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Ankle osteoarthritis is a chronic debilitating disease marked by cartilage breakdown, pain and significant biomechanical impairment of the entire lower limb. Total ankle replacement (TAR) has been encouraged during the last decade as it has the potential to maintain the existing preoperative ankle range of motion and to protect the more distally located joints of the foot.

Three-dimensional gait analysis using a multi-segment foot model can provide an objective analysis of TAR for the treatment of end-stage ankle osteoarthritis. Thirty-six patients suffering from post-traumatic end-stage ankle osteoarthritis were evaluated before and after TAR. A four-segment kinematic foot model was used to calculate intrinsic foot joint kinematics during gait. Spatio-temporal parameters were also assessed. Kinematic results were compared to a control group of asymptomatic subjects.

Differences in waveform patterns were mainly limited to dorsi-/plantarflexion inter-segment angles. At loading response, the Shank-Calcaneus plantarflexion angles as well as the Calcaneus-Midfoot dorsiflexion angle increased slightly in post-operative condition. During propulsion, an increase in Hallux-Metatarsus dorsiflexion angle was observed. Pain improved after surgery as supported by increased spatio-temporal parameters. While multi-segment foot and ankle kinematics were improved, they remained impaired compared to control values. This study confirms that TAR maintains the residual pre-operative range of motion after surgery from midstance to propulsion. Furthermore, the results suggest that the kinematic behavior of the foot joints distal to the affected ankle joint also improves post-operatively. The outcome of this study further emphasizes the clinical relevance of multi-segment foot modeling when assessing the outcome of TAR.

CHANGES IN ANKLE AND FOOT KINEMATICS AFTER FIXED-BEARING TOTAL ANKLE REPLACEMENT

Abstract

Ankle osteoarthritis is a chronic debilitating disease marked by cartilage breakdown, pain and significant biomechanical impairment of the entire lower limb. Total ankle replacement (TAR) has been encouraged during the last decade as it has the potential to maintain the existing preoperative ankle range of motion and to protect the more distally located joints of the foot.

Three-dimensional gait analysis using a multi-segment foot model can provide an objective analysis of TAR for the treatment of end-stage ankle osteoarthritis. Thirty-six patients suffering from post-traumatic end-stage ankle osteoarthritis were evaluated before and after TAR. A four-segment kinematic foot model was used to calculate intrinsic foot joint kinematics during gait. Spatio-temporal parameters were also assessed. Kinematic results were compared to a control group of asymptomatic subjects.

Differences in waveform patterns were mainly limited to dorsi-/plantarflexion inter-segment angles. At loading response, the Shank-Calcaneus plantarflexion angles as well as the Calcaneus-Midfoot dorsiflexion angle increased slightly in post-operative condition. During propulsion, an increase in Hallux-Metatarsus dorsiflexion angle was observed. Pain improved after surgery as supported by increased spatio-temporal parameters. While multi-segment foot and ankle kinematics were improved, they remained impaired compared to control values. This study confirms that TAR maintains the residual pre-operative range of motion after surgery from midstance to propulsion. Furthermore, the results suggest that the kinematic behavior of the foot joints distal to the affected ankle joint also improves post-operatively. The outcome of this study further emphasizes the clinical relevance of multi-segment foot modeling when assessing the outcome of TAR.

INTRODUCTION

A growing body of evidence has shown that patients suffering from ankle osteoarthritis have significant biomechanical impairment of the entire foot and lower limb (Deleu et al., 2021a;[START_REF] Queen | Directing clinical care using lower extremity biomechanics in patients with ankle osteoarthritis and ankle arthroplasty[END_REF]. Their gait is characterized by a decreased step length, walking speed and mobility of the ankle joint complex when compared to a control group (Deleu et al., 2021a;[START_REF] Queen | Directing clinical care using lower extremity biomechanics in patients with ankle osteoarthritis and ankle arthroplasty[END_REF]. Recently, 3D multi-segment kinematic foot models revealed compensatory strategies in the distal foot joints in patients suffering from ankle osteoarthritis compared to healthy reference data during walking (Deleu et al., 2021a;[START_REF] Khazzam | Preoperative gait characterization of patients with ankle arthrosis[END_REF]). An inverted hindfoot position, in association with a more adducted position of the Calcaneus-Midfoot joint was found in patients suffering from end-stage post-traumatic ankle osteoarthritis which could be explained by co-contraction phenomena between the tibialis anterior and gastrocnemius muscle, both foot adductor and invertor muscles, in an attempt to keep the ankle joint stable from heel strike to midstance (Deleu et al., 2021a;[START_REF] Von Tscharner | Classification of multi muscle activation patterns of osteoarthritis patients during level walking[END_REF].

