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Abstract 
Background: Higher variability in gait parameters has been reported in patients’ with arthrosis of hip and knee joints, 
leading to dynamic instability and increased risk of falling. Higher variability and gait instability has also been noted to 
persist months after surgery. Ankle arthrosis is likely similar, but information regarding this is lacking. The purpose of the 
study was to evaluate gait variability following ankle arthrosis and its surgical treatments, ankle arthrodesis and total ankle 
replacement.  

Methods: Seventy participants, divided into controls, ankle arthrosis, ankle arthrodesis and total ankle replacement, 
performed gait assessment wearing 3-D inertial sensors through which gait parameters and the variability were compared 
among groups. Correlations between American Orthopedic Foot and Ankle score and Foot and Ankle Ability Measure 
score with the gait parameters and their variability were calculated.  

Results: All three case groups reported gait variability similar to that of the controls. On the contrary, significant 
differences (P < .01) were reported in several gait parameters when compared to the controls in all case groups. 
Furthermore, both clinical scores showed little to no correlation with gait variability and a good correlation was reported 
with gait parameters (P < .0001).  

Conclusions: The study did not find gait variability to be as reliable compared with gait parameters when assessing the 
outcome of ankle surgeries. Furthermore, among the gait parameters, walking speed showed a strong correlation with the 
patients’ functional status and is confirmed as an important parameter for ankle arthrosis. 
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1 Introduction 
Gait variability describes the fluctuation in gait parameters from stride to stride and has been reported as a quantifiable 
indicator of walking function [1]. It is expressed by the coefficient of variance (CV %) of spatiotemporal and kinematic 
parameters of gait. In a dynamic environment, gait variability plays a very important role in providing a stable and good 
functional mobility with time [1-3]. Hence, some variability in gait parameters is normal and important for stability and 
quality of movement. However, undesirably high or low variability in gait parameters due to a disturbance in gait 
regulating systems is not adaptive in nature and leads to instability, increasing the risk of fall [1, 2]. Pathologic joint laxity or 
restriction leads to compensatory gait patterns with biomechanical deficits, produced by the surrounding structures. This 
leads to the abnormal increase or decreases in gait variability and reduced postural stability due to the loss of normal 
sensorimotor integrity [4]. The importance of gait variability in assessing gait stability and regularity has been proven in 
several studies [5, 6]. Gait variability is also found to be more sensitive in assessing gait instability and fall risk compared to 
other methods [1, 5].  

In hip and knee arthrosis, instability and increased risk of falling has been found to be associated with higher gait 
variability. As such, it is suggested as a meaningful factor in assessing post-surgical outcome [7-11]. Studies have shown the 
existence of adapted gait mechanics in end-stage ankle arthrosis patients [12], which are also found to persist even after 
surgical correction of the disease [13-15]. Altered gait mechanics in ankle arthrosis, as in arthrosis of hip and knee joints, may 
result in reduced physical activity, gait instabilities and risk of fall [8, 9]. It is, therefore, important to understand the 
relationship between gait variability and gait stability in ankle arthrosis and after its surgical corrections.  

The present study aimed to assess gait variability-a marker of gait instability, gait irregularity and risk of fall in end stage 
ankle arthrosis and its two common surgical treatments: ankle arthrodesis and total ankle replacement. Participants gait 
were evaluated using an ambulatory measurement system. The working hypothesis of the study was that the gait 
parameters and their variability differ significantly in ankle arthrosis, ankle arthrodesis and total ankle replacement in 
comparison to the controls. Furthermore, the correlation between foot and ankle clinical scores and gait parameters along 
with their variability was assessed. 

