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Computer-assisted spine surgery

Abstract Computer assistance has
been shown to improve significantly
the accuracy and safety of pedicle
screw insertion under clinical condi-
tions. The technique of image-guided
navigation is described in this article,
based on the authors' clinical experi-
ence of over 4 years. The value of
navigation systems for preoperative
planning is discussed. Clinical re-
sults of the application of this new
method in the cervical, thoracic, and
lumbosacral spine aswell astheil-

means of the authors’ own studies
and reports from the literature. Pros
and cons of computer guidance are
discussed. The authors predict com-
puter navigation will be used in per-
cutaneous and minimally invasive
procedures in the near future.
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Introduction

Computer-assisted techniques were introduced into clini-
cal practicein spine surgery at the beginning of the 1990s.
The development of computerized intraoperative guiding
systems was stimulated by severa developments:

1. Modern imaging modalities, in particular computed to-
mography (CT) and magnetic resonance imaging (MRI),
alow the surgeon to plan the operations in detail. How-
ever, until recently, it was not possible to transfer the
preoperative plan directly to the operation situation.
Thus, a significant amount of the preoperative image
and planning data remained unused.

2. Surgical procedures and implants have become increas-
ingly complex. Patients as well as spine surgeons de-
mand new methods to improve safety and diminish the
risk of complications.

3. Further progress in minimally invasive spine surgery re-
quires the ability to guide instruments with high accu-
racy.

There are three groups of computer navigation systems:

iosacral joints are presented by

1. Passive navigators are guiding systems that provide
the surgeon with real-time data about the exact posi-
tion of the instrument in the surgical field without in-
terfering with the surgeon’s action.

2. Active navigators, or robots, perform a preplanned sur-
gical action without interference of the surgeon.

3. Semi-active navigators alow the surgeon to perform
the action within preoperatively defined limits. If the
surgeon goes beyond the limits the system stops the ac-
tion.

Computer navigation systems are based on the principle of
stereotaxis. Stereotactic operation techniques have been
used in brain surgery since the beginning of the century to
guide the surgical instrument into a certain target area. The
basic components of the original stereotactic set-up are the
surgical object (e.g., a brain tumor), the virtual object (an
image of the brain from a brain atlas) and a frame (navi-
gator) fixed to the skull of the patient for guidance of the
surgical instrument according to the coordinates extrapo-
lated from the brain image. Since a mechanical frame is
used to guide the instrument, this technique is called
“frame-based” stereotaxis.
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The new “frameless’ concept has become possible due
to developmentsin medical imaging and computer science.
The exact coordinates of the surgical object can be defined
in a three-dimensional (3D) CT data set of the region of
interest. The instruments are used by the surgeon and nav-
igated by amotion analysis system without any mechanical
frame. Optical (infrared light), magnetic (electromagnetic
field) or acoustic (ultrasound) signals are utilised to localise
the position of the instrument in space [2, 7, 17, 23, 24, 27,
28, 36]. Optoelectronic navigators working with infrared
light emitting diodes (LEDSs) are used in most clinical ap-
plications. They require more sophisticated equipment, but
they have turned out to be very precise and reliable.

An aternative technique is based on individual tem-
plates generated preoperatively from CT scans of the pa-
tient [30, 32]. This method works without any intraopera-
tive computer equipment. It has been used in pelvic os-
teotomies. There are, however, no reports yet on its clini-
cal application in spine surgery.

After successful use of frameless stereotaxis in the
field of neurosurgery, optoelectronic systems were modi-
fied for use in spine operations. The optoel ectronic navi-
gation system for spine surgery consists of the following
main components;

1. Instruments (Fig.1) equipped with LEDs. The instru-
ments including the LEDs are rigid bodies. They are
precalibrated, i.e., the geometric parameters will have
been measured and stored in the computer.

Fig.1 Stereotactic instruments (pedicle awl, pedicle probe)
equipped with light emitting diodes (Medivision, Oberdorf,
Switzerland)

Fig.2 Operation demonstration in a plastic spine model. The dy-
namic reference base (DRB) is fixed to the spinous process. The
tip of the pedicle awl marks the screw entrance point

Fig.3 Infrared camerasystem (Optotrak, Northern Digital, Water-
oo, Canada) on a movable stand

2. A dynamic reference base (DRB) also equipped with
LEDsto be fixed to the surgical object (Fig.2). Thisal-
lows the system to follow the position of the surgical ob-
ject in space and to compensate for movements caused
by breathing of the patient or manipulations by the sur-
geon.

3. Aninfrared camera system (Fig. 3) that is able to recog-
nise the LEDs of theinstruments and of the DRB in the
operative field with high precision and to give their co-
ordinates to the central computer.