Once end-stage ankle osteoarthritis is no longer manageable through conservative treatment, surgical management has included ankle arthrodesis and total ankle replacement (TAR). While ankle arthrodesis has been recognized as being the "gold standard" intervention, TAR has been encouraged during the last decade as it has the potential to conserve pre-operative ankle range of motion (RoM) and to protect the neighbouring joints [START_REF] Brodsky | Changes in Gait Following the Scandinavian Total Ankle Replacement[END_REF][START_REF] Ingrosso | GAIT analysis in patients operated with a novel total ankle prosthesis[END_REF]. However, the latter effect has not yet been proven [START_REF] Philippe | Ankle Replacement versus Arthrodesis: A Comparative Gait Analysis Study[END_REF].

A recent meta-analysis reporting the functional assessment of the ankle joint following a fixed-bearing prosthesis found moderate evidence of improved spatio-temporal parameters (i.e. mean 0.19m/s increase in walking speed) and ankle kinematics (i.e. mean 3 degrees dorsi-/plantarflexion RoM increase) compared to the pre-operative condition (Deleu et al., 2020a).

However, these patients remained impaired in terms of gait compared to asymptomatic subjects (Deleu et al., 2020a(Deleu et al., , 2021b)).

Unfortunately, gait analysis research has mainly focused on the affected ankle joint without monitoring potential compensatory mechanism in the distal foot joints during postoperative follow-ups (Deleu et al., 2020a;[START_REF] Fritz | Multi-segment foot kinematics during gait following ankle arthroplasty[END_REF][START_REF] Lullini | Retrospective comparison between a two-and three-component ankle arthroplasty: clinical and functional evaluation via gait analysis[END_REF]. It is however of clinical interest to investigate the kinematic behavior of these intrinsic foot joints as they could provide an enhanced understanding of the compensatory strategies of the distal foot joints in patients suffering with end-stage ankle osteoarthritis after TAR. However, gait studies largely continue to implement a one-segment foot modeling approach to assess the effect of TAR (Deleu et al., 2020a;[START_REF] Lullini | Retrospective comparison between a two-and three-component ankle arthroplasty: clinical and functional evaluation via gait analysis[END_REF]. Furthermore, the hypothesis testing of studies tend to be conducted on a relatively small number of summary metrics (e.g. RoM and peak values during specific sub-phases of the stance phase) [START_REF] Choi | Prospective study of the effect on gait of a two-component total ankle replacement[END_REF]Deleu et al., 2020a;[START_REF] Queen | Changes in pain, function, and gait mechanics two years following total ankle arthroplasty performed with two modern fixed-bearing prostheses[END_REF][START_REF] Segal | A three-year prospective comparative gait study between patients with ankle arthrodesis and arthroplasty[END_REF][START_REF] Usuelli | Range of motion of foot joints following total ankle replacement and subtalar fusion[END_REF]. The use of these discrete values within time-continuous kinematic curves are computationally convenient, but it may ignore the majority of the data contained in the time continuous kinematic curves regarding the intrinsic foot joints distal to the ankle. With the use of one-dimensional statistical parametric mapping (SPM), the kinematic differences between pre-and post-operative conditions could be determined [START_REF] Pataky | Generalized n-dimensional biomechanical field analysis using statistical parametric mapping[END_REF]. This is of interest for clinicians during their pathomechanical reasoning processes as SPM regards the whole time-series as the unit of observation.

Furthermore, this methodological approach allows hypothesis testing at vector kinematic trajectory level to be conducted, with random field corrections simultaneously accounting for temporal correlation and vector covariance [START_REF] Pataky | Vector field statistical analysis of kinematic and force trajectories[END_REF].

