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Abstract

:

Studies have demonstrated the validity of Kinect-based systems to measure spatiotemporal parameters of gait. However, few studies have addressed test-retest, inter-rater and intra-rater reliability for spatiotemporal gait parameters. This study aims to assess test-retest, inter-rater and intra-rater reliability of SANE (eaSy gAit aNalysis system) as a measuring instrument for spatiotemporal gait parameters. SANE comprises a depth sensor and a software that automatically estimates spatiotemporal gait parameters using distances between ankles without the need to manually indicate where each gait cycle begins and ends. Gait analysis was conducted by 2 evaluators for 12 healthy subjects during 4 sessions. The reliability was evaluated using Intraclass Correlation Coefficients (ICC). In addition, the Standard Error of the Measurement (SEM), and Smallest Detectable Change (SDC) was calculated. SANE showed from an acceptable to an excellent test-retest, inter-rater and intra-rater reliability; test-retest reliability ranged from 0.62 to 0.81, inter-rater reliability ranged from 0.70 to 0.95 and intra-rater ranged from 0.74 to 0.92. The subject behavior had a greater effect on the reliability of SANE than the evaluator performance. The reliability values of SANE were comparable with other similar studies. SANE, as a feasible and markerless system, has large potential for assessing spatiotemporal gait parameters.
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1. Introduction


The restoration of autonomous and functional ambulation is a major priority. A gait study can identify variations and movements impairments that can help to make therapeutic decisions and to estimate the recovery status. Clinical gait analysis may also help to distinguish between disease entities and to determine the risk of disease or injury [1,2,3,4]. Base clinical gait evaluations are primarily observational or gait speed-based and they are ideal for measuring, tracking and evaluating a wide range of population functions and general health [5]. However, base clinical gait evaluations do not have the precision or the richness of the data of instrumented methods which are necessary for comprehensive gait analysis on the kinematic and spatiotemporal aspects of the gait cycle [3,4]. However, instrumental gait analysis calls for expensive instruments, which in clinical settings are not always available.



Precise, non-intrusive and cost-efficient clinical gait analysis devices have many diagnosis, tracking, treatment and recovery uses [3,6]. Such uses include early detection and evaluation, assessing drug efficacy in the home or even improving care directly. A number of methods for gait analysis have been suggested in the state of art. Marker systems typically use infrared (IR) cameras and markers to be placed on the subject’s body. These systems are reliable, but also very expensive and unsustainable. In addition, before each capture session, passive or active markers have to be placed on the body correctly.



The use of wearable sensors has been proposed in recent studies [7]. These systems are suitable for ambulatory measurements at home since they are small, easy, mobile and cheaper. Wearable sensors need to be positioned correctly and safely. In addition, the weight, noise and signal drift must be taken into account. Each sensor is normally limited to measuring very few gait properties and thus, a number of sensors are needed to obtain a complete analysis. In addition, these sensors entail adjustments to the subject’s daily routine. Furthermore, they often need maintenance in the form of batteries, data upload and sanitation. To avoid these inadequacies, in the context of gait analysis, individuals can be identified using single or multiple video cameras [8,9].



Three-dimensional (3D) depth sensing may provide useful healthcare data such as location, posture and movement of patients [10]. In addition, it can collect 3D body physics measurements [10]. This ability to produce quantitative data helps meet the clinician’s need to make decisions based on accurate measures and promote cost-effective custom medical practice [11]. A well-known 3D depth sensor is Microsoft Kinect (Microsoft Co., Redmond, WA, USA), named Kinect v2 in its latest version. Kinect is an input system designed for XBox video game console computer gaming. The sensor allows a user to communicate in virtual reality through body motion, hand movements and speech commands. The sensor uses color camera, infrared (IR) emitter and IR sensor to create a three-dimensional (3D) image containing a cloud with a location and surface of more than 200,000 points representing the object as coordinates x, y and z. Kinect can be used to promote a healthy life by tracking patterns of activity, by collecting health data, or by detecting early warning sings in elderly or poor health people [12]. In addition, Kinect applications are used for disease control and monitoring as well as to determine patient attitude and motion [10,11,13,14,15], and to design rehabilitation exercises and therapy devices [16,17,18,19].



