedure is described
below and is analogous to pointer-based navigation
in the patient.
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Initially, registration is performed on the “model
patient,” which consists of the articulator and the at-
tached registration array. The centric splint is insert-
ed to align the upper part of the articulator with the
upper jaw model to the lower part of the articulator
with the lower jaw model, and then registration is
performed using the markers on the centric splint.
This process correlates the CT data set of the patient
to the plaster models of the patient’s jaws. A naviga-
tion-assisted model operation can now be carried
out. The upper part of the articulator can be moved
and repositioned in accordance with the previously
performed simulation and virtual correction of the
maxilla in the CT data set. This is done until the posi-
tion of the upper part of the articulator coincides
with the virtual plan (Chapuis et al. 2005). The upper
part is then fixed in that position, and the surgical
splint for positioning the maxilla can be fabricated in
a conventional way.

This procedure can be reversed for positioning the
lower jaw. The lower part of the articulator is posi-
tioned in optimal interocclusal relation to the upper
part and is locked in place. It does not matter which
part of the articulator is moved, since both parts are
tracked separately from each other by the infrared
tracking system. The surgical splint for positioning
the mandible can now be fabricated. This part of the
procedure is the same as in a conventional model
operation, except that the corrections are carried out
simultaneously in the planning data set. This permits
an accurate simulation of the optimum positional re-
lation between the upper and lower jaws, and it may
contribute to the decision of whether a bony ad-
vancement of the chin is also necessary. This simula-
tion may also be done as a prelude to virtually ma-
nipulating and repositioning a bimaxillary block
consisting of the maxilla and mandible in ideal oc-
clusal relation. This can greatly facilitate operative
planning in some forms of dysgnathia.

Intraoperative navigation is necessary to deter-
mine the vertical dimension and for fine adjust-
ments, since the surgical splint for the maxilla repre-
sents an exact reproduction of the preoperative
simulation in all other dimensions. This method
provides a clinically useful improvement over the
conventional model operation, combining the advan-
tages of tactile control on plaster models with 3D
patient-based planning (Figs. 120-124).
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Fig. 120. Complex dysgnathia (a, b) — preoperative planning  based on anatomical relationships (e). These should include
of the maxillary correction. First the data set is segmented  the findings of the clinical examination (level of the nasolabi-
based on the osteotomy lines for the midfacial, lower facial alfold, center of the maxilla).The planning steps are evaluated
and chin corrections (c). To plan the maxillary correction, the  in various views (f-k)

mandible is virtually resected (d) and the maxilla is realigned
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Fig. 121. Complex dysgnathia - transferring the CT plan to
the articulator. By segmental navigation of the upper and low-
er parts of the articulator, a correlation can be established be-
tween the plaster models and the CT data set by registering
the models with the registration splint. Movements of the

upper part of the articulator can now be visualized in the CT
data set by segmental navigation, and the position of the
maxillary model can be adjusted to match the virtual plan (a).
The articulator is fixed in that position, and the surgical splint
for the maxilla is produced (b)
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Fig. 122. Complex
dysgnathia - planning
the mandibular correction
and mentoplasty. After
the maxilla has been
positioned, the mandible
is placed in the desired
occlusal relationship to
the maxilla in the articu-
lator (a). This correction

is registered and simulated
in the planning data set.
Next a mentoplasty can
also be simulated (b-g)
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Fig. 123. Complex dysgnathia - intraoperative navigation.
After the maxilla has been positioned with the surgical splint,
its new position is checked on the monitor by segmental

When reliable surgical splints are available for in-
traoperative use, it is likely that intraoperative navi-
gation can be dispensed with altogether. CAD/CAM-
based fabrication of the surgical splint should be
mentioned as a possible future trend in preoperative
planning. However, this requires computer scanning
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navigation and fine adjustments are made (a). The move-
ments of the maxilla at this stage are tracked by a registration
array that is attached to the registration splint (b)

of the plaster models and the use of cutting or poly-
merizing machines, which would substantially in-
crease the costs. It seems doubtful that this technolo-
gy would achieve more accurate results than the
method described here.
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Fig. 124. Complex dysgnathia — postoperative evaluation. data set (c) with the simulation (d) and postoperative DVT
Comparison of clinical appearance before (a) and after (b) data set (e).Image fusion permits a metric comparison of the
corrective osteotomy,and comparison of the preoperative CT  simulation and postoperative result



!

Fig. 125. Navigation-assisted insertion of dental implants. By
attaching the registration array to a mandibular splint, it was
possible even in 1997 to perform navigation-assisted pre-
drilling for dental implants in the conscious patient (a,b).
Using commercially available systems (Robodent), a ready-

Implant Insertions

Despite initial euphoric reports on the use of intra-
operative navigation in the insertion of dental im-
plants, broad clinical application has failed to materi-
alize. There are several reasons for this, including the
fact that the equipment and logistical costs are dis-
proportionately high in relation to the intraoperative
gain. For example, registration in edentulous patients
may be possible only after the preliminary insertion
of temporary implants, because splint-based regis-
tration can be successful only in at least partially
dentulous patients (Fig. 125).
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made frame is polymerized to a dental arch splint. The frame
bears the registration markers, and a registration array can be
attached to it intraoperatively (c). The intraoperative naviga-
tional interface (d) varies in different systems; the track-ball
system (Confident, DenX) is very easy to handle