The first aim of this study was to compare pre-and post-operative kinematics of the foot and ankle complex during gait in patients with end-stage ankle osteoarthritis treated with a TAR, and to compare the post-operative kinematics of the foot and ankle complex to a control group of asymptomatic subjects. It was hypothesized that patients with a fixed-bearing implant would maintain their pre-operative ankle inter-segment angle during the entire stance phase after surgery (first hypothesis). The second aim of this study was to explore the changes in the intrinsic foot inter-segment angles distal to the affected ankle joint after surgery. The hypothesis was that the kinematic behavior of the adjacent and non-adjacent foot joints would be less impaired post-operatively, since pain-mediated motion patterns would be alleviated by TAR (second hypothesis). In addition, we further hypothesized that spatio-temporal parameters and multi-segment foot kinematics after TAR would be more in alignment with the values of the control group (third hypothesis).

METHODS

Participants

102 eligible patients suffering from end-stage ankle osteoarthritis (Takakura stage 3 -4 (4 being complete obliteration of the joint space)) scheduled for primary TAR for pain relief between March 2017 and June 2020 were invited to participate in this prospective study. 36 consented to participate in the study (Table 1). This sample size provides 90% power and a pvalue at 0.05 to detect a minimal clinical change between pre-and post-operative conditions for the ankle joint during the stance of the gait cycle. The hypothetical effect size for this analysis was estimated based on pilot results reported by Deleu et al. (2021) (Deleu et al., 2021b), which can be found in Supplementary material. The inclusion criteria were (1)

diagnosis of post-traumatic end-stage ankle osteoarthritis with an indication for TAR, (2) being older than 18 years of age, (3) absence of systemic or neurological diseases, (4) capable to walk at least 100 meters with no aid and without rest. Exclusion criteria were (1) major lower limb orthopedic pathologies or surgeries and (2) any medical problem other than post-traumatic ankle osteoarthritis that could possibly affect gait. All patients were scheduled for TAR within two weeks of their preoperative data collection, and were tested again 1 year after surgery.

Patients included in this study received the CADENCE prosthesis (Smith & Nephew, London, UK) which is a fixed-bearing implant.

A convenience sample of fifteen asymptomatic subjects (CTRL) (10 males and 5 females) participated in this study (Table 1) enabling the comparison of the postoperative data of patients after TAR to a control group. Exclusion criteria for the control subjects were any medical problems that could possibly affect normal gait. The local ethical committee approved the study (B200-2017-061) and all participants signed an informed consent form.

Fixed-bearing prosthesis

The Cadence prosthesis (Smith & Nephew, London, UK) is a new generation twocomponent, fixed-bearing, semi-constrained total ankle replacement system composed of a polyethylene meniscal insert attached to a bone-anchored tibial component (titanium alloy) and an anatomic shaped bone-anchored talar component (cobalt chrome alloy) (Figure 1) [START_REF] Kooner | Two-Year Outcomes After Total Ankle Replacement With a Novel Fixed-Bearing Implant[END_REF][START_REF] Rushing | Early Experience With the CADENCE Total Ankle Prosthesis[END_REF]. The shape of prosthesis talar dome is characterized by two condylar surfaces [START_REF] Terrill | TOTAL ANKLE REPLACEMENT PROSTHESIS[END_REF]. The medial condyle of the talar dome has a smaller radius of curvature compared to the lateral condyle of the talar dome [START_REF] Terrill | TOTAL ANKLE REPLACEMENT PROSTHESIS[END_REF]. The bearing surface of polyethylene meniscal insert is shaped in a similar way to the talar dome in order to achieve a congruent fit between the two components [START_REF] Terrill | TOTAL ANKLE REPLACEMENT PROSTHESIS[END_REF].

Data collection

The patients were asked to walk at a self-selected speed barefoot over a 10m walkway surrounded by an optoelectronic motion analysis system (Qualysis, Göteborg Sweden), composed of ten Miqus cameras, to track the trajectories of markers at a frequency of 200Hz.

Sixteen 8mm retro-reflective markers were placed pre-and post-operatively by the same senior staff podiatrist with experience in three-dimensional multi-segment foot model protocol, on the foot and shank of each patient in accordance with the requirements of the multi-segment Rizzoli foot model [START_REF] Leardini | Rearfoot, mid-foot and fore-foot motion during the stance phase of gait[END_REF]. Participants performed five representative walking trials. All marker trajectories were computed by Qualysis Tracking Manager 2.16 (Qualysis, Göteborg Sweden).