2 Material and methods 

2.1 Participants 
The study included 70 participants divided into four groups: 15 ankle arthrosis, 20 total ankle replacement, 15 ankle 
arthrodesis, and 20 healthy controls. Patients with unilateral isolated end stage ankle arthrosis, stages 3 and 4 according to 
Kellgren and Lawrence [16], were included. The operated group consisted of patients with unilateral surgery (ankle 
arthrodesis or total ankle replacement), with no other pathology of the lower limbs, spine or other factors affecting gait. 
Inclusion criteria for healthy controls were the absence of any lower limb symptoms or pathology and or other factors 
affecting gait. All participants gave informed consent. A single surgeon performed both total ankle replacement and ankle 
arthrodesis surgeries. Patients’ selection for ankle arthrodesis or total ankle replacement was nonrandomized and based 
purely on patients interest. For total ankle replacement surgeries, (Salto, Tornier®, Montbonnot, FR), a mobile bearing 
implant with three components was used through an anterior approach. For ankle arthrodesis surgeries, internal fixation 
was performed through a lateral approach using 7.0 cannulated screws (Synthes®, Oberdorf, CH). The mean postoperative 
follow-up period for the two surgical groups for the gait assessment was 4.7 years (± 2.7 years). Approval of the ethics 
commission of the University hospital was obtained. 

2.2 Assessment method 
Clinical assessment was performed using the hindfoot score AOFAS (American Orthopaedic Foot and Ankle Score) [17] 

and the French version of daily activity sub score of the FAAM (Foot and Ankle Ability Measure) score [18]. The sports 
section of the FAAM was not included in the statistical comparison because most of our patients from all three groups had 
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left the section incomplete. Gait assessment was performed using 3D inertial sensors, which were connected to an 
ambulatory data-logger (Physilog®, BioAGM, CH). The sensors (3D accelerometers and gyroscopes) were attached to 
bony surfaces, minimizing the soft tissue artifact due to muscle contraction. The placement of the sensors was the same as 
in a previous validation study [15]. Participants were provided with custom made flat sandals that were available in various 
sizes. Based on the validated protocol, participants walked twice, at their preferred walking speed, along the 50-meter long 
hospital corridor [19]. Spatiotemporal and angular parameters of gait assessed include: cadence (step/min), stance time (gait 
cycle time [GCT%]), inner stance event (load, foot-flat and push-off) [20], stride (m), speed (m/sec), peak swing speed (PSS) 
(˚/sec), toe-off pitch angle (TOP) (˚) and heel-strike pitch angle (HSP) (˚). The affected side was tested for the study groups 
and randomly selected side for the controls.  

2.3 Statistical analysis 
For each trial of 50 m, the mean and standard deviation (SD) of each assessed parameter was estimated over all gait cycles 
after discarding the first three and last three gait cycles. After that, stride-to-stride variability was calculated using the 
coefficient of variation (CV% = 100 × SD/mean). Shapiro-Wilk test of normality was performed to test if the normal 
distribution exists in all groups for each assessed parameter. Results showed that most gait parameters and variability 
parameters were not normally distributed among the groups. Hence, robust non-parametric Wilcoxon rank sum test were 
performed to compare gait parameters and their variability between all four groups. Correlation between gait parameters 
and their gait variability with the clinical scores was calculated using Pearson’s correlation coefficient. For all statistical 
analysis, the level of significance was set at P < .01 instead of P < .05. This is because with multiple comparisons between 
groups, a lower significance threshold could have a higher probability of false positives.  However, for demographic and 
clinical score comparison the significant level was set at P < .05 as the multiple comparisons would not affect the outcome. 

3 Results 

3.1 Demographics & clinical score 
No significant difference was seen between the three case groups in age and body mass index (BMI). However, all three 
case groups were on average older and heavier (P < .05) compared to the controls. A significantly higher (P < .01) AOFAS 
score was reported in both surgical groups in comparison with the ankle arthrosis group. Furthermore, function sub score 
were found to be similar in ankle arthrosis and ankle arthrodesis groups. Lastly, the FAAM-ADL sub score showed 
improvement in both the operative groups in comparison to the ankle arthrosis group. However, the improvement was 
found to be significant only in total ankle replacement group (P = .01) when compared with the ankle arthrosis group (see 
Table 1). Both the clinical scores showed a significantly reduced functional status in patients of the three case groups in 
comparison to the controls.  