In previous works, we applied a supervised approach to the learning process to determine gait parameters automatically and precisely using a simulated 3D skeleton [20]. It helped to go beyond normal stage parameters. The proposed method was compared with one commercial vision system used in protocols for clinical trials. The findings showed that the method is equivalent to the commercial system. Currently, the gait analysis system described in [20] is an end-product ready for end-users (noncommercial yet) that has been named SANE (eaSy gAit aNalysis systEm). SANE system is a low-cost, non-intrusive solution which can accurately measure a wide range of gait parameters via a depth sensor and a connected software working together. One of the main advantages of SANE is that the parameter calculation is carried out automatically, that is, it is not necessary to manually indicate where each gait cycle begins and ends since SANE detects it automatically using the distance between ankles. SANE uses a Microsoft Kinect v2 sensor (Microsoft Co., Redmond, WA, USA) as the depth sensor.



Inter-method reliability assesses the agreement between measures of different methods or instruments. Therefore, a new method or instrument can be compared with existing methods calculating the inter-method reliability [21]. Recent studies have addressed the inter-method reliability of Kinect-based systems for gait analysis and promising results have been found for spatiotemporal parameters with respect to other existing methods/systems, as demonstrated in the detailed review about validity of the Kinect for gait assessment in [1]. For example, authors in [22] found a good to excellent agreement between the measures of spatiotemporal gait parameters (gait speed, cadence, step length, stride length, step width, step time and stride time) of a Kinect V2-based system, compared with a 60 Hz Optotrak System 3D motion analysis (Northern Digital Inc., Waterloo, ON, Canada) and a standardized clinical method namely 10 m walking test (10 MWT). As well, the authors in [10] found excellent agreement between the spatiotemporal measures namely gait speed, step length and stride length of a Kinect-based system compared with a 120 Hz VICON 3D motion analysis (VICON, UK). Other comparable results are described in detail in the focused review about the validity of Kinect for gait assessment in [1], when the inter-method reliability is addressed for Kinect-based systems, generally at the same time the intra-rater reliability is assessed [10,23]. However, few studies include test-retest reliability, the intra-rater reliability and inter-rater reliability of Kinect-based systems when it is used for assessing spatiotemporal parameters of the human gait [24,25,26]; particularly, inter-rater reliability is almost never addressed. However, the three—test-retest, inter-rater and intra-rater reliability—are important to assess the agreement between measures of an instrument. The test-retest reliability allows to assess the agreement between measures obtained by one evaluator that tests a same group of subjects at different times (when giving the same task to the same subjects two or more times). The inter-rater reliability allows to assess the agreement between the measures obtained by two different evaluators that test the same group of subjects (when giving the same observations to two or more evaluator). Intra-rater reliability allows to assess the agreement between repeated measures obtained by one evaluator that tests a same group of subjects (when giving repeatedly the same observations to one evaluator) [27,28,29,30,31,32]. The training of the evaluator and the standardization of the task influence the inter-rater and intra-rater reliability. On the other hand, a highly dependent on the situation or on the subject’s condition influences the test-retest reliability [27]. This study aims to assess the test-retest, inter-rater and intra-rater reliability of SANE for spatiotemporal parameter of the gait. The estimation of test-retest, inter-rater and intra-rater reliability of SANE were carried out in order to verify through the agreement between measures that SANE is a feasible markerless system for assessing spatiotemporal gait parameters.




2. Materials and Methods


2.1. Participants


This study was carried out at the Biomechatronics Lab of the IRRCS Neuromed-Mediterranean Neurological Institute with the participation of 12 healthy subjects: 7 males and 5 females. The subjects voluntarily participated in this study. The subjects do not have any physical contact with any instrument or person during this study since it is used a non-invasive and non-contact method. In addition, it is important to mention that during this study the subjects carried out an activity that is part of their daily live routine: walking a few steps. The inclusion criteria were: absence of any neurological problems and absence of diseases or injuries that can affect the gait cycle. Inclusion or exclusion criteria were not imposed regarding age, height, weight or gender. Characteristics of the subjects included in the study are shown in Table 1. The age of the subjects ranges from 28 to 55 years, the weight from 64 to 100 kg, and the height from 1.58 to 1.78 m.