4. The central control unit and monitor.

In navigation systems based on ultrasound or electromag-
netic field, neither camera nor LEDs is hecessary. |nstead
one needs either an ultrasound source and a receiver or a
coil for producing the magnetic field.

Technique of optoelectronic navigation

At the ORTON Orthopedic Hospital of the Invalid Foun-
dation in Helsinki, an optoelectronic navigation system
has been used in spine surgery since 1995. The system was
developed at the Maurice E. Miller Institute of Biome-
chanics of the University of Bern in co-operation with the
Orthopedic University Hospital at the Inselspital [27, 28,
33]. Theimproved model (SurgiGATE Spine 2.1, Medivi-
sion, Oberdorf, Switzerland) has been available in Helsinki
since April 1998.

Preoperative planning

Preoperatively, a CT study of the whole area of the spine
to be operated on is obtained. The image data are trans-
ferred to the central control unit of the navigation system.
The quality of the CT scansis of paramount importance.
Using the planning module of the system, the spineisre-
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constructed and displayed in anterior-posterior, lateral and
frontal views aswell asa 3D image. This gives the surgeon
the opportunity to study the anatomy in detail and to plan
the operative procedure (e.g., decompression, tumor resec-
tion). The coordinates of three to six intraoperatively iden-
tifiable anatomical landmarks of each vertebra to be in-
strumented are obtained for use in the matching procedure
during the surgery. For pedicle screw insertion the optimal
trajectory is defined for every single screw and stored in
the computer, including screw length and diameter.

Intraoperative procedure

Surgical exposure of the posterior vertebral elements is
performed according to conventional principles. Damage
of the bony surfaces has to be strictly avoided.

The infrared camerais positioned at the caudal end of
the operation table. The dynamic reference base is fixed to
the vertebra to be instrumented. The system can be oper-
ated by the surgeon using a foot switch and a sterile vir-
tual keyboard.

For the matching procedure, the preoperatively chosen
anatomic landmarks are located in the patient’s situs and
digitized by the surgeon with a space pointer. Using a spe-
cia algorithm, the computer then matches the “virtual
world” of the CT image with the “real world” of the pa-
tient’s anatomy. After this paired-point matching, a sur-

Fig.4 The surgeon follows the
position of the instrument on
the monitor

Fig.5 Monitor picture of the
guidance mode. The instru-
ment (green) is at the planned
entry point adjusted to the
planned screw trajectory (red)

Fig.6 Monitor picture of the
real-time mode. The tip of the
instrument (green) has reached
the narrowest part of the pedi-
cleat 15 mm depth

face matching can be added to further improve the accu-
racy. For the surface matching the surgeon digitizes ran-
domly 10 to 15 points at the surface of the vertebra. This
procedure is of special value in patients with missing pos-
terior vertebral elements after earlier surgery. An accuracy
check, a crucial step in the procedure, is performed to ver-
ify the quality of the matching. The surgeon has to judge
and to decide whether the matching accuracy is acceptable
for safe navigation, by comparing the position of the in-
strument in the operative field with the displayed position
of the instrument in the CT image on the monitor. If the ac-
curacy is insufficient, the matching procedure has to be
repeated.

There are two options for screw track preparation. In
the guidance mode (Figs. 4, 5), preplanned trajectories are
displayed on the monitor. The screw entry point is located
with the pedicle awl according to the plan. The screw track
is then prepared with the pedicle probe following the tra-
jectory on the monitor. The depth of the instrument inside
the vertebrais displayed in millimetres. In real-time mode
the screw track is prepared without preplanned trgjecto-
ries. The tip of the instrument is placed on the presumed
screw entry point. The monitor picture shows the actual
position of theinstrument in axial, sagittal and orthogonal
CT cuts as well as six orthogonal cuts through the longi-
tudinal axis of the instrument at a distance of 4, 8, 10, 12,
18, and 40 mm from itstip (Fig. 6). This allows the surgeon
to adjust the direction of the instrument to the patient’s
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anatomy and to prepare a screw channel safely through the
pedicle until the anterior cortex of the vertebrais reached.
The depth of the track is displayed in millimetres, allow-
ing the surgeon to choose a screw of appropriate length.
Idedlly, a separate matching procedure should be per-
formed for each vertebrato be instrumented. Clinical ex-
perience shows, however, that often the adjacent vertebra
can be instrumented without a new matching, especialy in
degenerative spines with decreased segmental mobility.

