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Abstract

Background: The accuracy of correction has been shown to be an important determinant in
long-term outcomes of patients who were treated with a medial open-wedge high tibial osteotomy
(HTO) who suffer from unicompartmental osteoarthritis (OA). Computer navigation systems have
the potential to improve surgical precision. The purpose of this study was to compare radiographic
outcomes between patients treated with a navigation system and those treated through
conventional methods of assessing alignment intra-operatively. The null hypothesis was that the
method of assessing the alignment intra-operatively would make no difference in the accuracy of
correction.

Methods: In this retrospective study, 107 patients with medial varus OA who were managed by
open-wedge HTO were included. Of the 107 patients, 41 were treated using an intraoperative
navigation system and 66 were treated using conventional methods. Pre-operative and
postoperative single-leg, long-leg standing alignment films were used to determine the extent of
pre-operative varus deformity and the post-surgical correction achieved compared to the
predetermined target range.

Results: The navigational system had eight instances of software malfunction (19.5%)
intraoperatively and correction was determined using the cable method. These results were
analyzed as part of the conventional group. Post-operative radiographic differences were
significant between the two groups. In the navigation group, 75.8% of the patients were corrected
within the target range compared to 66.2% in the conventional group. More patients were also
under corrected (to the point of remaining in varus) using conventional methods compared to a
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navigation system. There was no statistically significant difference in the degree of correction in
the sagittal plane between the two groups. Regardless of the method used for checking alignment
intra-operatively, there was a statistically significant difference in post-operative weight-bearing
measurements when the surgeon had intra-operative axial loading versus when they did not.

Conclusion: For coronal plane corrections, the navigation system was shown to have greater
success in achieving the desired correction value and in having fewer patients who were under
corrected. Despite the measurement technique a surgeon chooses to assess the accuracy of
correction, axial loading the extremity in order to simulate the weight-bearing film alignment
postoperatively is important to maximize the accuracy of correction needed.
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Introduction

Patients who present with varus deformity of the knee are subject to progressive
degenerative changes and further angular deformity [1-3]. It is well documented that medial
open-wedge high tibial osteotomy (HTO) is a successful treatment in correcting the
malalignment and slowing down disease progression [4-9]. The goal of surgical treatment is
to shift the weight-bearing line from the medial compartment to the lateral compartment.
Noyes et al. demonstrated that the weight-bearing line should be between 50 and 75% of the
medial to lateral edge of the tibial plateau — where the medial edge is designated as 0% and
the lateral edge as 100% — with the ideal target at 62.5% (Figure 1) [10-12]. The mechanism
in achieving satisfactory outcomes is largely mechanical, therefore, accurate pre-operative
assessment and technical precision are essential to achieving surgical benefits [7,13,14].

Conventional surgical treatments include pre-operative calculations based on long leg films
and/or intra-operative fluoroscopic guidance by the cable method [10-12]. There are a
number of limitations with these approaches that could lead to under- or over-correction.
Suboptimal radiographs, inaccurate pre-operative calculation, and obesity can lead to intra-
operative error calculating the mechanical axis.

Navigation systems are marketed to provide more precise analysis of limb alignment due to
their capacity to make multi-plane measurements in real time [15-21]. The purpose of this
study was to determine if a navigation system produced better post-operative long-leg
weight-bearing radiographic hip to ankle alignment than conventional methods. The primary
outcome parameter was the accuracy of correction on weight-bearing based single-leg, long-
leg radiographic films. Secondary outcomes included radiographic tibial slope, surgery time,
and the effect of end-loading the extremity intra-operatively on either measurement
technique. Surgical complications including infections, delayed union, hardware removal,
revision HTO, and subsequent arthroplasty within the follow-up window were noted.
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Materials and methods

Subjects

This is a retrospective cohort study conducted at the University of lowa Hospital and Clinics.
A total of 153 patients underwent HTO between 2005 and 2013 and patients were included
consecutively. Of which, 46 did not meet the inclusion criteria and were not included. The
patients who had known clinical multi-compartmental OA, were over the age of 60 years at
the time of surgery, and required concurrent surgeries such as ACL reconstruction or
cartilage defect reconstruction were excluded. The patients who underwent multiple
procedures were excluded because they were generally in a younger age group where
concern for the longevity of the procedure requires different approaches; therefore, a neutral
type of correction was usually the goal rather than the standard parameters used for the study

group.

The patients were divided into two groups based on surgical procedures. There were three
surgeons who exclusively used conventional methods and one surgeon who used both the
methods. For the surgeon who used both methods, about half of the conventional surgeries
done by the involved surgeon were done initially using conventional methods and was
followed by using the navigational system. The navigational system was used not because of
displeasure with using the conventional system, but intrigue by the possibility of
improvement in outcomes from this difficult surgery. All surgeons were experienced in
performing HTOs at the beginning of the study and surgical technique did not change
throughout the study. In the navigated group, 41 patients were treated using OrthoPilot
navigational system (3D HTO version 1.5, B. Braun Aesculap). In the conventional group,
66 patients were treated with conventional methods (Table 1).