Table 1. Demographics and clinical scores of participants in control group and of patients, mean (SD) 

Physical characteristics Control Ankle arthrosis Ankle arthrodesis Total ankle replacement 

Age (years) 59.3 (8.9) 65.8(9.8) *  64.2 (9.3)* 63.6 (9.3)* 
BMI (Kg/m2) 24.36 (4.9)†¶∞ 29.7 (6.2)* 28.08 (6.4)* 28.72 (4.8)* 
Sex 16F/ 4M 10F/ 5M 9F/ 6M 8F/ 12M 
AOFAS Total 100 (0)†¶∞ 55 (20)*¶∞ 70 (11.5)†* 81.5 (20.7) †* 
Pain 40(0)†¶∞ 20 (20)*¶∞ 30 (15)†* 30 (7.5)†* 

Function 50 (0)†¶∞ 31 (8)*∞ 31 (4)*∞ 41 (8.7)†*¶ 

Alignment 10 (0)†¶∞ 5 (2.5)*¶∞ 10 (0)†* 10 (0)†* 
FAAM-ADL 100 (0)†¶∞ 61.2 (18.5) *∞ 68.75 (17.6)* 79.8 (17.4)*† 

Note. *indicated significance difference compared to controls, † represent significant difference compared to ankle arthrosis, ¶ indicates significant difference compared to 
ankle arthrodesis, ∞ represent significant difference compared to total ankle replacement (P < .05). AOFAS: American orthopaedic foot and ankle society hindfoot score, 
FAAM-ADL: Foot and ankle ability measure score - activity of daily living section. 
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3.2 Spatiotemporal and angular parameters of gait  
Results of gait parameters for the four groups are given in Table 2.  Comparing with the controls, the ankle arthrosis group 
showed significantly reduced cadence, load, push-off, stride, speed, PSS, HSP, TOP (P < .01) and increased foot-flat 
duration (P < .01). Similarly, ankle arthrodesis group showed significantly reduced cadence, push-off, stride, speed, peak 
swing speed, toe-off pitch angle  (P < .01) and increased foot-flat duration (P < .01). Whilst, total ankle replacement group 
showed significantly reduced cadence, push-off, speed, TOP (P < .01) and increased foot-flat duration (P < .01).  

Comparing with the AOA group, no significant difference was seen in the ankle arthrodesis group. However, total ankle 
replacement group showed a significantly increased cadence, stride, speed, peak swing speed, heel-strike pitch angle and 
toe-off pitch angle (P < .01). Lastly, a comparison between total ankle replacement and ankle arthrodesis group showed a 
significantly increased cadence, stride, speed, peak swing speed and reduced toe-off pitch angle (P < .01). 

Table 2.  Parameters of gait in controls and patients, mean (SD) 

Gait Parameters Control Ankle Arthrosis Ankle  Arthrodesis Total Ankle  Replacement 

Cadence  117.6 (1.3)†¶∞ 96.56 (16.5)* ∞ 100.1 (12.1)* ∞ 109.3 (9.4)†¶  

Stance (GCT%) 58.47 (1.99)  58.8 (2.4) 58.8 (2.7) 58.9 (2.2) 

Load (St%) 12.1 (3.3)† 9.7 (2.9)* 11.9 (4.4) 11.3 (2.4) 

