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Abstract
Objective: High tibial osteotomy (HTO) is one treat-
ment option for young and active patients with uni-
compartmental osteoarthritis. The success of this pro-
cedure substantially depends on the degree of correc-
tion of the mechanical axis. Computer-assisted naviga-
tion systems are believed to improve the precision of
axis correction through intraoperative real-time moni-
toring. This study investigates the accuracy of limb
alignment measurements with a navigation system on
a cadaver specimen.
Materials and methods: The measurements were per-
formed on a well-preserved cadaver specimen with a
mechanical leg axis of 4° varus. Data was collected
during the HTO workflow. Repeated serial measure-
ments were undertaken by four different surgeons.
After these measurements, different landmarks were
deliberately set at the wrong place to examine the in-
fluence of mistakes during registration.
Results: There was a high intra- and interobserver reli-
ability with a mean mechanical leg axis of 3.9° ± 0.7°
and a mean error of 0.6°. The grossly incorrect place-
ment of landmarks for knee and ankle center resulted
in an incorrect mechanical leg axis of 1° valgus up to
10° varus.
Conclusion: The computer-assisted navigation system
provided precise information about the mechanical leg
axis, irrespective of the observer's experience.

INTRODUCTION

High tibial osteotomy (HTO) is an established treat-
ment option for young and active patients with uni-
compartmental osteoarthritis (OA) of the knee since
the 1960s [1, 2]. The success of this procedure de-
pends on several factors including degree of OA, loss
of articular cartilage, osseous deformity of the tibia,
range of motion, age, gender and body mass index [3-
7]. One important factor is the degree of correction of
the mechanical leg axis [4, 7-10]. It was demonstrated
that malalignment increases the risk of progression of
OA [11]. Under- and overcorrection are the main rea-
sons for clinical failure of this procedure [9]. There
are different methods to control the correction intra-
operatively: cable-method [12], grids [13] and preoper-
ative planning. But all these methods have limitations
and can lead to severe under- or overcorrection.

Computer-assisted navigation systems with a sys-
tem-determined error within 1° [14] allow to monitor

the correction of the leg axis intraoperatively in real-
time and may thus improve the efficiency of HTO.
Navigation systems were shown to increase the preci-
sion of limb alignment in total knee arthroplasty [15].
In cadaver and clinical trials using radiographic or CT
measurement of the leg axis as reference [16, 17], nav-
igated open-wedge HTO made it possible to correct
the mechanical leg axis more precisely than with con-
ventional surgical technique .

It has been observed that radiographic and naviga-
tion measurements of limb alignment do not correlate
and that the navigation system may be the more pre-
cise evaluation tool [18].

This study investigates the accuracy of lower limb
alignment measurement with a navigation system on a
cadaver specimen and the impact of mistakes during
landmark registration.

MATERIALS AND METHODS

The study protocol was approved by the local indepen-
dent ethics committee on 30.07.2008. Serial measure-
ments were performed on a well preserved cadaver
specimen. The mechanical leg axis was calculated with
fluoroscopic images of the hip, knee and ankle joint
with the knee in full extension and neutral rotation us-
ing a grid with lead-impregnated reference lines and
controlled through direct measurement on the cadaver.

We used the Aesculap OrthoPilot navigation system
(Aesculap, Tuttlingen, Germany) to measure limb
alignment. Data were collected with the software
HTO 1.4 Open Wedge (Aesculap, Tuttlingen, Ger-
many). Bicortical trackers were fixed at the distal fe-
mur und the tibia. The workflow started with palpa-
tion of the anatomic knee center with the knee 90°
flexed. The acquisition of the hip center was done
through movement of the femur around its longitudi-
nal axis. For registering the ankle center, a tracker was
fixed at the metatarsal region using a foot plate with
elastic strip, the foot being moved from extension to
flexion. The knee center was located by movement of
the leg from flexion to extension. Then, anatomical
landmarks such as the medial and lateral epicondyle,
the medial and the lateral malleolus and the anterior
ankle center were registered.

Repeated serial measurements were undertaken 5
times by each of the 4 different observers. Two ob-
servers (observer 1 and 4) had already experience with
the use of this navigation system, one of them also
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with other navigation systems (observer 1) and two
observers no previous experience at all (observer 2
and 3). All data were recorded with the software of
the navigation system.

After these measurements with correct data acquisi-
tion, different landmarks were moved to obviously
wrong places to study the influence of mistakes during
landmark registration. The following landmarks were
moved: insufficient fixation of the pelvis during hip
center acquisition, medialisation and lateralisation of
the anatomic knee center of 15mm, ventralisation of
the medial, the lateral and both epicondyles of 10mm,
medialisation and lateralisation of the ankle center of
10mm. Only one landmark was moved at a time. After
each move, the mechanical leg axis was recorded.

STATISTICAL ANALYSIS

Data are expressed as means with a minimum, maxi-
mum and 95% confidence interval and shown graphi-
cally on box plots. To assess the of reliability of the
measurement method, the repeatability coefficient was
used [19].

The results of these exploratory significance tests
are summarized using p-values, where p<0.05 indi-
cates significant differences between sub-samples. All

analyses were performed with the SPSS® software
(SPSS Inc., Chicago, Illinois, USA, release 16.0 for
Windows®).

