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Background: Gait is one of the activities most affected by the symptoms of Parkinson’s disease and may show a linear decline as the disease progresses. Early assessment of its performance through clinically relevant tests is a key factor in designing efficient therapeutic plans and procedures, which can be enhanced using simple and low-cost technological instruments.

Objective: To investigate the effectiveness of a two-dimensional gait assessment to identify the decline in gait performance associated with Parkinson’s disease progression.

Methods: One hundred and seventeen people with Parkinson’s disease, classified between early and intermediate stages, performed three clinical gait tests (Timed Up and Go, Dynamic Gait Index, and item 29 of the Unified Parkinson’s Disease Rating Scale), in addition to a six-meter gait test recorded by a two-dimensional movement analysis software. Based on variables generated by the software, a gait performance index was created, allowing a comparison between its results with the results obtained by clinical tests.

Results: There were differences between sociodemographic variables directly related to the evolution of Parkinson’s disease. Compared to clinical tests, the index proposed to analyze gait showed greater sensitivity and was able to differentiate the first three stages of disease evolution (Hoehn and Yahr I and II: p = 0.03; Hoehn and Yahr I and III: p = 0.00001; Hoehn and Yahr II and III: p = 0.02).

Conclusion: Based on the index provided by a two-dimensional movement analysis software that uses kinematic gait variables, it was possible to differentiate the gait performance decline among the three first stages of Parkinson’s disease evolution. This study offers a promising possibility of early identification of subtle changes in an essential function of people with Parkinson’s disease.
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1. Introduction

Among the activities disrupted by symptoms of Parkinson’s disease (PD), the gait is frequent and the most disabling of them, markedly affecting independence and quality of life. Gait deterioration can be observed in all disease stages and has a linear decline in PD progression (1).

In PD early development, identified as stage I according to Hoehn and Yahr Classification (H&Y), the unbalanced basal ganglia degeneration leads to asymmetrical symptomology with gait consequences. The reduction of the hip, knee, and ankle range of motion, step length, and arm swing are more evident in the most affected body side, causing an increased gait variability. In the mild stage of PD, stage II, according to H&Y, the gait asymmetry and the bilateral legs and arms spatiotemporal alterations are observed due to disease progression. The movement range and velocity decrease significantly due to the increased bradykinesia. Shuffling steps, festination, and freezing of gait (FoG) may appear in some patients (2). The moderate stage of PD, stage III according to H&Y, is marked by postural instability aggravation. The gait dysfunctions worsen, and the FoG—Freezing of Gait, a clinical phenomenon characterized by a temporary ability to walk by very short steps, occurring when starting to walk or when changing direction while walking (3) – becomes frequent and, consequently, the risk of falling during the gait increases severely. In the advanced stage of PD, motor fluctuations and dyskinesias may be present in most patients and negatively impact gait. Exacerbating the motor symptoms leads to decreased endurance, muscle force, and motor capacity, and, usually, patients need assistance devices or a wheelchair for locomotion (2).

The natural trajectory of gait-related activity limitation on PD is the most potent indicator involving disability, suggesting that routine assessment of walking quality and periodic rehabilitation devoted to gait is necessary for all people with PD (4). The evidence shows that assessment for early identification of gait decline associated with PD is crucial for early interventions. In fact, several clinical tests have been used to assess gait performance. The UPDRS is a clinical scale used worldwide to assess patients with PD. Results of a study (5), which applied a model of progression of biomarkers in the dynamics of PD and which of them could be more informative in the early stages of the disease, revealed that UPDRS total showed high discriminability between disease stages. Specifically section III, in another study (6) which sought to investigate risk factors and the rate of progression of motor symptoms and disability in a population-cohort of patients with PD, revealed to regress according to the time of onset of the disease, demonstrating a relationship with its evolution.

The Timed Up and Go test (TUG) has been largely used for clinical and research gait evaluation. It is a feasible and reliable test (7), sensitive to disease evolution (8), and dopaminergic medication (9). This test has been recommended for gait evaluation in PD (10). In addition to TUG, the Dynamic Gait Index (DGI) was primarily designed to assess walking during challenging conditions, including both unconstrained gait and more complex walking tasks that require the ability to modify and adapt gait to both expected and unexpected environmental conditions (11). DGI is recommended by the European Physiotherapy Guidelines for PD (12) as a test to assess gait performance and has been demonstrated to have good retest, content, validity, construct, responsiveness, and inter-rater reliability in PD (8). A study by Huang (13), which sought to estimate minimal detectable changes in people with PD related to TUG and DGI, demonstrated that TUG and DGI have generally acceptable random measurement errors and test–retest reliability, serving as useful tools in tracking PD progression.

New technological resources include inertial pressure sensors (14), accelerometers (15), inertial measurement units (IMU) (16), virtual reality resources (17), stereophotogrammetric systems (18), smartphones (19), wearable devices placed on the lower back (20), or various other parts of the body (21), which have also been used for gait evaluation in PD. As main advantages, they offer objective and precise measurements allowing the characterization of impairment level and functional gait performance (22, 23). On the other hand, the cost of equipment, demand for highly trained users, and high complexity of results analysis and interpretation can be considered the main barriers to their clinical use (24).