Data analysis

Inter-segmental angles between the shank (Sha), calcaneus (Cal), midfoot (Mid), metatarsus (Met) and hallux (Hx) segments were calculated in accordance with the adapted Rizzoli multi-segment foot model developed by [START_REF] Deschamps | Estimation of foot joint kinetics in three and four segment foot models using an existing proportionality scheme: Application in paediatric barefoot walking[END_REF] (IOR-4Segmentmodel 1) following ISB recommendations, where dorsi/plantarflexion is defined as rotation about the medial-lateral axis of the proximal segment, adduction/abduction about the superiorinferior axis of the distal segment, and inversion/eversion about an axis orthogonal to the first two axes (Figure 2) (Deleu et al., 2020b;[START_REF] Deschamps | Estimation of foot joint kinetics in three and four segment foot models using an existing proportionality scheme: Application in paediatric barefoot walking[END_REF]. The main difference between the original version of the multi-segment Rizzoli foot model and the adapted version developed by [START_REF] Deschamps | Estimation of foot joint kinetics in three and four segment foot models using an existing proportionality scheme: Application in paediatric barefoot walking[END_REF] is the creation of a virtual cuboid marker, defined as being at 2/3 of the distal distance between the peroneal tubercle and the base of the fifth metatarsal (Deleu et al., 2020b;[START_REF] Deschamps | Estimation of foot joint kinetics in three and four segment foot models using an existing proportionality scheme: Application in paediatric barefoot walking[END_REF]. In the current study, the term joint describes the modelled biomechanical interaction between two adjacent segments. Motion of the calcaneus with respect to the shank, i.e. the ankle complex (hereafter referred as shank-calcaneus), the midfoot with respect to the calcaneus (hereafter referred as calcaneus-midfoot), the metatarsus with respect to the midfoot (hereafter referred as midfoot-metatarsus), and the hallux with respect to the metatarsus (hereafter referred as hallux-metatarsus) were calculated (Deleu et al., 2020b;[START_REF] Deschamps | Estimation of foot joint kinetics in three and four segment foot models using an existing proportionality scheme: Application in paediatric barefoot walking[END_REF]). An in-house written Matlab program (Mathworks Inc., Natick, US) was used for inter-segment kinematics computations. The following outcome variables were investigated: pain score from the use of a Visual Analogue Scale (VAS), walking speed, stride length, relative 3D inter-segmental angle of shank-calcaneus, calcaneusmidfoot, midfoot-metatarsus and hallux-metatarsus joints. All 1D data were time-normalized to 100% of the stance phase. As changes in walking speed after TAR and between control group and patients after TAR were expected (Deleu et al., 2020a;[START_REF] Ingrosso | GAIT analysis in patients operated with a novel total ankle prosthesis[END_REF], piecewise linear length normalizations within the stance phase based on kinematically points of interest (i.e. heel strike, heel off and toe-off) were performed to remove temporal betweenand within-stance phase misalignments [START_REF] Helwig | Methods to temporally align gait cycle data[END_REF]. Temporal alignment of gait data is required in order to make the point-by-point comparisons of inter-segmental trajectories biomechanically and clinically meaningful. This piecewise temporal alignment technique has been shown to outperform other commonly used alignment methods such as dynamic time warping in walking data [START_REF] Helwig | Methods to temporally align gait cycle data[END_REF].

Statistical analysis

Shapiro-Wilk test was used to check data normality. Paired t-tests (significance threshold, p<0.05) were conducted to compare spatiotemporal data and pain between pre-and postoperative conditions. Independent t-tests (significance threshold, p<0.05) were conducted to compare demographic and spatio-temporal data between control group and TAR group.