Clinical results
Thoracic and lumbar spine

A prospective clinical trial was performed in 30 adult pa-
tients with degenerative or olisthetic problems to test the
clinical applicability of the system [22, 33]. Postopera-
tively, pedicle screw position was judged by an indepen-
dent radiologist using a sophisticated CT protocol includ-
ing reformatted images perpendicular to the longitudinal
axis of the pedicle [20]. Titanium screws were used to min-
imize postoperative imaging artefacts. Overall, 174 pedicle
screws were implanted, of which 139 (79.9%) were placed
using the system. In the remaining 35 screws (20.1%),
computer assistance could not be used due to technical
problems. Out of the 139 screws inserted with computer as-
sistance, 133 (95.7%) were positioned perfectly inside the
pedicle. Six screws (4.3%) perforated the lateral pedicle
cortex: four by up to 2.0 mm, and two by 2.1-4.0 mm. Five
out of the 35 screws (14.3%) implanted by a conventional
technique perforated the pedicle cortex: three by up to
2.0 mm, one by 2.1-4 mm, and one by 4.1-6 mm. Thelo-
cation of the perforations was medial in three screws, lat-
eral in one and caudal in one screw. A nerveroot irritation
was seen in one patient of the conventiona group. It re-
covered after repositioning of the 4.1-6 mm medially mis-
placed screw. The difference in perforation rates between
the computer-assisted and the conventional technique was
statistically significant (chi-square test, P = 0.030).

To further critically evaluate the results, a prospective
randomized clinical trial comparing computer-assisted and
conventional pedicle screw application was initiated in
April 1998. Between April and November 1998, 46 pa-
tients were operated on at levels between T9 and S1 [19].
The pedicle perforation rate in screws implanted with com-
puter guidance was 4.1% (4/98). With the conventional
technique the rate was 15.9% (23/145). The difference is
statistically significant (chi-square test, P = 0.004). There
is, however, not only a numeric difference in favor of the
computer navigation group. Asin thefirst study [22], there
is also a qualitative difference. In the computer-assisted
group, al four perforations were found to be located in the
lateral pedicle cortex. In the conventional group, 14 out of
23 perforations were situated medialy and five inferiorly,
in potentially more dangerous areas. However, there were

no neurologic complications. The final results of this study
of 100 consecutive operations are currently under evalua-
tion.

Other studies on clinical results using optoel ectronic
navigation systems in the region of the thoracic and lum-
bar spine were published by groups from Bern [34] and
Grenoble [24, 25]. Schwarzenbach et al. [34] presented a
prospective series of 162 pedicle screw insertions (be-
tween T11 and S2). Out of 150 screws inserted with ade-
guate preoperative CT images feasible for computer navi-
gation, 4 screws (2.7%) perforated the pedicular cortex.
Thirteen screws (8.7%) were judged as “ questionable” be-
cause of significant artefacts in the postoperative CT im-
ages. Merloz et al. [24] found 7.7% perforations of up to
1 mm out of 52 pedicle screws (between T10 and L5) in
the treatment of vertebral fractures. In scoliosis operations
(between T12 and L4) the same authors report a 14.3%
perforation rate in 28 screws. More recently, in a compar-
ative study [25] they judged 6 of 66 computer-navigated
screws (9%) as misplaced in comparison to 30 fo 66 mis-
placed screws (40%) after the conventional implantation
technique.

Kalfaset a. [17] reported on the insertion of 150 stain-
less steel pedicle screws in the region L1-S1 using an ul-
trasound-based navigation system. In postoperative CT im-
ages, they found “minimal” lateral pedicle cortex perfora-
tionsin 8% and a “significant” lateral perforation without
clinical relevance in one screw (0.7%). Amiot et al. [2, 3]
analyzed 292 pedicle screws (between T2 and S1) inserted
using an electromagnetic navigation system. Cortex per-
forations of up to 2 mm were found in 5% of the screwsin
follow-up MR images. Putzier et al. [29] compared retro-
spectively the screw positionsin 100 patients (70 thoracic
screws, 474 lumbosacral screws) operated on by a con-
ventional technique with 100 patients (112 thoracic screws,
508 lumbosacral screws) operated on using electromagnetic
computer navigation. The follow-up was based on postop-
erative MR images. The perforation rate was 4.8% in the
computer-assisted screws and 15.4% when a conventional
screw insertion technique was used. Perforations of 2 mm
and more were detected only in the conventional group.
Ebmeier et al. [9] reported on the combined intraoperative
use of amobile CT scanner and an ultrasound navigator.
In 13 patients 58 pedicle screws were inserted. No pedicle
perforations were noted.

