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Correcting lower limb segment axis misalignment in gait analysis: a simple geometrical method

Highlights

 Hip rotation profile is prone to error due to segment axis misalignment  Thigh medial-lateral axis is redefined a posteriori based on lower limb joint centres  This geometrical method provides less knee crosstalk correction than reference methods  This method provides equal hip rotation repeatability than reference methods  This method is simpler than reference methods and is more widely applicable

Research question: This study proposes an a posteriori geometrical method based solely on segment anatomy that aims to correct the thigh medial-lateral axis definition and crosstalk-related error.

Methods: The proposed method considers the thigh medial-lateral axis as the normal to the mean sagittal plane of the lower limb defined by hip, knee and ankle joint centres during one gait cycle. Its performance was compared to that of an optimisation method which repositions the axis to reduce knee abduction- Three-dimensional hip and knee angles were computed for two gait analysis sessions. Crosstalk was quantified using both the coefficient of determination (r²) between knee flexion-extension and adduction-abduction and the amplitude of knee adduction-abduction. The reproducibility of hip internal-external rotation was also quantified using the inter-trial, inter-session and inter-subject standard deviations and the intraclass coefficient (ICC).

Results: Crosstalk was significantly reduced from r²=0.67 to r²=0.51 by the geometrical method but remained significantly higher than with the optimisation method with a r²<0.01.

Significances: Both methods allowed to improve the hip internal-external reproducibility from poor to moderate (original data: ICC=0.34, geometrical method: ICC=0.65, optimisation method ICC=0.73). One advantage of the geometrical method is that, unlike the optimisation method, it does not require much movement, making it suitable for a wider range of patients. 

Keywords:

Introduction

Clinical gait analysis helps clinicians identify gait impairments, thus guiding therapeutic choice (e.g. surgical planning, rehabilitation) in various pathologies (e.g. cerebral palsy, stroke) [START_REF] Wren | Influence of gait analysis on decision-making[END_REF]. However, the joint kinematics involved are often computed with the Conventional Gait Model (CGM) [START_REF] Davis | A gait analysis data collection and reduction technique[END_REF] developed in the 80's, which has several shortcomings. The most common is marker mislocations, which can lead to segment axis misalignment; this can impact the accuracy of the hip rotation profile [START_REF] Della Croce | Human movement analysis using stereophotogrammetry. Part 4: assessment of anatomical landmark misplacement and its effects on joint kinematics[END_REF]. Hip rotation is a critical outcome, but one prone to error [START_REF] Wren | Impact of gait analysis on correction of excessive hip internal rotation in ambulatory children with cerebral palsy: a randomized controlled trial[END_REF].

The medial-lateral axis direction is dependent on the positioning of a wand (or a medial marker) on the thigh. The wand should be positioned in the thigh's frontal plane. This plane can, however, be difficult to define in patients with skeletal deformities: for example, patients with cerebral palsy can exhibit major femoral growth abnormalities such as femoral torsion [START_REF] Gose | Morphometric analysis of the femur in cerebral palsy: 3-dimensional CT study[END_REF]. The resulting misalignment of this medial-lateral axis, which is used to define the flexion-extension axis of the distal joint, leads to a phenomenon called crosstalk. Crosstalk at the knee implies unrealistic adduction-abduction amplitude [START_REF] Della Croce | Human movement analysis using stereophotogrammetry. Part 4: assessment of anatomical landmark misplacement and its effects on joint kinematics[END_REF]. Furthermore, a misalignment of the medial-lateral axis can also lead to errors on the internal-external rotation of the joint [START_REF] Baker | A new approach to determine the hip rotations profile from clinical gait analysis data[END_REF].