Foot-flat (St%) 52.5 (5.9)†¶ ∞ 60.8 (10.2)* 61.1 (8.5)* 57.7 (6.1)* 

Push-off (St%) 35.5 (4.87)†¶ ∞ 29.6 (9.6)* 26.9 (5.6)* 30.98 (6.4)* 

Stride (m) 1.3 (0.1)†¶ 1.04 (0.2)*∞ 1.04 (0.18)*∞ 1.17 (0.12)†¶ 

Speed (m/s) 1.3(0.18)†¶∞ 0.84 (0.27)* ∞   0.87 (0.23)* ∞ 1.08 (0.2)*†¶ 

PSS (˚/s) 407.5 (52.7)†¶ 290.7 (73.7)* ∞  306.4 (47.4)* ∞ 372.1 (53.7)† ¶ 

HSP (˚) 20.48 (4.05)† 16.7 (5.2)*∞ 19 (5.4) 20 (4.4) † 

TOP (˚) -74.7 (7.6)†¶ ∞ -55.1 (10.2)*∞ -53.5 (6.9)*∞ -63.5 (8.6)*†¶ 

Note. *indicated significance difference compared to controls, † represent significant difference compared to ankle arthrosis, ¶ indicates significant difference compared to 
ankle arthrodesis, ∞ represent significant difference compared to total ankle replacement (P < .01). PSS: peak swing speed, HSP: heel-strike pitch angle, TOP: toe-off pitch 
angle. 

3.3 Variability in parameters of gait  
Results of gait parameter variability are given in Table 3.  

Table 3.  Stride to stride variability (expressed by CV% (100 × std/mean)) of gait parameter in controls and patients, mean 
(SD) 

Gait Parameter variability Control Ankle Arthrosis Ankle Arthrodesis Total Ankle Replacement 

Cadence 3.2 (1.1)†¶ 4.3(2.1)* 4.1 (1.3)* 3.4(1.0)  

Stance 2.8 (1.1)†¶ 3.8 (2.0)* ∞  3.3 (0.9)*  2.9 (1.2)† 

Load 
Foot-flat  
Push-off 

11.0 (3.1) 
6.7 (2.4)∞ 
8.5 (2.4) 

13.2 (6.5) 
6.3 (4.7) 
13.1 (8.1) 

13.1 (5.5) 
5.6 (2.1) 
9.3 (4.0) 

12.2 (4.9) 
5.68 (3.5)* 
8.9 (4.7) 

Stride 10.2 (2.5) 11.5 (4.4)  11.3 (3.36) 12.2 (2.7)  

Speed 11.7 (2.1)
 
 13.1 (4.6)  12 (2.4) 12.3 (2.5)

 
 

PSS 
HSP 
TOP 

9.6 (3.5)  
14.8 3.3) 
10.3 (3.7) 

11.3 (2.8)  
18.2 (9.5) 
12.3 (3.7) 

10.6 (3.2) 
15.4 (5.8) 
11.1 (3.3) 

10.2 (1.8)  
14.9 (3.2) 
10.7 (2.6) 

Note. *indicated significance difference compared to controls, † represent significant difference compared to ankle arthrosis, ¶ indicates significant difference compared to 
ankle arthrodesis, ∞ represent significant difference compared to total ankle replacement (P < .01). PSS: peak swing speed, HSP: heel-strike pitch angle, TOP: toe-off pitch 
angle. 
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patients. The working hypothesis of the study was that the gait variability differs significantly in ankle arthrosis, ankle 
arthrodesis and total ankle replacement groups in comparison to the healthy controls. The study, however, did not report 
much difference in variability between the controls and the three case groups. These results gave a contrasting outcome in 
comparison to the studies assessing variability in arthrosis of hip and knee joints where the variability was reported to be 
higher in comparison to the controls [8, 9]. 