The navigation errors that are measured in phan-
tom models cannot be applied to the clinical situa-
tion; they usually show considerably greater values
(Watzinger et al. 1999b; Meyer et al. 2003; Wagner et
al. 2003). Because of these issues as well as problems
of nonreimbursement, intraoperative navigation
cannot be recommended for routine implantations.
The main challenges in implantology relate to patient
selection, planning, and soft tissue management.
With adequate bone stock and careful preoperative
planning, an experienced surgeon should be able to
position dental implants with acceptable accuracy.
More difficult are implantations in cases with border-
line-deficient bone, where a few tenths of a millime-
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Fig. 126. Planning and simulation of dental implants. For
complexissues inimplantology, the need for augmentation or
bone splitting can be determined preoperatively by a CT- or

ter may prove critical. But even in these situations, the
use of intraoperative navigation may not be helpful
due to the problems noted above. By contrast, there is
no question as to the advantage of 3D analysis and
planning in complex cases based on CT imaging or
DVT, which involves less radiation exposure. Three-
dimensional planning can simulate the prosthetical-
ly correct positioning of the implants and can also
help direct the preoperative decision for or against
additional bone augmentation. Especially in the ante-
rior part of the maxilla, it is difficult to make an ac-
curate prediction based on conventional two-dimen-
sional radiographs (Fig. 126).
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DVT-based analysis and simulation of the implant insertion.
Intraoperative navigation was used only for the transgingival
insertion of the two posterior mandibular implants

Conversely, a rationale may exist for using intraoper-
ative navigation for the transgingival insertion of im-
plants, especially in the posterior part of the lower jaw
(Randelzhofer et al. 2001). The ability to check the in-
traoperative position and especially the depth of im-
plant insertions is helpful in avoiding injury to the infe-
rior alveolar nerve (Fig. 127). But these cases are also
indications for the use of CAD/CAM-fabricated drilling
templates, which surpass the accuracy of intraoperative
navigation (Fig. 128). One drawback of drilling template
systems is that the presurgical plan cannot be modified
during the operation. To summarize, it may be said that
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Fig. 127a,b. Planning and simulation of dental implants.
With modern software (CoDiagnostiX, IVS Solutions, Chem-
nitz), the planning of implant insertions in the posterior

Fig. 128a,b. Implant insertions with CAD-CAM drilling tem-
plates.The CT-based planning of implant position forms the ba-
sis for fabricating the drilling template.The template is attached

intraoperative navigation does not have a significant
role to play in standard implantology.

Zygomatic implants are another matter. These over-
sized dental implants are anchored in the zygoma
through an intraoral approach. They represent an al-
ternative — actually a second-line method - to treat-
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to the jaw with transgingival pins. A specially designed instru-
ment set permits accurate predrilling of the implant beds based
on virtual planning (NobelGuide, Nobel Biocare)

ment with traditional dental implants. Their indica-
tions include the prosthetic rehabilitation of malig-
nant tumor resections when they may be expected to
improve the patient’s quality of life, especially if life
expectancy is limited. They can also be used to treat
maxillary defects in cases where bone augmentation is
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Fig. 129. Navigation-assisted insertion of zygomatic im-
plants.The insertion of two zygomatic implants into the right
zygoma was simulated for the prosthetic reconstruction of
a maxillary resection (a). The selection of implants is based

not possible or is unlikely to be successful due to pre-
vious failed augmentations. Preoperative planning
and intraoperative navigation during the insertion of
these implants increase the safety margin for preserv-
ing vital structures (orbit, skull base) and help to en-
sure prosthetically correct positioning, especially dur-
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on CAD data supplied by the manufacturer (b). The maxillary
registration splint is used for navigation-assisted drilling.
c—e Postoperative clinical and radiographic results

ing the unilateral placement of two implants. As noted
earlier, the implants can be inserted immediately after
a tumor resection, but it is far more common for zygo-
matic implants to be inserted secondarily (Fig.129).
Preoperative planning permits the virtual insertion of
implants based on the specifications of the implant
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Fig. 130. Navigation-assisted resection of a left orbital tumor
(intraoperative navigation, a) and secondary rehabilitation
with an implant-anchored ocular prosthesis (b, c). Implant in-

manufacturer, just as with standard implants. Visual-
ization of the angled abutments permits optimum
prosthetic alignment of the implants in the data set.
At operation, the drilling is guided by intraoperative
navigation using calibrated handpieces so that the
presurgical planning can be transferred to the patient
as accurately as possible (Schramm et al. 2000b).

In patients who have undergone orbital exentera-
tion, the CT data sets acquired for the tumor resec-
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sertion was done with navigational guidance using the same
registration splint

tion can also be used for the simulation and intraop-
erative insertion of an epithesis for attaching an ocu-
lar prosthesis (Fig. 130). This can achieve an implant
position that is optimum for the available periorbital
bone stock. The same method can be used in the in-
sertion of implants for attaching an auricular pros-
thesis (Fig. 131).
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Fig. 131. Navigation-assisted insertion of implants for the attachment of an auricular prosthesis (a). b, c Postoperative clinical
appearance with and without the prosthesis in place
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