Several experimental and computational solutions have been proposed to reduce these errors. One solution is to change the protocol (number and placement of markers) [START_REF] Wu | ISB recommendation on definitions of joint coordinate system of various joints for the reporting of human joint motion--part I: ankle, hip, and spine[END_REF]. Devices such as the Knee Alignment Device can also be used to more accurately define the knee flexion-extension axis [START_REF] Baker | Measuring Walking: A Handbook of Clinical Gait Analysis[END_REF]. Alternatively, the knee flexion-extension axis can be defined using functional methods [START_REF] Ehrig | A survey of formal methods for determining functional joint axes[END_REF]. These methods are based on the joint kinematics rather than the segment anatomy and are applied to a specific movement maximising knee flexion. Functional methods can, however, be problematic for patients with possible adduction-abduction
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mobility or a limited flexion-extension range of motion. In addition, these methods are subject to soft tissue artefacts [START_REF] Sangeux | Evaluation of knee functional calibration with and without the effect of soft tissue artefact[END_REF].

Another error-reducing solution might be to correct data retrospectively. The most classical a posteriori methods optimise the thigh coordinate system orientation to minimise the quadratic variance of the adduction-abduction angle [START_REF] Schache | Defining the knee joint flexionextension axis for purposes of quantitative gait analysis: an evaluation of methods[END_REF] and possibly of the internal-external rotation angle [START_REF] Rivest | A correction for axis misalignment in the joint angle curves representing knee movement in gait analysis[END_REF]. Functional methods, too, can be applied retrospectively to gait records if the flexion during the swing phase is large enough [START_REF] Sangeux | Evaluation of knee functional calibration with and without the effect of soft tissue artefact[END_REF][START_REF] Schache | Defining the knee joint flexionextension axis for purposes of quantitative gait analysis: an evaluation of methods[END_REF]. Different methods have been used such as the axis transformation technics/SARA method [START_REF] Ehrig | A survey of formal methods for determining functional joint axes[END_REF] or STT methods [START_REF] Schwartz | A new method for estimating joint parameters from motion data[END_REF]. Recent findings [START_REF] Sauret | On the use of knee functional calibration to determine the medio-lateral axis of the femur in gait analysis: Comparison with EOS biplanar radiographs as reference[END_REF][START_REF] Passmore | Defining the medial-lateral axis of the femur: Medical imaging, conventional and functional calibration methods lead to differences in hip rotation kinematics for children with torsional deformities[END_REF] tends to suggest that optimisation methods like DynaKad [START_REF] Baker | A new approach to determine the hip rotations profile from clinical gait analysis data[END_REF] gave the best results. Multibody kinematics optimisation methods [START_REF] Begon | Multibody Kinematics Optimization for the Estimation of Upper and Lower Limb Human Joint Kinematics: A Systematized Methodological Review[END_REF] can also define both the segment poses and the joint axes that best track marker trajectories.

However, kinematics obtained from multibody kinematics optimisation methods tends to be strongly impacted by the kinematic model chosen. As a result, if the knee flexion-extension axis, which would correspond to the thigh medial-lateral axis direction, is poorly modelled the final results might be more reproducible but still inaccurate. In addition, all multibody kinematics optimisation methods are liable to suffer from overfitting.

Seeking to reduce crosstalk and enhance hip internal-external rotation reproducibility, the purpose of this study was to propose and evaluate an a posteriori geometrical method of correcting thigh medial-lateral orientation. Based on the position of the hip, knee and ankle joint centres, the method corrects segment axis misalignment so as to enhance the quality of both hip and knee kinematics measurements, in particular hip internal-external rotation and knee adduction-abduction.
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Methods

Geometrical method

Our geometrical method was inspired by an approach proposed for upper limb kinematics [START_REF] Cooper | Glenohumeral joint kinematics and kinetics for three coordinate system representations during wheelchair propulsion[END_REF], where the upper arm medial-lateral axis is considered normal to the plane defined by three markers placed on the acromion process, humeral lateral epicondyle and ulnar styloid. To adapt this approach to the lower limb, we took the plane defined by the hip, knee and ankle joint centres.

