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Abstract
Since the early 1970s, total knee arthroplasties have undergone many changes in both their design and their surgical instrumen-
tation. It soon became apparent that to improve prosthesis durability, it was essential to have instruments which allowed them to
be fitted reliably and consistently. Despite increasingly sophisticated surgical techniques, preoperative objectives were only met
in 75% of cases, which led to the development, in the early 1990s, in Grenoble (France), of computer-assisted orthopaedic
surgery for knee prosthesis implantation. In the early 2000s, many navigation systems emerged, some including pre-operative
imagery (BCT-based^), others using intra-operative imagery (Bfluoroscopy-based^), and yet others with no imagery at all
(Bimageless^), which soon became the navigation Bgold standard^. They use an optoelectronic tracker, markers which are fixed
solidly to the bones and instruments, and a navigation workstation (computer), with a control system (e.g. pedal). Despite
numerous studies demonstrating the benefit of computer navigation in meeting preoperative objectives, such systems have not
yet achieved the success they warrant, for various reasons wewill be covering in this article. If the latest navigation systems prove
to be as effective as the older systems, they should give this type of technology a well-deserved boost.
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Introduction

The first attempts at knee replacements date back to the late
nineteenth century (Gluck). The materials used (ivory in the
case of Gluck’s prosthesis) and the antiseptic conditions meant
that only sporadic trials were carried out. Many other attempts
were made up until the 1950s, although, sadly, most failed in
the very early stages [in 1]. The Bmodern^ period started with

the launch in 1954 of hinged prostheses (Walldius, Shiers) and,
later, the Guépar prosthesis [2] in 1970. The principles of these
prostheses were improved, introducing a certain degree of ro-
tation between the femoral and tibial implants [3], which led to
the rotating-hinged prostheses still in use today. Gunston [4]
was the first to promote gliding prostheses, between 1965 and
1968, with a metal femoral component gliding on a polyethyl-
ene tibial platform. Marmor [5] applied this principal to
unicompartmental prostheses from the early 1970s. Today,
gliding prostheses exist in many forms. One distinguishes
unicompartmental prostheses with either a fixed bearing pla-
teau, derived from Marmor’s prosthesis, with a metal or full-
poly tibial platform, or a mobile-bearing plateau—a concept
initiated in 1978 [6]. Then total prostheses, which can be
categorised according to whether the posterior cruciate liga-
ments are retained or not, and whether they include a fixed
bearing or rotating platform. Prostheses preserving both cruci-
ate ligaments [7] are no longer used, although several manu-
facturers are currently trying to relaunch this concept. Cruciate
retaining (CR) prostheses are widely used, throughout the
world, although there has recently been a clear rise in the use
of posterior-stabilised (PS) prostheses, which involve removal
of the posterior cruciate ligament. The development of
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posterior stabilisation, in the early 1980s [8], contributed to the
development of this type of implant, with either a central cam,
or with a third condyle. The mobile-bearing total prosthesis
was born in the late 1970s [9] under the name LCS prosthesis,
with the aim of reducing certain constraints between the fem-
oral implant and the tibial platform. In the late 1990s, numer-
ous other mobile-bearing prostheses were developed in an at-
tempt to reduce wear, osteolysis and loosening. These prosthe-
ses’ main principle was to maximise congruence between the
condyle and the polyethylene [10–12] and most had a rotating
platform, although there are models with anteroposterior and
mediolateral mobility combined with the rotating platform
[13]. In the past few years, prostheses have been launched
offering improved knee flexion and which are referred to as
BHigh Flexion^ [14]; others are referred to as ultra-congruent,
as they reduce wear to the polyethylene [15] whilst others,
offering different sizes for men and women, are referred to as
BGender specific Knees^ [16].

Alongside the development of these prostheses, the instru-
mentation has also been improved, to allow optimal implan-
tation of the prostheses, i.e. perpendicular to the mechanical
axis of the lower limb, to improve their lifespan by avoiding
early wear and loosening. In the early 1970s, the instrumen-
tation was rather rudimentary and it quickly became apparent
that guides were needed to ensure correct alignment of pros-
theses in the sagittal and frontal planes [17]. The
extramedullary femoral rod was quickly replaced by the
intramedullary rod, which is still the reference today. The
extramedullary tibial rod is probably the most widely used;
however, intramedullary guides do exist, as well as guides
which combine intra- and extramedullary rods. Despite their
sophistication, these instruments are not infallible and it is not
rare for even experienced surgeons to position prostheses with
excess valgus or varus (over 5°), or an excessive posterior or
anterior tibial slope.