Cervical spine

There are reports on the successful clinical use of com-
puter navigation in the cervical spine by Welch et a. [38],
Foley et a. [10] and Bolger [5]. Welch et al. [38] reported
on 11 casesincluding transoral odontoid resection, C1-C2
screw fixations, and tumor resections. The navigation sys-
tem was used for preoperative planning of the procedures,
in particular to decide the margins of the area to be re-
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sected, and for guiding of the instruments. No complica-
tions occurred. Foley et a. [10] used an optoel ectronic sys-
tem in 150 spine operations. There were thoracolumbar
pedicle screw fixations, transarticular C1-C2 screw fixa
tions, transoral odontoid resections, as well as tumor resec-
tions. In 24 patients they performed a computer-assisted
posterior screw fixation of the lateral mass. Postoperative
CT scans revealed exact screw positionsin all cases.

Bolger [5] investigated the feasibility of computer nav-
igation to assist C1-C2 screw fixation for atlanto-axial sub-
luxation in 25 patients with rheumatoid arthritis and in two
patients with C2 fractures. In four patients, preoperative
CT scans revealed anatomic anomalies, excluding screw
fixation of thisregion. Problems with intraoperative regis-
tration (matching) occurred in another patient. In the re-
maining 22 cases a successful C1-C2 fixation was per-
formed.

Iliosacral joint

After positive experiences with the reliability and accuracy
of the navigation system in the region of the thoracic and
lumbar spine, we decided to extend its use to theiliosacral
(S1) joint. Screw fixation of the Sl joint involves a high
risk of neural damage due to the complex anatomy of the
region. Furthermore, it is difficult to get adequate intraop-
erative fluoroscopy images of this area for safe screw ap-
plication. We performed unilateral Sl joint fixations with
three cannulated cancellous screws in two adult patients
(Fig. 7). Inal4-year-old girl with a secondary scoliosis due
to lumbosacral myelomeningocele, posterior instrumenta-
tion was fixed to the pelvis by bilateral iliosacral and iliac
screws inserted with computer guidance. Postoperative CT
images showed exact screw positioning according to the
preoperative plan in al three patients. No neurologic com-
plications occurred [21].

Fig.7 Preplanned trgjectory for an iliosacral screw, aiming at the
upper anterior corner of S1

Jacob et a. [15] reported on 20 patients who underwent
CT-guided percutaneous iliosacral screw fixation for sacral
fractures. In cases where additional optoelectronic naviga-
tion was used, the application of the guide pins was suc-
cessful at thefirst attempt. No complications related to the
technique were seen.

Computer navigation
with an image intensifier (c-arm technique)

The navigation technique described above is based on a
CT image as avirtual object. The so called c-arm technique
works without a computer tomogram [26, 35]. In this tech-
nigue the c-arm equipped with LEDs and specidly cali-
brated is connected to the computer of the navigation sys-
tem. Two to three c-arm images (posterior-anterior, lateral,
oblique) are obtained from the area of interest of the spine
and stored in the computer. Then the c-arm is taken out of
the operative field. Navigation is performed using LED-
armed stereotactic instruments, which are displayed in real-
time in the stored fluoroscopy images at the monitor. This
technique may be very useful in trauma cases. It includes
the possibility of obtaining repeatedly actual imagesin case
of instability of the surgical object. It is, however, not ca-
pable of displaying axial images of the spine.

Discussion

The introduction of CT image based computer guidance
systems into spine surgery allows the surgeon for the first
time to navigate an instrument inside the vertebra with the
help of real-time 3D images. Several clinical studies have
shown that this technique improves the accuracy and safety
of pedicle screw insertion [2, 3, 5, 9, 10, 15, 17, 19, 21,
22,24, 25, 29, 33, 34, 38]. There are few studies on the re-
liability of those systems under clinical conditions. In our
own study of 30 consecutive patients, problems occurred in
35 out of 174 pedicle screws[22]. They were due to hard-
ware failure in the prototype instruments as well as match-
ing problems. With growing experience (learning curve)
and technical improvements these problems were over-
come. According to Grange et al. [14] optoelectronic navi-
gation systems are likely to be more precise if compared to
electromagnetic navigators. Furthermore, optoelectronic
systems are not affected by ferromagnetic influences in
the environment. Clinical results with electromagnetic
navigation published by Putzier et a. [29] are comparable
to those achieved with optoelectronic guidance. The au-
thors, however, do not provide data on the accuracy and
reliability of the electromagnetic system itself.

Computer navigation can be relatively time consum-
ing. This depends, however, on theindividual situation. In
the case of a straightforward pedicle screw insertion into
an anatomically normal lumbar vertebra in an adult, the
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computer-assisted technique will take more time than the
conventional. However, computer assistance will save time
if the anatomy is complicated, asin the severely deformed
spine or the iliosacral joint.