Inter-segmental foot kinematics were compared using one-dimensional ( 1D) SPM (opensource code; v.M.0.4.5; www.spm1d.org) [START_REF] Friston | Statistical parametric maps in functional imaging: A general linear approach[END_REF][START_REF] Pataky | Generalized n-dimensional biomechanical field analysis using statistical parametric mapping[END_REF][START_REF] Pataky | Vector field statistical analysis of kinematic and force trajectories[END_REF]. This statistical approach considers the whole 1D continuous vector trajectory that changes in time as the unit of observation, and time dependence is incorporated directly within the statistical testing. This method is based on the Random Field Theory which makes probabilistic conclusions based on the random behavior of the 1D observational unit [START_REF] Pataky | Generalized n-dimensional biomechanical field analysis using statistical parametric mapping[END_REF]. This approach was validated for 1D data [START_REF] Pataky | The probability of false positives in zero-dimensional analyses of one-dimensional kinematic, force and EMG trajectories[END_REF]. The statistical analyses were conducted in three stages. First, a paired Hotelling's T 2 (SPM{T2}) was performed to assess the time varying three-component kinematic differences of the shank-calcaneus, calcaneus-midfoot, midfoot-metatarsus and hallux-metatarsus joints between pre-and postoperative conditions (alpha = 0.05) (Figure 2). The principle was to find the critical T2 value that smooth 1D multivariate Gaussian data would reach in alpha percent of an infinite number of experiments involving smooth 1D data. If the experimentally SPM{T2} trajectory crosses the critical value, the null hypothesis is rejected. Individual probability values were then calculated for each supra-threshold cluster that could have resulted from an equally smooth random process [START_REF] Friston | Statistical parametric maps in functional imaging: A general linear approach[END_REF][START_REF] Pataky | One-dimensional statistical parametric mapping in Python[END_REF][START_REF] Pataky | Vector field statistical analysis of kinematic and force trajectories[END_REF]. Second, if significant differences were found, secondary post hoc analyses paired t-tests (SPM{t}) for each individual kinematic component (dorsi/plantarflexion, adduction/abduction, inversion/eversion) were performed.

Two sample Hotelling's T 2 tests were performed to assess the time varying threecomponent angles of the shank-calcaneus, calcaneus-midfoot, midfoot-metatarsus and halluxmetatarsus joints between groups (patients after TAR versus controls). By considering threecomponent angles (dorsi/plantarflexion, adduction/abduction, inversion/eversion waverforms), as well as collinearities between them are all modelled statistically. Where significant differences between respective groups were found, secondary post hoc analyses two-sample ttests (SPM{t}) for each individual component (dorsi/plantarflexion, adduction/abduction, inversion/eversion) were performed.

RESULTS

3.1.

Spatiotemporal parameters and pain

The spatiotemporal parameters showed a statistically significant increase in walking speed (P < 0.001) and stride length (P = 0.001) after surgery (Table 1). These improvements can be associated to pain relief (P < 0.001). No significant differences were found for age, weight and height between the group of patients after TAR and the control group. However, the patients showed post surgery significantly shorter stride lengths (P = 0.004) and slower walking speeds than the control group (P < 0.001).

Pre-versus post-operative condition

The paired Hotelling's T 2 (SPM{T2}) showed significant differences between pre-and post-operative inter-segmental angles for the shank-calcaneus (p = 0.047; 6-9% of the stance phase), the calcaneus-midfoot (P =0.004; 0-17% of the stance phase) and the hallux-metatarsus (P =0.036; 90-96% of the stance phase) joints (Figure 3). No significant difference was shown for the midfoot-metatarsus joint. Post-hoc analyses paired t-tests (SPM{t}) for individual components of both conditions suggested that this difference was caused by an increase in plantarflexion during loading response (5-9% of the stance phase) together with an increased calcaneus-midfoot joint dorsiflexion (0-20.9% of the stance phase) in the post-operative condition (Figure 3). There was also shown to be an increase in hallux-metatarsus dorsiflexion during propulsion (89-98.5% of the stance phase) in the post-operative condition. No significant differences in inter-segment angles were observed during midstance.

Control subjects versus patients after TAR

The two sample Hotelling's T 2 (SPM{T2}) showed significant differences between the two groups for all the intrinsic foot joints (Figure 4). Post-hoc analyses two sample t-tests suggested that these differences were found mainly in the sagittal plane where the patient group after TAR had lesser plantarflexion in the shank-calcaneus (88.5-100% of the stance phase), calcaneus-midfoot (92-100% of the stance phase) and midfoot-metatarsus (80-97.5% of the stance phase) joints compared to the control group (Figure 4). Furthermore, it revealed that patients after TAR exhibited lesser hallux-metatarsus dorsiflexion during propulsion (83.5-94% of the stance phase) compared to the control group. Post-hoc analyses two sample t-tests for individual components of patients after TAR versus control group suggested that the differences were also located in the frontal plane for shank-calcaneus joint and in the transverse plane for shank-calcaneus and calcaneus-midfoot joints: less shank-calcaneus eversion (7.5-15.5% of the stance phase) during loading response compared to control group, more abducted shank-calcaneus position (0-41%, 51-56% and 82.5-100% of the stance phase) during almost the entire stance phase compared to control group and less calcaneus-midfoot adduction (87-100% of the stance phase) during propulsion compared to control group (Figure 4).