Using the CGM, the thigh anterior-posterior axis was initially defined as that normal to the plane defined by the hip and knee joint centres and the wand marker position [START_REF] Davis | A gait analysis data collection and reduction technique[END_REF]. The medial-lateral axis of the thigh, which defines the knee flexion axis, lies on this normal plane and is orthogonal to the thigh superiorinferior axis defined from the knee joint centre to the hip joint centre. To correct these two axes, the sagittal plane of the lower limb was defined by the hip, knee and ankle joint centres. To avoid collinearity of these points and ensure that the normal was properly oriented to this sagittal plane, the average plane was calculated over all the instants of time when knee flexion was above 20° during the movement. Then the thigh anterior-posterior axis was replaced by the cross product between the normal to the lower limb sagittal plane and the superiorinferior axis of the thigh. Finally, the medial-lateral thigh axis was replaced by another cross product between the newly defined thigh antero-posterior axis and the superior-inferior axis (Figure 1).

Gait Analysis

The method was applied retrospectively to a dataset from a cohort study of 118 patients undergoing total knee joint replacement surgery [START_REF] Bonnefoy-Mazure | Knee Kinematic and Clinical Outcomes Evolution Before, 3 Months, and 1 Year After Total Knee Arthroplasty[END_REF]. The initial project was approved by a local ethics committee (n CRE 09-307), and written consent was obtained from all participants. Each participant was subjected to gait
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analysis before, three months (M3) after and one year (M12) after the surgery. All acquisitions were performed at the Kinesiology Laboratory of Geneva University Hospitals using a Vicon 12-camera motion measurement system (VICON Mx3+; Vicon Peak, Oxford, UK). The cutaneous reflective markers were positioned according to the CGM [START_REF] Davis | A gait analysis data collection and reduction technique[END_REF] on the pelvis and the lower limb.

Data Analysis

To evaluate the performance of the proposed method on knee crosstalk and on hip kinematics reproducibility, only patients undergoing an M3 and M12 follow-up were considered. Although the true bone kinematics was unknown, it was assumed that after a total knee replacement knee adduction-abduction amplitude would be minimal. The hip internal-external rotation reproducibility was also one of our concern. After surgery, all patients went through a standard rehabilitation program for 5 to 6 weeks. As no further treatment was used after this 6-weeks program, it was supposed that the hip internal-external rotation evolution would be minimal between M3 and M12 and could be then assessed.

Our geometrical method was compared to an optimisation method (DynaKad) proposed in the work of Baker et al. [START_REF] Baker | A new approach to determine the hip rotations profile from clinical gait analysis data[END_REF] which minimises knee adductionabduction during gait. Data were analysed using MATLAB 2017a (The MathWorks, Natick, USA) and the Biomechanical Tool Kit [START_REF] Barre | Biomechanical ToolKit: Open-source framework to visualize and process biomechanical data[END_REF]. The hip, knee and ankle joint centres computed using Nexus 1.8.5 (Vicon Peak, Oxford, UK), based on the CGM [START_REF] Davis | A gait analysis data collection and reduction technique[END_REF], were extracted from the C3D files. Finally, joint kinematics was computed using the 3D Kinematics and Inverse Dynamics toolbox proposed by Dumas and freely available on the MathWorks File Exchange [START_REF] Dumas | 3D Kinematics and Inverse Dynamics[END_REF]. This toolbox is based on the International Society of Biomechanics' recommendations for kinematics calculation [START_REF] Wu | ISB recommendation on definitions of joint coordinate system of various joints for the reporting of human joint motion--part I: ankle, hip, and spine[END_REF]. With these recommendations, knee flexion is negative; however, it
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is common to define it as positive in clinical practice. For this reason, and for ease of reading, it was decided to inverse the knee flexion-extension in Figure 2.