2.2. Description of SANE


SANE (eaSy gAit aNalysis systEm) [20], is a low-cost and smart system that non-intrusively can accurately measure a wide range of gait parameters. SANE is composed by a depth sensor (Kinect V2) and a user interface with an algorithm that automatically calculates gait parameters using the tracked points of the human body. That is, it is not necessary to manually indicate where each gait cycle begins and ends since SANE automatically detects each gait cycle. SANE, through the use of the depth sensor, is able to record the position in real time of various key points of the human body that can reconstruct a virtual skeleton. Using the key points, SANE automatically calculate the gait parameters and plots the trend of points of the hip, knee, ankle and pelvis, as well as the foot distance and ankle distance. SANE was developed at Biomechatronics Lab of the IRRCS Neuromed-Mediterranean Neurological Institute. SANE arises from the need to have a non-contact and low-cost system for gait analysis so that medical specialists can evaluate the gait in patients that, due to their health condition, it is impossible to use markers or invasive devices on them. A system like SANE (that does not require calibration, is low-cost, uses only one sensor, does not require a structured environment, can be used at home, does not require any physical contact between none of the parts of the system and the subject, has a dedicated graphic interface, does not require markers or references points and automatically calculates the spatiotemporal gait parameters without the need to manually indicate where each gait cycle begins and ends) is not commercially available for spatiotemporal gait analysis.



A Flow-chart with the acquisition procedure using SANE is shown in Figure 1. First, the subject is asked to start walking. The specialist starts the acquisition and the depth sensor (Kinect V2) start to communicate with the software for data collection, meanwhile the trend of point coordinates of the hip, knee, ankle and pelvis, as well as the foot distance and ankle distance are plotted. The real-time plots are useful for the specialist to check both if the dataflow is going and if there is some problem in the subject walking. When the subject arrives to the end of the prescribed path the acquisition is stoped and the data is saved to the subject folder inside the section folder. When the walking section is finished and the data has been saved, it is possible to compute all the mean data and the gait parameters in terms of gait cycle duration, step duration, cadence, gait cycle length and mean velocity. Multiple trials can be saved. However, one trial is enough to calculated the gait parameters.



SANE is able to automatically detect a gait cycle using ankle distances. If the first step is done using the left foot the gait cycle is between two subsequent local minima of the function, while if the first step is done with the right foot, the gait cycle is between two subsequent local maxima of the ankle distance plot.



The specialist is helped and guided though a user-friendly interface programmed in C#, Figure 2. The Area marked with 1 of the user interface presents the virtual skeleton view, a text field to input the subject name and a drop-down menu to select starting foot, important for the automatic step detection. The buttons in Area 1 are used to start or stop motion recording clear real-time plots or save the walking trial. Every parameter of every single walk is saved. When the user clicks on the button named “Run Matlab analysis”, an instance of Matlab 2017b (MathWorks Inc., Natick, MA, USA) is called for, calculating the gait parameters. The area marked with 2 is where the collected data can be seen plotted in real-time. Having detected the gait cycle, the system operates the cutting smoothing and alignment operations accordingly. At the end of all the mentioned operations, the mean gait parameters are shown on the interface in the Area 3 in terms of gait cycle duration, step duration, cadence, gait cycle length and mean velocity.




2.3. Procedure


Gait parameters were assessed by SANE for the 12 subjects: cycle duration, step duration, cadence, cycle length and mean velocity. Figure 3 shows the experimental layout used to carry out the data collection. A walking path of 2.3 m was pointed with tape on the floor. The starting and ending of the walking path were pointed with perpendicular lines. In order to obtain a frontal view of the subjects, the depth sensor of SANE was placed in front of the walking path at a height of 0.9 m and a distance of 1.7 m from the ending point. A trial consisted of the subject having to walk from the starting to the ending of the path in Figure 3, so that the subject was positioned in front of the depth sensor and walked towards the depth sensor. While the subject was walking, SANE collected the required data to calculate the gait parameters as explained in Section 3.2. Each subject walked with his/her natural speeds and gait patterns.