DISCUSSION

This prospective study was designed to compare pre-and post-operative kinematics of the foot and ankle complex during gait of patients with end-stage ankle osteoarthritis treated with a TAR, as well as to compare the post-operative kinematics of the foot and ankle complex to a control group of asymptomatic subjects. Our first hypothesis was that patients with a fixedbearing implant would maintain their preoperative ankle inter-segment angle after surgery during the entire stance phase. This was only partially confirmed by the results as the shankcalcaneus angle did not increase after surgery from midstance to pre-swing. These results corroborate the findings of earlier studies (Brodsky et al., 2021b(Brodsky et al., , 2021a;;Deleu et al., 2021b).

Contrary to expectations, an increased shank-calcaneus plantarflexion was found during loading response compared to pre-operative condition. Loading response is characterized by the abrupt transfer of body weight onto the forward limb using the calcaneus as a rocker that has just finished swinging forward. Therefore, the differences in shank-calcaneus plantarflexion might be explained by the fact that patients were no longer afraid to land properly on their ankle joint during walking. The significant increase in spatiotemporal variables seems to further corroborate these findings, as they provide a good indicator for a greater sense of stability and decreased joint pain while walking post-surgery (Deleu et al., 2021b;[START_REF] Queen | Changes in pain, function, and gait mechanics two years following total ankle arthroplasty performed with two modern fixed-bearing prostheses[END_REF].

The second hypothesis in this study was that the kinematic behavior of the adjacent and non-adjacent foot joints would be less impaired post-operatively, since pain-mediated motion patterns would be alleviated by TAR. The findings of this study revealed an interesting biomechanical phenomenon, in which patients demonstrated an increased calcaneus-midfoot joint dorsiflexion during loading response after surgery. This may also represent a good indicator of decreased joint pain as the calcaneus-midfoot joint controls the longitudinal arch deformation under load (Deleu et al., 2020b). It is of clinical interest to note that an increase in dorsiflexion between the hallux and the metatarsus during pre-swing was found after surgery, which may have originated from a pre-operative disuse or arthrogenic muscle inhibition [START_REF] Von Tscharner | Classification of multi muscle activation patterns of osteoarthritis patients during level walking[END_REF]. The shank-calcaneus and hallux-metatarsus joints undergo the largest ranges of motion around their medial-lateral axis, while moving together in opposite directions during preswing (Deleu et al., 2020b). Despite no statistical differences being found in shank-calcaneus plantarflexion during pre-swing, a trend to a post-operative increase in shank-calcaneus plantarflexion, associated with a significant increase in hallux-metatarsus dorsiflexion, can be seen from the results (Figure 3). Similar significant improvements in gait after TAR have been shown by [START_REF] Fritz | Multi-segment foot kinematics during gait following ankle arthroplasty[END_REF] [START_REF] Fritz | Multi-segment foot kinematics during gait following ankle arthroplasty[END_REF]. Although the kinematic behavior of the foot joints distal to the affected ankle joint appears to have improved postoperatively, the extent to which the changes in foot joint angles are attributable to pain relief and as opposed to the production of a more mechanically "functional" ankle, cannot be determined.

The last hypothesis was that spatio-temporal parameters and multi-segment foot kinematics after TAR would be more in alignment with the values of the control group (third hypothesis).

However, the shank-calcaneus kinematics were not completely restored after surgery. Results demonstrated a significant reduction in shank-calcaneus plantarflexion during pre-swing and a more abducted position of the shank-calcaneus joint throughout almost the entire stance phase compared to controls. These findings are consistent with [START_REF] Fritz | Multi-segment foot kinematics during gait following ankle arthroplasty[END_REF] who reported the kinematic results in patients who underwent TAR with a two-component, fixed-bearing SALTO Talaris prosthesis using a multi-segment foot model compared to a control group [START_REF] Fritz | Multi-segment foot kinematics during gait following ankle arthroplasty[END_REF]. It is, however, unclear if this more abducted position of the shank-calcaneus joint was related to sustained preoperative compensatory strategy arising from ankle osteoarthritis, alterations in ligamentous tension, anatomical variations or pre-operative disuse or arthrogenic muscle inhibition (Deleu et al., 2020a;[START_REF] Fritz | Multi-segment foot kinematics during gait following ankle arthroplasty[END_REF][START_REF] Queen | Directing clinical care using lower extremity biomechanics in patients with ankle osteoarthritis and ankle arthroplasty[END_REF][START_REF] Von Tscharner | Classification of multi muscle activation patterns of osteoarthritis patients during level walking[END_REF].