To obtain the original data as well as the corrected data yielded by the geometrical and optimisation methods, six quality assessments were performed on hip and knee kinematics. Knee crosstalk was assessed by analysing the amplitude of knee adduction-abduction and the coefficient of determination (r²) between knee adduction-abduction and knee flexion-extension. Then, to assess the reproducibility of hip internal-external rotation, the inter-trial, inter-session and inter-subject standard deviations were investigated, in addition to the intersession-trial intraclass coefficient, following the statistical method proposed by Chia and Sangeux [START_REF] Chia | Quantifying sources of variability in gait analysis[END_REF]. For the interpretation of the intraclass coefficient, the guidelines proposed by Koo and Lin [START_REF] Koo | A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability Research[END_REF] were used. These values need to be calculated on session with similar number of trials, a trial corresponding to a full gait cycle. In our data set, the trials' number was different for each session and for each subject. In order to take this difference into account, a bootstrap procedure was performed [START_REF] Campbell | Bootstrapping: estimating confidence intervals for cost-effectiveness ratios[END_REF]. As the minimum of trial per session was seven, seven random trials were chosen for each session. The data analysis was then performed. This process has been done multiple times (1000) and the mean value for all the repetition used as the final value. The different parameters were calculated independently on each of 100 frames of the normalised gait cycle and the mean value with the 95% confidence interval given.

Finally, the distribution of the differences between M3 and M12 was plotted.

As all data were assumed to follow a normal distribution, a one-way repeated measure analysis of variance (ANOVA) was used to determine whether the resulting dataset (composed both of original data and of corrected data obtained with the geometrical and optimisation methods) had a significant effect on the 

Results

Of the initial 118 patients in the dataset, 75 underwent M3 and M12 follow-ups (28 males and 47 females, Age: 68.4±7.1 years old, BMI: 30.1±5.5 kg.m 2 ) and were therefore included. These patients had at least 7 recorded gait cycles and a maximum knee flexion above 20° in both sessions.

Mean and standard deviation (SD) of knee 3D kinematics are given for all conditions in Figure 2. The amplitude of knee adduction-abduction and the coefficient of determination between knee adduction-abduction and knee flexionextension are given in Table 1. Both correction methods had a significant effect on the coefficient of determination between knee adduction-abduction and knee flexion-extension, and on the amplitude of knee adduction-abduction. While the coefficient of determination between knee adduction-abduction and knee flexionextension was lower in the corrected data than in the original data, it nevertheless remains above 0.5 for the geometrical method. This result is confirmed by Figure 2, which shows increased knee adduction between 60% and 100% of the gait cycle. This part of the gait cycle corresponds to the swing phase during which maximum knee flexion occurs. Similarly, the amplitude of knee adduction-abduction was lower in the corrected data than in the original data.

The lowest amplitude was obtained with the optimisation method (6.5 ± 0.2°).

The methods of correction had a significant effect on both the amplitude of knee adduction-abduction and the coefficient of determination between knee adduction-abduction and knee flexion-extension.

Regarding performance on hip internal-external rotation reproducibility, the intersession standard deviation was significantly lower when correction methods were used (Table 2). Both methods enhanced the inter-session reproducibility of hip internal-external rotation, with a lower standard deviation than in the original data 2). The ICC obtained with the optimisation method was significantly greater than the geometrical method.

Figure 3 confirms this for the distribution of the differences between M3 and M12, with an error distribution centred around 0° (geometrical: -0.5°, optimisation:

1.1°).
Both the geometrical and the optimisation methods had a positive significant effect on all the parameters evaluated. Knee adduction-abduction showed less crosstalk and hip internal-external rotation lower variability and inter-session difference.
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Discussion

The purpose of this study was to propose an a posteriori geometrical method based on the position of the hip, knee and ankle joint centres to correct the thigh medial-lateral axis. Our aim was to reduce crosstalk and improve hip internalexternal rotation reproducibility. Crosstalk was reduced; however, unlike the optimisation method proposed by Baker et al. [START_REF] Baker | A new approach to determine the hip rotations profile from clinical gait analysis data[END_REF] (Dynakad), our geometrical method did not completely eliminate it. The geometrical method improved the reproducibility of hip internal-external rotation between two sessions, like the optimisation method.

In this study, crosstalk has been chosen as an indicator of knee misorientation.