RESULTS

The radiographic and direct measurements on the ca-
daver leg showed a mechanical leg axis of 4° varus mal-
alignment. Lower limb alignment measurements with
the navigation system yielded an overall mean mechan-
ical leg axis of 3.9° ± 0.7° (2.7° to 5.1°) of varus mal-
alignment (Table 1, Fig. 1). Calculated relative to 4° of
varus malalignment obtained by radiography and con-
trolled by direct measurement, the mean error was 0.6°.

INTRA- AND INTEROBSERVER RELIABILITY

Intraobserver error was low with a mean error of 0.5°
to 0.7° for each of the four observers with no signifi-
cant difference between them (p = 0.311). There was
also no difference between the two observers with
previous experience with navigation systems and the
two observers without experience.

The repeatability coefficient [19] was 2.3 which
means that 95% of all measurements would be within
this range of 2.3°.
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Table 1. Measurements of the mechanical leg axis of a cadaver leg with 4° of varus malalignment with the navigation system.

Mechanical leg axis N Min (°) Max (°) Mean (°) SD (°) Mean error (°)

All 20 2.7 5.1 3.9 0.7 0.6

Observer 1 5 2.7 4.5 3.9 0.8 0.7

Observer 2 5 3.3 5.1 4.4 0.7 0.7

Observer 3 5 2.7 4.4 3.5 0.6 0.7

Observer 4 5 3.1 4.8 4.0 0.7 0.5

Fig. 1. Distribution of the mea-
surements of the mechanical leg
axis of a cadaver leg with 4° of
varus malalignment.
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INFLUENCE OF MISTAKES DURING LANDMARK
REGISTRATION

Mistakes during landmark registration had a relevant
impact on the calculation of the mechanical leg axis
(Table 2). Medial or lateral shift of the knee center re-
sulted in an error of up to 6.4° while medial or lateral
shift of the ankle center brought about a lower but
still relevant error of up to 2.4°. Insufficient pelvic fix-
ation during hip center registration had only low im-
pact, the error being in the vicinity of the variations
between the different observers. Shifting of the epi-
condyles had no impact at all.

DISCUSSION

Despite the frequent use of Computer-assisted naviga-
tion systems in orthopaedic surgery, only few studies
have assessed the accuracy of these navigation sys-
tems. Keppler et al. [20] validated one navigation sys-
tem using a plastic bone model and found a mean er-
ror of 0.4° in the frontal plane. Wang et al. [21] vali-
dated another navigation system also using a plastic
bone model and demonstrated a mean error of 0.5° in
the frontal plane. In an experimental setting using a
phantom leg, Pitto et al. [14] tested a third navigation
system and reported a mean error of a within 1° gen-
erally. These studies were performed with total knee
arthroplasty workflow. They expected a lower accuracy
in a clinical setting.

Goleski et al. [22] compared navigated measure-
ment of lower limb alignment with HTO workflow on
13 cadaver legs with 3-dimensional computed tomog-
raphy measurements and found a good correlation in
the frontal leg alignment. However, the maximum dif-
ferences between navigation and CT-measurement
were 3.6° preoperatively and 5.6° postoperatively.
They were less pronounced in minor deformities. This
is still an experimental setting, but closer to clinical re-
ality than a plastic bone model.

On a well-preserved cadaver leg, our study found an
overall mean error of navigation measurements of
0.6° from the “real” alignment in the frontal plane, a
maximum error of 1.3° and a maximum difference be-
tween all measurements of 2.4°. Limitations of our
study include that only one cadaver leg was used, that
the measurements were done consecutively and that
the “real” alignment of the leg was measured using
fluoroscopic images and a grid with lead-impregnated

reference lines . However, the mechanical axis was
measured correctly irrespective of the observer's ex-
perience with navigation systems, suggesting that fol-
lowing the instructions of the navigation system will
provide an accurate result.

Mistakes during landmark registration (e.g. medial
or lateral shift of the knee or ankle center) resulted in
a significant error of the mechanical leg axis and
should thus be carefully avoided.

In total knee arthroplasty, there is consensus about
“good” lower limb alignment of ± 3° from a neutral
mechanical axis, but not in HTO. A ± 3° deviation
might be too large to achieve good long-term results.
In the clinical setting, an accuracy of ± 1° would meet
the surgeon's needs. However, the currently used
whole-leg standing radiograph as outcome measure-
ment for lower limb alignment is fraught with poten-
tial inaccuracies [18, 23].

CONCLUSION

In the calculation of the mechanical leg axis, the com-
puter-assisted navigation system achieved an accuracy
of ± 1°. Intra- and interobserver reliability was high,
irrespective of the observer's experience. Care must
be taken during landmark registration especially
for the knee and ankle center, because mistakes dur-
ing acquisition of these landmarks resulted in a rele-
vant mistake in the calculation of the mechanical leg
axis.
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Table 2. Influence of failure during landmark acquisition on a cadaver leg with 4° of varus malalignment.

Parameter Failure Mechanical leg axis

Hip center Insufficient fixation of the pelvis 5.5° Varus

Knee center 15mm medial shift 0.7° Valgus

15mm lateral shift 10.4° Varus

Transepikondylar line 10mm ventral shift 4° Varus

10mm proximal shift 4° Varus

Ankle center 10mm medial shift 5.9° Varus

10mm lateral shift 1.6° Varus
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