The findings of this study should be in the context of three limitations. The first limitation is the short duration of follow-up (one year). Despite the improvement in the kinematic behavior of the ankle and intrinsic foot joints, it would be of clinical relevance to investigate if these improvements are maintained at intermediate and long-term follow-ups. Brodsky et al. (2021) reported a follow-up of almost 8 years after the implantation of a Scandinavian Total Ankle Replacement (STAR, Stryker, NJ, US) and found that their findings at long-term follow-up were consistent with their initial short-term findings (Brodsky et al., 2021a). The second limitation is the use of skin markers to estimate multi-segment foot kinematics. Soft-tissue artefact, reported as angular errors in the dorsi-/plantar-flexion, inversion/eversion and adduction/abduction angles, has been estimated to be as much as 2.45 degrees, 3.57 degrees and 4.28 degrees [START_REF] Kessler | A Direct Comparison of Biplanar Videoradiography and Optical Motion Capture for Foot and Ankle Kinematics[END_REF]. Although it should be noted that this artifact is likely to have affected both pre-and post-operative kinematics similarly, allowing for comparative analysis. Finally, since walking speed affects foot kinematics, caution should be exercised when interpreting the differences in joint RoM [START_REF] Dubbeldam | The effects of walking speed on forefoot, hindfoot and ankle joint motion[END_REF].

Increase in walking speed affects mainly foot joint motion in the sagittal plane during preswing characterized by a decrease in RoM at lower walking speeds [START_REF] Dubbeldam | The effects of walking speed on forefoot, hindfoot and ankle joint motion[END_REF].

It is however interesting to note that the increase in walking speed between pre-and postoperative conditions had no impact on the intrinsic foot joints during pre-swing except for then metatarsus-hallux joint. However, clear differences in the sagittal plane during pre-swing were observed between postoperative patients and control subjects. As the differences in walking speed between the conditions and the groups were limited 15 percent, one may presume that the observed kinematic differences are related to the intervention or to the pathologic condition. Therefore, future studies investigating foot joint kinematics should address this limitation by comparing post-operative subjects with speed-matched control subjects.

CONCLUSION

Patients with a fixed-bearing implant seem to maintain their ankle angles from midstance to pre-swing during gait after surgery. The outcome of this study further showed that changes in foot inter-segment angles after TAR are not restricted to the affected ankle joint, but seem also to affect the neighbouring foot joints. While multi-segment foot kinematics improved, they

were not restored to control values. The findings of this study further emphasize the clinical relevance of multi-segment foot modeling when assessing the outcome of TAR. 

FIGURE LEGENDS

Figure 1

 1 Figure 1 (A) preoperative and (C) postoperative standardized anteroposterior weight-bearing

Figure 2 :

 2 Figure 2: Inter-segment center definitions were defined according to an adapted version of

Figure 3 :

 3 Figure 3: Inter-segment angle waveforms representation with +/-1 standard deviation cloud

Figure 1 :

 1 Figure 1 : (A) preoperative and (C) postoperative standardized anteroposterior weight-bearing

Figure 2 :

 2 Figure 2: Inter-segment center definitions were defined according to an adapted version of

Figure 3 :

 3 Figure 3: Inter-segment angle waveforms representation with +/-1 standard deviation cloud

Figure 4 :Fig

 4 Figure 4: Between group comparison (post-operative data versus control data) inter-segment

  

  

  

  

Table 1 :

 1 Demographic data of patients suffering from end-stage ankle osteoarthritis (Abbreviations: BMI: body mass index; SD: standard deviation; N/A: not applicable; pre-op:

	pre-operative; post-op: post-operative; CTRL: control)

Table 1 :

 1 Demographic data of patients suffering from end-stage ankle osteoarthritis (Abbreviations: BMI: body mass index; SD: standard deviation; N/A: not applicable; pre-op:

	FIGURE LEGENDS
	pre-operative; post-op: post-operative; CTRL: control)

ACKNOWLEDGEMENTS

This study was funded in part by a clinical research Grant (BDB 2017/12) of the Belgische Vereniging voor Orthopedie en Traumatologie (BVOT). Sponsor had no involvement in this article.

COMPETING INTEREST STATEMENT

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper. 

Supplementary material: A priori power analysis results