Cross-talk is widely accepted as an indicator of misorientation of the thigh medial-lateral axis (considered as a surrogate of the knee flexion axis) [START_REF] Baker | A new approach to determine the hip rotations profile from clinical gait analysis data[END_REF][START_REF] Schache | Defining the knee joint flexionextension axis for purposes of quantitative gait analysis: an evaluation of methods[END_REF]. For our population with knee total replacement, it was supposed to be a reasonable hypothesis as knee prostheses are generally designed to promote an asymptomatic knee kinematics pattern. Total knee prostheses do not provide a mechanism to allow varus/valgus movement at the knee. Therefore, in the population investigated in this study, the true knee varus-valgus range of motion was expected to be close to zero degree, and cross-talk was expected to be absent. However, Cross-talk is remains an indirect measurement of the supposed misorientation of the thigh medial-lateral axis and better gold standard exists for defining medio-lateral axis such as medical imaging. However, as gait analysis is always contaminated by the soft tissue artefact [START_REF] Camomilla | Human movement analysis: The soft tissue artefact issue[END_REF] (an artefact which is typically correlated to joint flexion-extension), even with a thigh medial-lateral axis matching at best the prosthesis flexion-extension axis, an apparent cross talk could be found. In this perspective, the optimisation method logically results in
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an apparent amplitude of adduction-abduction. However, this adductionabduction movement becomes totally uncorrelated to the flexion-extension.

We chose to compare our method to this optimisation method because it has been described as the best functional optimisation compared to EOS imaging [START_REF] Sauret | On the use of knee functional calibration to determine the medio-lateral axis of the femur in gait analysis: Comparison with EOS biplanar radiographs as reference[END_REF]. This optimisation method was chosen also because it has been shown to perform better than marker set modification [START_REF] Schache | Defining the knee joint flexionextension axis for purposes of quantitative gait analysis: an evaluation of methods[END_REF]. In addition, in a recent reproducibility study on the hip internal-external rotation for different functional methods [START_REF] Sangeux | Computation of hip rotation kinematics retrospectively using functional knee calibration during gait[END_REF], a similar optimisation method was found to be one with the highest reproducibility for hip internal-external rotation.

Both geometrical and optimisation methods were successful in reducing the knee crosstalk observed in our dataset. However, for both coefficient of determination and amplitude of adduction-abduction, the optimisation method provided better results, eliminating almost all the crosstalk with a correlation coefficient close to zero between knee flexion and adduction. This was expected, as the objective function to be minimised is the knee adduction-abduction amplitude.

Consequently, the correlation between knee flexion-extension and adductionabduction was reduced by the optimisation process. In other words, the optimisation method, like functional methods [START_REF] Ehrig | A survey of formal methods for determining functional joint axes[END_REF][START_REF] Sangeux | Evaluation of knee functional calibration with and without the effect of soft tissue artefact[END_REF][START_REF] Schache | Defining the knee joint flexionextension axis for purposes of quantitative gait analysis: an evaluation of methods[END_REF], captures the flexionextension axis of the knee provided the flexion range of motion is sufficient. The geometrical method, while reducing crosstalk, did not fully eliminate it.

An important clinical parameter, hip internal-external rotation, unlike knee adduction-abduction, is commonly used for patient diagnosis or follow-up [START_REF] Wren | Impact of gait analysis on correction of excessive hip internal rotation in ambulatory children with cerebral palsy: a randomized controlled trial[END_REF], so ensuring good reproducibility is essential [START_REF] Brand | Comment on criteria for patient evaluation tools[END_REF]. Both the geometrical and optimisation methods tested here significantly improved the reproducibility of hip internal-external rotation relative to the original data. Considering the hip internalexternal rotation, the ICC found in our study were lower than the one obtained in a similar study [START_REF] Sangeux | Computation of hip rotation kinematics retrospectively using functional knee calibration during gait[END_REF]. They found an ICC of 0.88 for a similar optimisation method
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when an ICC of 0.73 was found in our study. This difference might be due to our two sessions being 9 months apart instead of being the same day as in this study [START_REF] Sangeux | Computation of hip rotation kinematics retrospectively using functional knee calibration during gait[END_REF]. It seems there is a larger variation than expected in a reproducibility study perform on the same day.