Pre-operative and post-operative assessments

Single-leg, long-leg films were obtained routinely to assess pre-operative varus deformity
and the postoperative correction outcome. The patients were instructed to bear full weight on
the affected leg. The weight-bearing line was expressed as a percentage previously described
by Noyes et al. where the mechanical axis line from the center of the femoral head to the
center of the tibiotalar joint intersects the tibial plateau [10]. Anterior-posterior and lateral
views of the knee were also obtained to calculate the posterior tibial slope in the sagittal
plane. The posterior tibial slope was measured as the angle between the line parallel to the
anterior border of the tibia and tangent to the medial tibial plateau. Films were measured by
four observers. Pre-operative and post-operative films were read sequentially and the
observers were blinded to treatment group. The inter-observer and intra-observer reliability
was determined with a randomized sample of 25 films. Each observer was asked to make
measurements three times on the same film at different time intervals.

Operative procedures

Both the groups used the same approach and osteotomy technique for medial open wedge
HTO. Intra-operative calculation of correction was different between the navigation group
and the conventional group. The navigated group utilized OrthoPilot’s navigation system in
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determining the alignment of the weight-bearing line from hip to ankle, while the
conventional group used the traditional cable method and pre-operative templates.

Regardless of the grouping of alignment method, there were two different steps utilized.
First, pre-operative weight-bearing long leg films were obtained and the angles needed for
correction to the target area 0f62.5%, but with an accepted range of 50% to 75% as
described by Noyes, were calculated. Second, intraoperatively the alignment of the corrected
osteotomy was determined by either a fluoroscopic visualization of an alignment rod or a
cautery cord extended from the center of the hip down to the mid talar dome. The target of
the anatomic landmark is a point just lateral to the tibial spine. Loading was applied with the
leg in full extension while the surgeon puts approximately 15 pounds of axial load at the
base of the patient’s foot. In the Orthopilot navigation system, position transmitters were
placed in the femur, tibia, and foot in order to allow the surgeon to visualize the achievement
of the target alignment on the computer.The navigation group utilized a navigation based
protocol system to calculate the intra-operative alignment for the coronal and sagittal planes.
Third, post-operatively weight-bearing long leg films were repeated once the patient was
fully able to weight bear.

In this series, there was one surgeon who did not apply intra-operative axial loading (30
patients). However, weight-bearing simulation by axial loading the limb with the foot on the
surgeon’s chest was performed on the majority of patients in this study regardless of the
method used for assessing the adequacy of the osteotomy. For the surgeon who used the
navigation system, there were also 29 patients who employed the conventional fluoroscopic
method. This consisted of 29 patients who were chronologically assigned to the conventional
method in this study until the surgeon began to institute use of the navigational system in the
next 41 patients.

Statistical analyses

The pre-operative and follow-up data for two groups were compared. The statistical test used
was paired t-test comparison, with an alpha level selected at 0.05 for significance. A sub-
group analysis using #test comparison was also performed for all the patients of the surgeon
who used both methods. Linear regression and analysis of variance were calculated to
determine if there was a relationship between post-operative weight bearing line and BMI.
There were eight software malfunctions (19.5%) in the navigated group and the procedures
were carried out by the cable method. Therefore, 31 cases were carried out using the
navigational system and analyzed accordingly. The postoperative results of these patients
were included in the analysis as part of the conventional group; intention-to-treat analysis
was not done. Interobserver and intraobserver reliability was calculated using the IntraClass
correlation formula [22]. Interobserver reliability was 0.65 and the intraobserver reliability
was0.99 and may be interpreted as good and excellent, respectively [23].
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Results

Radiograph results

Regarding the pre-operative weight-bearing measurements, there did not appear to be any
selection bias between the two study groups. In the navigated group, the pre-operative
weight bearing line passed through 24.1% + 3% (range from 0 to 56%) coordinate at the
tibial plateau (0% is consistent with the medial border and 100% is consistent with the
lateral border). In the conventional group, the pre-operative weight-bearing alignment
measurements passed through19.9% + 1.7% (range from 0 to 58) and there was no statistical
difference between groups (p = .23).

In the navigated group, the post-operative weight bearing line passed through 64.3%

+ 12.3% (range from 41 to 100%). In the conventional group, the post-operative weight-
bearing line passed through57.3% + 15.4% (range from 12 to 86%). This resulted in a
statistically significant difference (p=.011) with the navigation system yielding more
accurate post-opera tive correction.