The move to navigation

Numerous historical studies [18–26] have shown that faulty
alignment, outside the range of 180°+/−3°, reduces the
lifespan of a knee prosthesis. Based on this observation, we
determined that traditional instrumentation was insufficient to
ensure that pre-operative objectives were met and, as early as
1993, we started to turn to computer navigation for knee re-
placement surgery. In 1996, after 3 years of research, this
navigation system was validated in cadavers, without the use
of pre-operative imagery [27, 28]. The principle is based on
intra-operative identification of the centre of the femoral head,
the centre of the knee and the centre of the ankle, providing
real-time front and lateral views of the mechanical axis of the
lower limb, on a control screen. The implant is positioned

based on these axes, using markers and a Polaris infrared
tracker (Northern Digital Inc.).

After obtaining consent from the local ethics committee on
December 4, 1996, the first computer-assisted prosthesis was
implanted in a patient, on January 21, 1997 (D. Saragaglia, F.
Picard, T. Lebredonchel). The operation lasted two hours and
15 minutes and was uneventful. A prospective randomised
study comparing this technique to the conventional technique
began in January 1998 and was completed in March 1999.
The results were published in several national and internation-
al meetings and in a lead article in the French Journal of
Orthopaedic Surgery [29]. In March 1999, the prototype that
we had used in this study evolved to a final model called
Orthopilot™ (B-Braun-Aesculap, Tuttlingen, Germany).
Since that time, numerous papers have been published
confirming that this technique was well founded, and more
than 360,000 prostheses have been implanted worldwide
using this device. The software packages have evolved (ver-
sions 3.0, 3.2, 4.0, 4.2, 5.0, 5.1) but the basic principle has
remained the same since the systemwas created. Today, in our
hands, the surgical procedure lasts between one and 1.5 hours,
depending on the difficulty of the case, and almost 4000
TKAs have been implanted in our department, using
navigation.

The systemwas rapidly adopted for osteotomies around the
knee [30–32] as well as the implantation of unicompartmental
prostheses [33, 34], and their revision using total knee pros-
theses [34].

Other navigation systems and literature
review

In the early 2000s, other navigation systems were launched—
some pre-operative CT-based (Navitrack™ [35] and
VectorVision™ from BrainLAB [36]), others imageless
(Stryker Knee Trac [37], CT-Free VectorVision™ from
BrainLAB [38] and the Surgetics™ system [39]), whilst yet
others used intra-operative fluoroscopy (Medtronic’s
BViking^ system [40] and Fluoro Knee system from Smith
and Nephew and Medtronic [41]). All these systems have
now reached maturity and the most widely used are the
imageless systems, although the overall use of navigation re-
mains relatively modest and varies greatly between countries
(20% inGermany and Australia, 10% in France and 2 to 5% in
the UK and the USA). The objectives which led to the devel-
opment of navigation have been met and have been validated
by numerous studies [42–45]. Navigation indisputably offers
better frontal and sagittal alignment of prostheses, and facili-
tates improved ligament balancing [46], although a few iso-
lated studies found it did not improve precision in prosthesis
implantation [47, 48]. The functional results [49] and lifespan
could be improved, as shown in the Australian register of knee
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prostheses [50], but there are currently few studies available
on this subject [13, 51, 52].

Which navigation system to choose?

When we developed the Orthopilot™ system, our aim was to
provide a simple, user-friendly system, with no preoperative
CT scan—to reduce cost, irradiation and time wasting both
pre- and intra-operatively. Operating times were not to exceed
two hours, with an increase in operating time of 10% maxi-
mum, if possible. This led us to opt for a kinematic system,
based on intra-operative acquisition of identifiable anatomical
landmarks [29, 53].

Whatever the system used, in order to navigate successful-
ly, a tracker is required (Fig. 1) to monitor the movements of
the limb segments, or the location of the instruments. To be
trackable, these objects or limb segments must be fitted with
markers which emit a signal recognised by the tracker. The
most widely used system is the optoelectronic system, with
infrared diode markers and a tracker with two or three CCD
cameras. Active markers are usually linked to the camera via a
cable (although they can be battery-powered) and produce
their own signal, whilst passive markers (Figs. 2 and 3) are
completely wireless and use tiny spheres to reflect the light
from an emitter on the camera. The advantage of this type of
system is that there are no wires in the sterile field, which can
be inconvenient for less experimented practitioners, whilst
their disadvantage is a lack of precision if one or more of the

beads becomes soiled (with blood). Magnetic detection sys-
tems have been temporarily abandoned, due to possible inter-
ference with metallic or electronic objects, which are com-
monly found in operating rooms.

A computer is also necessary to integrate (Fig. 1), trans-
form and transpose the signals from the markers, using a
graphic interface, producing both pictures and quantitative
data (such as HKA angle). The computer also enables the
surgeon to manage the different stages of the surgical proce-
dure and to check the lower limbmechanical axis, in real time,
before positioning the prosthesis, during the operation, and at
the end of the procedure. It also allows the ligament balance to
be checked, compared with the mechanical axis, and essential
data regarding the operation to be recorded.
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Fig. 1 Orthopilot™ Navigator with infrared tracker and computer touch
screen

Fig. 2 Light-reflecting passive markers

Fig. 3 Distal femoral cutting guide, fitted with marker



Finally, a command system is required—either a touch
screen (which can be covered with a sterile transparent film)
or, preferably, a control pedal used directly by the surgeon.