The test protocol consisted of four sessions. During each session, each subject performed 10 trials that SANE used to calculate the mean of the gait parameters. So that, mean of gait parameters was obtained for each subject during each session. All subjects participated in all sessions. Session 1, Session 2 and Session 3 were carried out successively in the same day and Session 4 after a seven-day interval. Two trained evaluators (Eval 1 and Eval 2) were part of the experiment. On the first day, Session 1 and Session 2 were carried out successively by the first evaluator (Eval 1) and Session 3 was carried out by the second evaluator (Eval 2), Table 2. Seven days later, Session 4 was carried out by the first evaluator (Eval 1), Table 2. Both evaluators had at least 8 years of experience in motion analysis and they are trained in the use of SANE. Each evaluator explained the procedure to each subject before each session. During each session, each evaluator indicated to the subjects when they should start walking and when they could return to their starting position.



The measures obtained from Session 1 and Session 2 (both performed by Eval 1 on the first day) were used to estimate the intra-rater reliability. Session 1 (performed by Eval 1) and Session 3 (performed by Eval 2) were used to estimate the inter-rater reliability. Session 2 (performed by Eval 1 on the first day) and Session 4 (performed by Eval 1 on seven days later) were used to estimate the test-retest reliability [12] (Table 3). Since the evaluators must give instructions to the subjects during the sessions, intra-rater reliability and inter-rater reliability allow to estimate the influence of the evaluators and the standardization of the task in the acquired measures when they are collected repeatedly by an evaluator (intra-rater reliability) and when they are collected by different evaluators (inter-rater reliability). On the other hand, since the subject behavior influences the walking performance, test-retest reliability allows to estimate the influence of the subject behavior in the acquired measures when the same subject perform the same task two or more times.




2.4. Statistical Analysis


In order to measure the test-retest reliability, the inter-rater reliability and the intra-rater reliability, the intra-class correlation coefficient (ICC) was computed with 95% confidence interval (CI). Table 4 shows the value ranges used to interpret ICC values [28]. ICC for test-retest reliability and intra-rater reliability was based on 2-way mixed effects, using mean of multiple measurements and absolute agreement, according to advice for choosing ICC in [29,30,31,32]. The intra-rater reliability allowed to assess the agreement between repeated measures obtained by one evaluator that used SANE to test the same group of subjects. The test-retest reliability allowed to assess the agreement between measures obtained at different times (7-day interval) by one evaluator that use SANE to the same group of subjects. ICC for inter-rater reliability was based on two-way random effects using average measures with absolute agreement, according to advice for choosing ICC in [29,31], so that the systematic errors of both evaluators (Eval 1 and Eval 2) and random residual errors were taken into account. The inter-rater reliability allows to assess the agreement between the measures obtained by Eval 1 and Eval 2 that used SANE to test the same group of subjects.



In addition, Standard Error of Measurement (SEM) and Smallest Detectable Change (SDC) were calculated. SEM was calculated used the formula [33]:


  SEM = SD   1 − ICC    



(1)




where SD corresponds to the Standard Deviation of measurements. To calculate SEM% (independent of the measurements units), the following formula was used [34]:


   SEM %  =  (  SEM /  X ¯   )  100  



(2)




where    X ¯    is the mean for all measurements from the evaluated sessions. SDC was calculated as [35]:


  SDC = 1.96  2     SEM   



(3)







To calculate SDC% (independent of the measurements units), the following formula was used [34]:


   SDC %  =  (  SDC /  X ¯   )  100  



(4)







SEM% < 5% is considered acceptable in this study. Score interpretation of SDC% is shown in Table 5 [25,36]. All statistical calculations were carried out in Matlab 2017b (MathWorks Inc., Natick, MA, USA); ICC algorithms in [37,38] were used.





3. Results


3.1. Gait Cycle Duration


Results for gait cycle duration are shown in Table 6. Measurements of gait cycle duration obtained an excellent intra-rater reliability (ICC = 0.87) with an acceptable SEM (2.7%) and an excellent SDC (7.6%). The test-retest reliability was modest (ICC = 0.62) with a SEM of 5.5% and an acceptable SDC (15.2%). The inter-rater reliability was modest (ICC = 0.72) with a SEM of 5.9% and an acceptable SDC (16.4%).