Comparing the variability in ten gait parameters between the controls and the three case groups, significant differences 
were reported for ankle arthrosis and ankle arthrodesis in only 2 out of 10 parameters and for total ankle replacement one 
out of 10 parameters. In contrast, comparing the gait parameters between the controls and the case groups reported 
significant differences in ankle arthrosis (9/10 gait parameters), ankle arthrodesis (7/10 gait parameters) and total ankle 
replacement (5/10 gait parameters) groups.  Furthermore comparing variability between the ankle arthrosis group and the 
two surgical groups’ significant difference was reported in only stance variability in total ankle replacement group, whilst 
gait parameter comparison showed significant difference in 6 out of 10 parameters in total ankle replacement group. Lastly, 
the comparison between the two surgical groups showed no difference in variability, whilst in gait parameters 5 out of 10 
showed significant difference. As such, the study rejects the null hypothesis that gait variability is abnormally high 
following ankle arthrosis surgical treatments; ankle arthrodesis and total ankle replacement, in comparison to the healthy 
controls and  as well as among each other.   

In our study, the AOFAS and FAAM score results, representing the functional status of the patients, showed consistent 
results with previous studies [13, 15, 23, 24]. A moderate to strong correlation was reported between both the clinical scores and 
the gait parameters in comparison to their variability. This suggests that the gait parameters relates better with the clinical 
status of the patient than their variability. On the contrary, the clinical score for knee had shown a strong correlation with 
the variability of knee motion in severe knee arthrosis [9]. No clear correlation was seen between age and gait parameters 
and or variability. The reason could be the patients’ age (average 65 years), which is considered relatively early for the 
initiation of the age related general neuromuscular deterioration [3, 5]. Furthermore, BMI also showed weak correlation with 
the gait variability, similar to the previous study assessing gait variability in knee arthrosis [9].  

Arthrosis of hip and knee joints is mostly due to idiopathic degeneration and tends to appear at an older age in comparison 
to ankle arthrosis, 70% of cases have a post-traumatic origin and most patients develop the disease at a relatively young 
age [23]. Elderly patients along with the existing insufficient neuromuscular control due to hip or knee degeneration may be 
the reason behind the high incidence of fall during the early postoperative phase [7]. Furthermore, the major postural 
muscles of the lower limbs including quadriceps, gluteus, and hamstrings are affected (wasting and or compensatory over 
activity) with arthrosis of knee and hip joints [25-27], affecting the balance and increasing the risk of fall. Muscles affected 
significantly in end stage ankle arthrosis include medial soleus and only fatty degeneration was reported in other  
muscles [28]. This may be the reason postural stability remains preserved in ankle arthrosis as well as why gait variability 
parameters are not as important in ankle arthrosis as they are in arthrosis of other weight bearing joints.   

Strength of the study is the large cohort size, including ankle arthrosis, ankle arthrodesis and total ankle replacement 
patients, which revealed more precise results of comparison between the four study groups. The ambulatory gait analysis 
system used in the study also allowed measurement of several strides at a time, in an open environment-necessary for an 
accurate assessment of gait variability [3]. The study, however, also has some limitations. In FAAM, only ADL section of 
the score was utilized, instead of the complete score (ADL + sports). However, the purpose of the score was to find the 
extent of the correlation between functional status and gait variability. The results reported utilization of the FAAM-ADL 
was also conclusive irrespective of the inclusion of the sports section results.  It is important to note that one cannot assume 
causality of the defined outcome of either of the surgical groups based purely on surgical intervention due to a lack of 
pre-operative data. On average there was a difference in demographics of controls compared to the study groups but our 
results showed no effect of age or BMI on the outcome of variability. Furthermore, the difference of 5 years between the 
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controls and the case groups would not affect the gait results so significantly as to alter the outcome, and hence, this was 
considered to have little impact on the conclusions.  

In conclusion, the study found that, unlike in hip and knee joint problems, gait variability is not an important parameter as 
compared to other parameters of gait for ankle joint pathologies. The study found that gait variability in ankle arthrosis, 
ankle arthrodesis and total ankle replacement patients were comparable to controls. However, gait parameters in all three 
case groups were found to be significantly different. As a result, the study found no additional information in patients’ 
status utilizing gait variability parameters. The study, therefore, concludes that there is no evidence for basing the outcome 
assessment of an ankle arthrosis surgery on gait variability. 
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