Navigation systems based on pre-operative imagery use a
CT scan produced in the days leading up to the operation and
provide a 3-D reproduction of the entire lower limb. Stacked
slices of the entire limb must be taken, from hip to ankle,
measuring 1 mm around the knee, 3 mm around the hip and
ankle and 1 cm along the diaphysis—all of which takes ap-
proximately 20 min to obtain [35]. Data is recorded onto a
CD-ROM or other support and transferred to the navigation
console. Before the operation, the surgeon generally spends
30 to 45 minutes on the computer, planning the operation. The
advantages of using a CTscan are the 3D reconstruction of the

entire limb, and the ability to measure distal femoral torsion,
on condition that this measurement is reliable and reproduc-
ible, at least in tracking the bi-epicondylar axis. Disadvantages
include the use of a relatively expensive examination, which is
not usually part of the standard pre-operative work-up for
knee replacement. This means additional cost, additional irra-
diation and a relatively long and fastidious preoperative plan-
ning session.

Navigation using intra-operative fluoroscopy is relative-
ly rare, due to the space it takes up in the operating room,
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Fig. 5 TKR following navigation of the case in Fig. 4

Fig. 4 Gonarthrosis on severe genu varum



the theoretical increase in infectious complications and sur-
geons not being used to using an image intensifier in pros-
thetic surgery.

As mentioned above, the most commonly used systems are
those which are imageless, all of which are currently very
similar, and which have proven to be effective and reproduc-
ible by any user. Over recent years, other navigation systems
have appeared on the market. Some are based on
accelerometric principles, such as the iAssist navigation sys-
tem [54, 55] or the OrthAlign navigation system [56], others
on the iPod principle [57] whilst others no longer use bone
marker fixation [58]. The initial results are promising, but
further studies are required to prove any superiority of these
new technologies.

Discussion

Computer navigation in knee replacement surgery has reached
maturity, but it should be recognised that it has not achieved the
degree of development it deserved. The reasons for this lack of
enthusiasm are multiple: the complexity of certain navigation
systems which emerged in the early 2000s [39] which added
over 30 minutes to the operating time; the cost of the equipment
at the time, when it had to be bought or rented; the lack of long-
term studies proving increased survival of navigated implants; a
certain confusion regarding the objectives of navigation, which is
not just a tool for implanting prostheses at 180 +/− 3°, but ac-
cording to the axis chosen, whether anatomical or kinematic [59],
with increased precision and greater reproducibility.

It is important to recognise that there are close to zero
complications linked to navigation—far fewer than with
traditional techniques—in terms of fat embolisms and
post-operative bleeding [60, 61]. Also, the learning curve is
fast and it is a remarkable tool for teaching knee replacement
surgery [62].
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Fig. 6 Gonarthrosis on severe
genu varum, recurvatum
malunion and 20-year-old
screwed plate. a Frontal x-ray.
b Lateral x-ray

Fig. 7 Post-operative x-ray of the case in Fig. 6. a AP goniometry. b
Lateral view



The major advantage of navigation is its usefulness in major
knee deformities, whether varus (Figs. 4 and 5) or valgus. In
this context, it allows pre-operative objectives to be met in over
90% of cases [13], and thanks to its evaluation of the reducibil-
ity of the deformity [63], it considerably reduces the major
release rate, which is only 9.5% in a recent series [13]. It is also
of particular interest for evaluating sagittal ligament balance in
the knee, as it is always difficult intra-operatively, to evaluate
visually the degree of flexum or residual recurvatum, which
navigation can quantify precisely, in degrees.

Finally—and this is certainly one of its major benefits—
navigation allows knee replacement to be carried out in excel-
lent conditions in cases of gonarthrosis with femoral or tibial
bone malunion, and especially where non-removable
osteosyntheses hardware (particularly femoral) are in place
[64–66]. The presence of this type of hardware (plates or nails)
makes impossible to use an intramedullary rod, which makes
surgery riskier (Figs. 6a, b and 7a, b).

Thus, given the many advantages of navigation, rather than
using it for special cases, it is preferable to use it routinely,
thereby avoiding having to face combining a difficult opera-
tion with an unfamiliar surgical technique.

Conclusion

Computer navigation in knee replacement surgery has not
achieved the success it deserved, despite having reached ma-
turity and enabling any pre-operative objectives (normal axis,
slight varus or slight valgus) to be achieved with ease. The
new navigation systems are cheaper, less invasive and faster to
use and will undoubtedly give this technology a major boost,
if they are as effective as the gold standard represented by the
optoelectronic systems with no pre-operative imagery.
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