These results highlight one of our main limitation. It was supposed that the hip internal-external rotation evolution would be minimal during the 9 months between M3 and M12. However, as results suggest, it might be not true. Indeed, although no rehabilitation program was performed after M3, potential modification of gait pattern could probably occur. This can be explained by the fact that patients with knee arthrosis can have high pain level before surgery resulting in low level of activity or walking. As a result, if the surgery is successful, patient's activity level and walking distance can increase. This could allow to strengthen abductor muscles which might take more than the 3-month rehabilitation program to fully recover. As the gluteus and the tensor of fascia lata, which are the main hip abductor muscles, are also hip rotator [START_REF] Preece | The influence of gluteus maximus on transverse plane tibial rotation[END_REF] modification of the hip internalexternal rotation profile could then have been expected between M3 and M12. As a result, the lower ICC obtained in our study might be mainly due to intrinsic subject variability rather than a poorer performance of our method. We might expect better result with our geometrical method if we performed a reproducibility study with sessions during the same day or during the same week.

As the main correction of hip internal-external rotation consists in adding an offset in both methods, it is interesting to look at hip data obtained from the true bone kinematics. Using bi-plane fluoroscopy on subjects without total knee replacement, Fiorentino et al. [START_REF] Fiorentino | Soft tissue artifact causes significant errors in the calculation of joint angles and range of motion at the hip[END_REF] found that the hip internal-external rotation was comprised between -15° and 0° during gait and that the soft tissue artefact tended to shift it towards internal rotation. These values are similar both to those from our original dataset and to those obtained after correction by the From a clinical point of view, the geometrical method has some advantages over the optimisation method. As the method is based on segment geometry rather than joint kinematics and does not include any minimisation process, it should be less sensitive to soft tissue artefacts and free from overfitting issues. In addition, it does not require any movement other than a slight knee flexion. This makes it particularly appropriate in certain contexts, for instance for patients with crouch gait. However, a knee flexion of at least 20° must be reach by the patient to be able to use the geometrical method. As a result, it might not be adapted for patients with stiff-knee gait. This limitation is also valid for other knee cross-talk correction methods, like functional or optimisation methods, as they are mainly based on knee movements.

One of the main advantages of this method is also its main weakness. As the geometrical method is mainly based on segment anatomy, skeletal deformities may affect the results. Pathologies commonly analysed in a gait laboratory, such as cerebral palsy, can involve torsional deformities that could compromise the results of the geometrical method. However, where the deformity remains the same across the different sessions, hip internal-external rotation reproducibility should remain constant even if the crosstalk correction is affected. Moreover, as the geometrical method is exclusively based on joint centre location, it might be sensitive to errors on joint centres, as has been reported for the hip [START_REF] Wu | ISB recommendation on definitions of joint coordinate system of various joints for the reporting of human joint motion--part I: ankle, hip, and spine[END_REF][START_REF] Kainz | Effects of hip joint centre mislocation on gait kinematics of children with cerebral palsy calculated using patient-specific direct and inverse kinematic models[END_REF].

However, considering the large distance between the hip, the knee and the ankle, it can be assumed that any effect on the definition of the sagittal plane of the lower limb would be minimal. To conclude on this, however, would have required testing the method on patients with skeletal deformities. 

Conclusion

The geometrical method proposed here to correct misalignment of the thigh medial-lateral axis performs similarly to an optimisation method in improving hip internal-external rotation reproducibility, but not in fully eliminating knee crosstalk.

The main advantage of the geometrical method includes the fact that it is based on simple segment geometry, while the optimisation method is based on a more complex minimisation process. Moreover, if the main objective of a posteriori correction of gait data is to obtain repeatable hip internal-external rotation, the geometrical method may be an alternative choice since it is more widely applicable, including in situations where the patient's range of motion is limited.

However, if the main objective is to correct crosstalk, optimisation methods should be chosen provided there is a sufficient range of motion. 
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Table 1: Effect of the correction methods on knee crosstalk

Original data

Mean (95 CI%)

Geometrical method

Mean (95 CI%)

Optimisation method

Mean (95 CI%) 

Original data

Mean (95 CI%)

Geometrical method

Mean (95 CI%)

Optimisation method

Mean (95 CI%)

Variance

Inter-subject 6.7°(6.4°-6.9°) 7.8° (