In the navigated group (Figure 2), 75.8% (25/33) of patients were corrected within the target
range compared to 66.2% (49/74) in the conventional group (Figure 3). In this study, the
target range was set between 50% and 75%. This meant that 18.9% (18/74) were under-
corrected in the conventional group and12.1% (4/33) were under-corrected in the navigated
group, remaining in unacceptable varus position (defined as the weight-bearing line falling
under 50%). In the conventional group, 9.5% (7/74) of the patients were over-corrected
compared to 12.1% (4/33) in the navigated group. The pre-operative posterior tibial slope
was 11.7°+ 0.7° (range from 5 to 22°) in the navigated group and 12.1°+ 0.6° (range from 6
to 20°) in the conventional group and were not statistically different (= .65). The post-
operative posterior tibial slope was 12.2°+ 0.8°(range from 2 to 28°) in the navigated group
and 13.1°+ 0.6°(range from 5 to 22°) in the conventional group and were not statistically
significant (o = .34). Surgery duration was 172 min £34.4 min (range from 113 to 511) in
the navigation group and 115 min £31.9 min (range from 52 min to 172 min) in the
conventional group (Table 2).

It was obvious that the technique for axial loading during surgery did mislead the surgeon’s
assessment of achieving the desired intra-operative alignment. To assess this factor, a
separate analysis was carried out for intra-operative axial loading as an additional variable
because it was not routinely used in all cases. Patients were divided into intra-operative axial
loading versus non-loading. There were 70 patients in the loading group and 37 patients in
the non-loading group. In the loading group, the average correction was 63.4% * 12.7%
(range from 25 to 103%). In the non-loading group, the average correction was50.9%

+ 16.5% (range from 12 to 78%). There was a statistically significant difference between the
two groups (p=.001).

To support the concept that the navigation system was superior in its ability to predict the

post-operative weight-bearing film based measurements, a comparison of the surgeon who
utilized both methods was performed. In the navigated group in this subset of patients, the
average correction was 64.3 £ 12.3% (range from 41 to 100%). In the conventional group,
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the average correction was 59.2% + 14.1% (range from 25 to 79%) and was statistically
different from the navigated group (p=.041).

Using linear regression, there was no statistically significant correlation between post-
operative weight bearing line and BMI. In the navigated group, there was a statistically
significant correlation between BMI and surgery duration; one unit increase in BMI will
result in 5.39 min longer (p < .05).

Complications

Complications at 1-year post-operation included hardware removal, surgical site infection,
revision HTO, and non-union of graft. In the navigated group, there were 10 (24%) hardware
removals, 3 (7%) surgical site infections, 2 (5%) revisions and 3 (7%) non-unions. Software
malfunctions and the inability to use the navigation system occurred in 8 (19.5%) patients,
requiring transition to conventional measurement techniques. In the conventional group,
there were 9 (13%) hardware removals, 4 (6%) surgical site infections, 4 (6%) revisions and
3 (5%) non-unions.

Discussion

Medial open wedge high tibial osteotomy (HTO) is regarded as an accepted surgical option
in treating patients suffering from varus deformity with medial compartment osteoarthritis.
Good clinical outcomes are dependent on a variety of factors including optimal correction,
age and BMI. Computer navigation systems offer a promising approach in improving
correction precision when compared to conventional methods [18,24]. The majority of
authors state that good correction is characterized by a post-operative weight-bearing line
that intersects the knee joint line at 50-75%, with optimal correction at 62.5% [6,10].
Navigation systems offer the potential for multi-plane measurements and millimeter
precision to improve accuracy and precision and decrease alignment error. These modalities
provide surgeons with objective limb alignment data. Pre-operative planning is susceptible
to poor pre-operative radiographs. The cable method allows intra-operative visualization of
knee alignment, but it is susceptible to limb malrotation, cable tension and radiographic
accuracy. The hip, knee and ankle joint centers are visualized on three separate radio-graphs
intra-operatively. This makes the cable method vulnerable to positional shifts while
adjusting the portable X-ray. Body habitus may also skew the correction when using the
cable method.

In the present study, there is a statistically significant difference in post-operative
radiographic measurements. The navigated group achieved a greater number of acceptable
corrections and fewer patients were over corrected and under corrected. According to the
Noyes criteria for success [11,25], almost 40% of the patients achieved suboptimal
correction in the conventional group compared to just over 20% in the navigated group.
Additionally, the navigated group had less variability of correction within the target zone.
However, there were eight software malfunctions requiring transition to using the cable
method for determining limb alignment. There was not a statistically significant change in
tibial slope with either technique. With respect to posterior tibial slope, results vary among
studies on the benefits of using navigational systems [15,19,26]. The navigational system
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used in the current study did not improve the surgeon’s ability to maintain the tibial slope.
Frequently, the balls placed in the proximal tibial fragment were too loose and gave spurious
results for determining the tibial slope. In these instances, fluoroscopy was used for final
assessment of the tibial slope in the sagittal plane only. Conventional technique for avoiding
increased tibial slope involved placing the stabilizing implants in the posterior part in all
cases. Traditionally, a gap ratio of 2:1 posteromedial to anteromedial is felt to maintain
native posterior tibial slope during HTO.