3.2. Gait Step Duration


Results for gait step duration are shown in Table 7. Measurements of gait step duration got an excellent intra-rater reliability (ICC = 0.87) with an acceptable SEM (2.7%) and an excellent SDC (7.6%). The test-retest reliability was modest (ICC = 0.62) with a SEM of 5.5% and an acceptable SDC (15.2%). The inter-rater reliability was modest (ICC = 0.72) with a SEM of 5.9% and an acceptable SDC (16.4%).




3.3. Gait Cadence


Results for gait cadence are shown in Table 8. Measurements of gait cadence presented an excellent intra-rater reliability (ICC = 0.80), with an acceptable SEM (3.6%) and an excellent SDC (9.9%). The test-retest reliability was excellent (ICC = 0.77), with an acceptable SEM (3.5%) and an excellent SDC (9.7%). The inter-rater reliability was excellent (ICC = 0.87), with an acceptable SEM (4.1%) and an acceptable SDC (11.4%).




3.4. Gait Cycle Length


Results for gait cycle length are shown in Table 9. Measurements of gait cycle length presented a modest intra-rater reliability (ICC = 0.74), with an acceptable SEM (2.4%) and an excellent SDC (6.6%). The test-retest reliability was modest (ICC = 0.68), with an acceptable SEM (2.7%) and an excellent SDC (7.6%). The inter-rater reliability was modest (ICC = 0.70), with an acceptable SEM (2.9%) and an excellent SDC (8.1%).




3.5. Gait Mean Velocity


Results for mean velocity measurements are shown in Table 10. Gait mean velocity measurements obtained an excellent intra-rater reliability (ICC = 0.95), with an acceptable SEM (2.1%) and an excellent SDC (5.8%). The test-retest reliability was excellent (ICC = 0.81), with an acceptable SEM (3.3%) and an excellent SDC (9.2%). The inter-rater reliability was excellent (ICC = 0.95), with an acceptable SEM (2.0%) and an excellent SDC (5.4%).





4. Discussion


This study aimed to assess the test-retest, inter-rater and intra-rater reliability of SANE for estimating gait parameters: cycle duration, step duration, cadence, cycle length and mean velocity. The test-retest, inter-rater and intra-rater reliability were excellent for gait mean velocity. The intra-rater reliability was excellent for gait cycle duration, step duration, cadence and mean velocity, and modest for gait cycle length. The test-retest was excellent for gait cadence and mean velocity, and modest for gait cycle duration, step duration and cycle length. The gait mean velocity showed an excellent inter-rater reliability, and the other valued parameter presented a modest inter-rater reliability. No parameters presented a poor correlation. Summarizing for all parameters, test-retest reliability ranged from 0.62 to 0.81, inter-rater reliability ranged from 0.70 to 0.95 and intra-rater ranged from 0.74 to 0.92.



Since inter-rater and intra-rater reliability were close with small differences for all parameters, the training of the evaluators and the standardization of the task indicate to have a small effect on the reliability of SANE. On the other hand, test-retest reliability was lower than intra-rater and inter-rater reliability showing that the subject behavior has a greater effect on the reliability of SANE than the evaluator performance and the standardization of the task. Although it was suggested to the subjects to carry out a walk as natural as possible, it is evident that it is difficult to perform an identical walk seven days later.