In our randomized study, mean insertion time per screw
was significantly longer with computer assistance (9.5 min)
than with the conventional technique (5.2 min). There was,
however, no significant difference in the mean operation
time between the two groups (184 vs 177 min) [19].

Limits of computer navigation

The accuracy requirements for a procedure depends on the
dimensions of the surgical object. Rampersaud et al. [31]
calculated from a geometric model the allowable transla-
tional and rotational errors for safe pedicle screw inser-
tion. The maximal allowable error ranged from 0.0 mm/0.0°
at T5 to 3.8 mm/22.7° at L5. According to the literature,
the accuracy of optoelectronic navigation systemsis 1.0—
1.7 mm [10, 28]. This depends on the dlice thickness of
the CT, the precision of the navigator, and the quality of the
intraoperative matching. To our knowledge, no data have
been published on the clinical accuracy of electromag-
netic or ultrasound-based navigation systems.

Due to the patient’s anatomy, it is sometimes impossi -
ble to use the ideal trgjectory for the screw track. For in-
stance, at the cranial end of a instrumentation/fusion, the
intervertebral joints must be saved. Often, the ideal trajec-
tory for pedicle screw insertion interferes with the facet
joint. Thus, to avoid damaging the joint the surgeon hasto
deviate from the ideal route and to select a more lateral
entry point for the screw. We think this might be the cause
of the perforation of the lateral pedicle cortex that we have
seen in clinical cases[19, 22, 33].

How safe is computer navigation?

Computer navigation is a safe method on condition that the
user isfamiliar with the principles and the practical use of
the navigation system. We strongly disagree with Carl et
a. [7], who stated that navigation systems are only help-
ful for beginners in spine surgery, but of little value for
expertsin the field. Their opinion is disproven by several
studies showing that even aso in experienced hands the
misplacement rate of pedicle screws is surprisingly high
[3,8, 12, 16, 20, 25, 29, 37, 39]. A passive navigation sys-
tem is a sophisticated aiming device — not arobot. All de-
cisions and actions are performed by the surgeon. The sys-
tem does not limit the surgeon’s action. A computer-guid-
ance system does not relieve surgeons of the decision
making — it only supports them in this process [4].

As in any other technique, there is alearning curve in
computer surgery. Surgeons have to practise the use of the
planning module, i.e., interpretation of unfamiliar CT im-
age projections and identification of anatomic landmarks

in the CT aswell asin the operative field. Moreover, they
have to learn to judge the quality of the accuracy check, in
order to decide whether to proceed with the navigation
process or to perform a new matching procedure. The navi-
gation system is no substitute for profound training in
spine surgery. The surgeon has to have the experience to
recognize possible problems with the system and to per-
form the procedure with a conventional technique if nec-
essary. Adequate training and critical awareness of the
problems are the key for successful and safe use of navi-
gation systems.

Do the benefits of computer navigation make up
for the costs?

The question above isjustified, and it cannot be answered
merely by comparing percentages of pedicle cortex perfo-
rations. One hasto go further and take into account the fact
that computer navigation systems allow atotally new way
of preoperative planning and effective utilization of image
information. The spine surgeon can go through the whole
data set of the CT study and analyze it from the surgical
point of view, independently from the radiologist. Preop-
erative planning in computer-assisted spine surgery does
not only mean definition of trajectories and landmarks. It
means the planning of the whole procedure, i.e., the amount
and localization of decompression, resection of atumor, or
simulation of an osteotomy. The practical value and the ad-
vantages of preoperative planning in computer surgery, with
its close relationship to the patient’s individual anatomy,
is stressed by Welch et al. [38], Foley et al. [10], and Bol-
ger [5]. A cost-benefit analysis should take into account that
we are just at the beginning of this development. The ap-
plicability and safety of the system has been shown in
pedicle screw application. The next step will be itsusein
minimally invasive or percutaneous procedures. Labora-
tory studies of severa groups have aready shown promis-
ing results for percutaneous translaminar, iliosacral, and
transpedicular screw insertion [6, 11, 13]. The usefulness
of image guidance for anterior cervical corpectomy [1] and
anterior cervical foraminotomy [18] has also recently
been demonstrated in cadaver studies.

Conclusion

The clinical use of computer navigation systems in spine
surgery is a reality. Significant progress in accuracy and
safety of open pedicle screw insertion has been achieved
by means of this new technique. In addition, the quality of
preoperative planning can beimproved by optimal utiliza-
tion of image data. Since the reliability of these systems
has been proven in open operations, their use for minimally
invasive or percutaneous procedures can be expected in
the near future.
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