The navigated group had a significantly longer operation time compared to the conventional
group, on average almost an hour longer. The longer operation time is likely due to the need
to fasten position transmitters to the limb, technical difficulties associated with calibrating
the system, and a relatively high-learning curve [27]. Experience in using the navigational
system probably played a lesser role in operation time in the current study; there was little
variability in operative duration when plotted over the study period (Figure 4). Obesity had a
significant effect on operating time, with an increase in BMI resulted in5.4 minute longer
duration. Obesity may have played a role in technical difficulties. There was difficulty
placing the position markers in obese patients, especially when registering kinematic center
of rotation. If the position markers were smudged during the operation, software calibration
and registration were susceptible. This required frequent examination and cleaning of the
markers during surgery.

An additional finding revealed from this study was that intra-operative axial loading of the
leg has a significant impact at the time of measurement regardless of the measurement
technique (navigated versus non-navigated) used. The sub-group analysis demonstrated that
the axial loading group achieved better postoperative measurements compared to the non-
loading group. Ultimately, calculation of weight bearing axis was made on weight bearing
X-ray. It is understandable that intra-operative axial load would increase radiographic
accuracy and better represent post-operative functional joint loading [18,28].

There were four cases in the conventional group where the degree of post-operative
correction was either the same or worse than pre-operative values.

In two cases, the patients suffered injury to the osteotomy site post-operatively and some
correction was lost. The patients reported they were doing well prior to their injuries. The
two other cases showed signs of non-union and genu varum recurred; the patients underwent
revision HTO. However, the long-term clinical results of the patients corrected within the
target range, is a subject of a follow-up study.

Limitations of the study

This study is a retrospective review of an institutional registry. A randomized control trial
would further elucidate the relationship of navigation during HTO to radiographic outcomes.
There is a possibility for operator bias in this study. Four surgeons performed this procedure
using conventional methods, however only one surgeon performed the surgery using
navigation. While, this surgeon performed the majority of the conventional operations as
well, this may present a confounding element to the study. On the other hand, his results
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comparing the conventional group versus the navigation group were no different than the
group results. Radiographs were examined sequentially, which may have contributed to
observer bias. This was minimal because the inter- and intra-observer reliability was deemed
good and excellent, respectively, and was determined from a randomized sample. There was
also the potential for observers to identify drill holes on the films and identify the method
used in determining alignment, but no comments were made by the observers.

Conclusion

In conclusion, computer navigation systems offer an improvement in the radiographic
accuracy over the conventional fluoroscopic method in achieving targeted alignment in
patients treated with medial open-wedge HTO. Also, simulation of axial loading of the
extremity further improves assessment of alignment regardless of the method of intra-
operative measurement. Using the navigation system resulted in fewer patients who were
under-corrected as well as a larger percentage of patients corrected within the target range.
However, sagittal navigational plane guidance was not effective.
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Figure 1.
Weight-bearing alignment as described by Noyes et al. [10-12,25]. The medial edge is

designated as 0% and the lateral edge as 100%. A line is drawn from the center of the
femoral head to the center of the tibiotalar joint and is measured at the point where the line
intersects the tibial plateau.
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Figure 2.
Pre- and post-operative weight-bearing line for the navigated group. Circles are pre-

operative values and squares postoperative values. The bar represents the target for
correction (50-75%).
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Pre- and post-operative weight-bearing line for the conventional group. Circles are pre-
operative values and squares are post-operative values. The bar represents the target for
correction (50-75%).
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Figure 4.
Duration of operation in the navigated group plotted over time. Each circle represents a

single operation.
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Table 1.

a

Demographic characteristics of patientstreated with medial open wedgeHTO".

Variable Conventional group  Navigated group
Subjects () 74 33

Male 56 15
Female 18 18

Age (years) 43.3+8.4 435+84
BMI (kg/m?) 33.248.0 33.4+84

HTO: high-tibial osteotomy; BMI: body mass index.

a .
Plus—minus values are means + SD.
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Table 2.

Post-operative radiographic and clinical results.

Variable Navigated group  Conventional group  p-value

Weight bearing line (%) 64.3+12.3 57.2+15.4 .011

ATibial Slope (°) 0.4 +4.0 15+4.0 n.s.

Duration (min) 172 +34.4 115.6 +31.9 .000

Complications - no. (%)

Hardware Removal 10 (23) 9 (19)

Surgical Site Infections 3(14) 4 (10)

Revisions 2(1) 4(10)

Non-unions 3(14) 3(1)
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