The authors found that reliability studies for spatiotemporal parameters of the gait using the depth sensors Kinect usually focus on inter-method reliability comparing their measurements with the measurements of other existing systems and few of them are related with test-retest, inter-rater and intra-rater reliability of the system itself. Therefore, the results found in the study are difficult to compare with other depth sensor-based systems in terms of test-retest, inter-rater and intra-rater reliability. In [24,33] inter-day reliability (test-retest) was calculated for depth sensor-based system (Kinect v2). In [33], a one-day interval was used to perform a second session to test gait parameters of 10 children with cerebral palsy. However, the parameters evaluated are different from those evaluated in this study thus the reliability results cannot be compared. In [24], inter-day reliability (test-retest) of spatiotemporal and kinematic variables of the gait were estimated for a depth sensor-based system (Kinect v2) using seven-day interval (with injury-free/young subjects); reliability of spatiotemporal ranged from 0.55 and 0.87 (with comfortable pace) except for ground contact time (s) that had an ICC of 0.03. Test-retest reliability of SANE is within the reliability range found in [24], since the ICCs for SANE measurements ranged from 0.62 to 0.81. Therefore, it can be said that SANE has an acceptable behavior in terms of reliability when used in different days (seven-day interval). However, strategies could be tested to help the subjects have additional references during a walk test, apart from the signs on the floor, with the aim of reducing the influence of subject behavior in the test-retest measurements. For example, music background or sound references could help set a similar pace from session to session.



In [25], inter and intra-rater reliability, standard error of measurement and minimal detectable change of gait parameters were calculated for a depth sensor-based system (Kinect v2). In [25], the intra-rater reliability for spatiotemporal parameters ranged approximability from 0.77 to 0.98 and the inter-rater reliability from 0.64 to 0.98. The sessions for the intra-rater reliability were carried out within 24 h. The intra-rater reliability of SANE ranged from 0.74 to 0.92 being comparable to the intra-rater reliability values found in [25]. In addition, the inter-rater reliability of SANE ranged from 0.70 to 0.95 being within the range of inter-rater reliability found in [25]. Therefore, it can be considered that SANE has an acceptable behavior in terms of reliability when it is used during repeated measurements by a same evaluator and when it is used by different evaluators. The authors in [25] consider that their results about inter and intra-rater reliability are supported by the preliminary studies in [24,26]. However, in [24] (reference already addressed in the previous paragraph) the results can be better compared with the test-rest reliability type since the reliability in [24] was estimated using seven days interval between sessions. In [26], inter-trail reliability (which can be considered intra-rater reliability) for a depth sensor-based system (Kinect v2) ranged from 0.73 to 0.96 for spatiotemporal parameters. Therefore, intra-rater reliability of SANE and the Kinect based system in [25] are within the range of the results found in [26]. In [39], inter and intra-rater reliability were assessed for a depth sensor-based system (Kinect) for subject standing height, vertical jump height and broad jump length, finding that the reliability is comparable to clinically accepted manual measurements. However, in [39], spatiotemporal parameter of the gait was not addressed.



Test-retest reliability (from 0.62 to 0.81), inter-rater reliability (from 0.70 to 0.95) and intra-rater reliability (from 0.74 to 0.92) of SANE are comparable with those of the one of the most popular gait analysis systems VICON (three-dimensional motion analysis system): in [40], test-retest reliability and inter-tester reliability of VICON 140™ ranged from 0.97 to 0.99 for the sagittal plane, from 0.76 to 0.98 for the frontal plane and from 0.73 to 0.90 for the transverse plane; in [41], inter-session (between two sessions with a two-day interval) was >0.82 and the intra-session (between five trials) was ≥0.78 for VICON system. Furthermore, the test-retest reliability for spatiotemporal parameters of the three-dimensional motion analysis system (3DMA) (not Kinect) used in [24] ranged from 0.63 to 0.85 except for ground contact time(s) that had an ICC of 0.21. Therefore, test-retest reliability of SANE is comparable with 3DMA. On the other hand, it is important to mention that the authors in [25] found that the inter-rater and intra-rater reliability obtained by their Kinect v2-based system are comparable to the clinical tools 10MWT (10 Meter Walk Test, used to assess walking speed) and DGI (Dynamic Gait Index, to assess gait, balance and fall risk). As well as the authors in [26] demonstrated that their Kinect v2-based system showed a high inter-method reliability for spatiotemporal parameters when it is compared with the system GAITRite mat. In addition, it is important to mention that SANE showed an excellent inter-method reliability when it was compared with the measures of VICON cameras system in a previous study in [20].



The SEM% for reliability tests for gait cadence, cycle length and mean velocity were acceptable (<5.0%). Although SEM% of test-retest and inter-rater reliability for gait cycle duration and step duration were ≤5.9% (close to accepted values), SEM% values of SANE are comparable to the results for spatiotemporal variables in [24] where SEM% using Kinect v2 was <16.8% and using 3DMA system <15.2%. SDC% for all reliability tests were from acceptable to excellent (<16.4%). SDC% values of SANE are comparable to the results in [25] for spatiotemporal variables using Kinect v2 where SDC% was <23.9%, except for Double support time and Step asymmetry.




5. Conclusions


Although this study has some limitations (gait analysis was obtained from 12 subjects) the results are promising. Future studies intend to expand the sample as well as evaluating SANE as measuring instrument to assess spatiotemporal gait parameters in subjects with gait impairments. SANE showed from an acceptable to an excellent test-retest, inter-rater and intra-rater reliability; test-retest reliability ranged from 0.62 to 0.81, inter-rater reliability ranged from 0.70 to 0.95 and intra-rater ranged from 0.74 to 0.92. The reliability values of SANE were comparable with other Kinect-based studies and with the most popular gait analysis systems. Since subject behavior had a greater effect on the reliability of SANE than the evaluator performance, in future work, the effects of the subjects’ dresses on the intra-rater and test-retest reliability of SANE could be studied, as well as the effects of using reference sounds or music background during the test. SANE is a complete, non-intrusive and low-cost system to assess spatiotemporal gait paraments with great potential for assessing spatiotemporal parameters. The main advantage of SANE is that it automatically detects each gait cycle and automatically calculates spatiotemporal gait parameters. Since few studies address test-retest, inter-rater and intra-rater reliability of Kinect-based systems, the authors consider that the found results in this paper can be useful for other researchers. The results in this study can serve as a baseline to compare other Kinect-based systems in terms of the agreement between measures related to repetitions, time and evaluators.
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Figure 1. Gait analysis procedure flow-chart. 
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Figure 2. SANE (eaSy gAit aNalysis system) interface: (a) overview; (b) zoom-Area 1; (c) zoom-Area 2; (d) zoom-Area 3. 
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Figure 3. Experiment layout. 






Figure 3. Experiment layout.
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Table 1. Characteristics of the subjects included in the study, n = 12.
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	Subject
	Age (Years)
	Weight (kg)
	Height (m)
	Sex





	1
	47
	70
	1.77
	M



	2
	31
	80
	1.77
	M



	3
	29
	58
	1.70
	M



	4
	35
	79
	1.75
	M



	5
	32
	85
	1.65
	M



	6
	31
	64
	1.70
	F



	7
	55
	82
	1.58
	F



	8
	31
	70
	1.78
	F



	9
	28
	65
	1.70
	M



	10
	45
	100
	1.80
	M



	11
	29
	92
	1.82
	M



	12
	42
	82
	1.59
	F
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Table 2. Sessions, days and evaluators orders.






Table 2. Sessions, days and evaluators orders.





	

	
First Day

	
Seven Days Later






	
Eval1

	
Session 1

	
Session 4




	
Session 2




	
Eval2

	
Session 3
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Table 3. Sessions used for reliability estimation.






Table 3. Sessions used for reliability estimation.





	

	
Intra-Rater Reliability

	
Inter-Rater Reliability

	
Test-Retest Reliability






	
Eval 1

	
Session 1 (1st day)

	
Session 1 (1st day)

	
Session 2 (1st day)




	
Session 2 (1st day)

	
Session 4 (7 days later)




	
Eval 2

	

	
Session 3 (1st day)
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Table 4. Intra-class correlation coefficient (ICC) values interpretation [28].
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	ICC
	Interpretation





	0–0.39
	Poor reliability



	0.4–0.74
	Modest reliability



	0.75–1
	Excellent reliability
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Table 5. Smallest Detectable Change (SDC) values interpretation [25,36].
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	SDC%
	Interpretation





	<10%
	Excellent



	10–30%
	Acceptable



	>30%
	Poor
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Table 6. Results for gait cycle duration.






Table 6. Results for gait cycle duration.





	

	

	
Mean ± SD (s)

	
ICC

	
SEM

	
SDC






	
Intra-rater reliability

	
Session 1

	
1.13 ± 0.20

	
0.87 (0.47–0.96)

	
0.06 (2.7%)

	
0.17 (7.6%)




	
Session 2

	
1.20 ± 0.15




	
Test-retest reliability

	
Session 2

	
1.20 ± 0.15

	
0.62 (−0.34–0.89)

	
0.13 (5.5%)

	
0.37 (15.2%)




	
Session 4

	
1.24 ± 0.29




	
Inter-rater reliability

	
Session 1

	
1.13 ± 0.20

	
0.72 (0.11–0.92)

	
0.14 (5.9%)

	
0.38 (16.4%)




	
Session 3

	
1.22 ± 0.33
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Table 7. Results for gait step duration.
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Mean ± SD (s)

	
ICC

	
SEM

	
SDC






	
Intra-rater reliability

	
Session 1

	
0.56 ± 0.10

	
0.87 (0.47–0.96)

	
0.03 (2.7%)

	
0.09 (7.6%)




	
Session 2

	
0.60 ± 0.07




	
Test-retest reliability

	
Session 2

	
0.60 ± 0.07

	
0.62 (−0.34–0.89)

	
0.07 (5.5%)

	
0.19 (15.2%)




	
Session 4

	
0.62 ± 0.15




	
Inter-rater reliability

	
Session 1

	
0.56 ± 0.10

	
0.72 (0.11–0.92)

	
0.07 (5.9%)

	
0.19 (16.4%)




	
Session 3

	
0.61 ± 0.16
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Table 8. Results for gait cadence.
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Mean ± SD (Step/min)

	
ICC

	
SEM

	
SDC






	
Intra-rater reliability

	
Session 1

	
110.12 ± 22.04

	
0.80 (0.26–0.94)

	
7.56 (3.6%)

	
20.94 9.9%)




	
Session 2

	
101.69 ± 11.94




	
Test-retest reliability

	
Session 2

	
101.69 ± 11.94

	
0.77 (0.17–0.93)

	
7.08 (3.5%)

	
19.61 (9.7%)




	
Session 4

	
100.01 ± 17.37




	
Inter-rater reliability

	
Session 1

	
110.12 ± 22.04

	
0.87 (0.57–0.96)

	
8.80 (4.1%)

	
24.38 (11.4%)




	
Session 3

	
104.40 ± 26.80
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Table 9. Results for gait cycle length.
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Mean ± SD (m)

	
ICC

	
SEM

	
SDC






	
Intra-rater reliability

	
Session 1

	
0.95 ± 0.10

	
0.74 (0.03–0.92)

	
0.05 (2.4%)

	
0.13 (6.6%)




	
Session 2

	
1.01 ± 0.08




	
Test-retest reliability

	
Session 2

	
1.01 ± 0.08

	
0.68 (−0.02–0.91)

	
0.06 (2.7%)

	
0.16 (7.6%)




	
Session 4

	
1.06 ± 0.12




	
Inter-rater reliability

	
Session 1

	
0.95 ± 0.10

	
0.70 (0.07–0.91)

	
0.06 (2.9%)

	
0.16 (8.1%)




	
Session 3

	
1.00 ± 0.11
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Table 10. Results of gait mean velocity.






Table 10. Results of gait mean velocity.





	

	

	
Mean ± SD (m/s)

	
ICC

	
SEM

	
SDC






	
Intra-rater reliability

	
Session 1

	
0.86 ± 0.14

	
0.92 (0.74–0.98)

	
0.04 (2.1%)

	
0.10 (5.8%)




	
Session 2

	
0.85 ± 0.12




	
Test-retest reliability

	
Session 2

	
0.85 ± 0.12

	
0.81 (0.35–0.95)

	
0.06 (3.3%)

	
0.16 (9.2%)




	
Session 4

	
0.87 ± 0.15




	
Inter-rater reliability

	
Session 1

	
0.86 ± 0.14

	
0.95 (0.82–0.98)

	
0.03 (2.0%)

	
0.09 (5.4%)




	
Session 3

	
0.88 ± 0.15












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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