Systems for two-dimensional gait evaluation provide motion analysis in a single plane. In these cases, analysis takes place through a sequence of digital images of the selected human body segment, where data acquisition occurs by identifying the anatomical points through reflective markers, which allow the axes of the selected components to be more visible for the capture of the images (25). In this study, the technique of decomposing movement elements was used, based on primitive movements derived from a model initially proposed by Hoff (26) and generalized to complex movements in an article by Miranda (27). This decomposition uses a Cartesian coordinate system with axes oriented in the vertical, anteroposterior, and mediolateral directions. In other words, these elements are defined according to the orientation of the axes that define the anatomical planes. In this sense, when using a marker on the lateral malleolus of the left foot and a video camera (in the sagittal plane (2D)), the movement elements were extracted only for the anteroposterior and vertical axes, considering the evaluated subject (28). The measures provided by this kind of system are comparable to laboratory-level instrumented systems (29). Its use allows filming a sequence of movements, tracing trajectories and angles, calculating cities and accelerations, and automatically offer a quantitative characterization of clinical and kinesiological examinations of mobility identifying movement action patterns, and comparing treatment results to other applications based on performance (30). Considering their lower cost, higher portability, and more friendly use than other gait analysis systems, two-dimensional movement analysis systems promise to be an alternative gait evaluation tool for clinical practice and research (31).

Thus, the present study aimed to investigate the efficacy of two-dimensional gait evaluation to identify the gait performance decline associated with PD progression. To reach this purpose, we developed a gait performance index provided by a two-dimensional gait analysis based on the expected changes as the disease progresses.



2. Materials and methods


2.1. Participants

A convenient sample of 117 people with PD (PPD) recruited from the AMPARO Network1 participated in this study. Inclusion criteria involved were individuals with (1) idiopathic Parkinson’s disease as diagnosed by an experienced specialist in movement disorders, following the UK Brain Bank criteria (32), taking antiparkinsonian medications; (2) in 1–3 disease stages according to H&Y (33); (3) able to ambulate independently; and with (4) no signals of dementia (as determined by MoCA—cut-off 21) and major depression (as determined by Geriatric Depression Scale—cut-off 6). In addition, subjects were excluded if they had clinically significant musculoskeletal, cardiovascular or respiratory disease, other neurological diseases, or uncorrected visual/auditive disturbances.



2.2. Design and procedures

This study was approved by a Local Ethical Committee (#CAAE 67388816.2.0000.0065) and conducted by the Helsinki Declaration. Written informed consent was signed for each participant before the study began.

The study stages and procedures can be seen in Supplementary Figure 1 and Figure 1.
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FIGURE 1
 Flowchart of the study steps and procedures.


Participants completed motor and cognitive evaluation in a single section based on a cross-sectional design. An individual assessment was conducted by a physiotherapist specializing in movement disorders. All participants with PD were tested 40 to 120 min after their L-dopa dose (ON period).

The gait performance was evaluated by three standardized clinical tests, recommended for gait evaluation in PD.


2.2.1. Timed up and go test

People with PD were instructed to stand up from a chair and walk forward at their normative velocity for 3 m, then turn around, walk back to the chair, and sit down. The whole procedure was timed in seconds from the command to go until the participant made contact sitting in the chair. If the patients could not perform the task without using their hands to push off, they were allowed to do it a second time while using their hands to push off on the chair. The use of assistant devices was not allowed.

This measure is helpful in an outpatient setting because it requires only a few minutes, minor equipment, and is easy to administer. Notably, the TUG test correlates highly with functional mobility and gait velocity in PD (34, 35). The TUG test is also demonstrated to have a high test–retest reliability and inter-rater reliability in PD (13).



2.2.2. Unified Parkinson’s disease rating scale-Section III

The 29 test of Section III of the Movement Disorder Society-sponsored Unified Parkinson’s Disease Rating Scale (MDS-UPDRS)—was administered to assess gait impairment. This item was scored on an ordinal severity scale from low (0) to high (4) and was treated as a continuous variable. Excellent factor validity, test–retest reliability (ICC ¼ 0.93), high internal consistency, and responsiveness have been demonstrated (36).

PPD were asked to walk forward at their normative velocity for 6 m. A certified physiotherapist scored the performance based on the clinical observation.



2.2.3. DGI

The DGI test evaluates not only usual steady-state walking but more complex abilities, including walking while changing gait speed, moving the head vertically and horizontally, walking while stepping over an obstacle, pivoting during walking, and stair climbing. Performance is scored from 0 to 24 indicating, respectively, the lowest and highest functioning level (37).

That reaches the “recommended” status for evaluation of gait and balance in PD (8). Furthermore, it is considered helpful as a supportive test for identifying fall risk in people with PD (38). After the initial explanation about the test, participants were asked to walk at a habitual speed following the examiner’s instructions.



2.2.4. Two-dimensional gait analysis

The two-dimensional gait assessment was performed using the following instruments:

1. 01 GoPro™ Hero4 Silver camera.

2. 01 pair of non-slip black socks.

3. 01 yellow sticker 19 mm in diameter.

4. 01 calibration paper containing two reference points positioned 20 cm apart.

5. 01 tripods for the camera with height adjustment.

6. GoPro™ application.

7. CvMob™ software, version 3.6.2

The video guide for using the software included the camera positioned perpendicular to the plane to be analyzed (0.80 m high from the ground and 5.70 m perpendicular), with the evaluator using a caliper positioned sagittally to the movement to be accomplished. The camera parameters used for filming contained the following configuration: (1) Control via wireless (connected to a Motorola™ Moto X Style smartphone); (2) Field of View (Narrow); (3) 120 frames per second; (4) 720 bpi resolution; and (5) Low Light option turned off.

Participants were instructed to walk in a straight line, for 6 meters, in a flat, well-lit space and isolated from excessive noise, wearing a pair of non-slip black socks with a yellow sticker located on the lateral malleolus of the left foot (the videos were recorded with each participant walking from right to left, allowing the visualization, and reading of the sticker by the software). Participants were instructed to walk from the beginning of the path as soon as they heard the command “Go” interrupt their gait and remain in the same place at the command “Stop.”

The gait stages were determined from the precise moment when the heel touched the ground (initial contact) and when the first toe separated from the floor (last contact). It was emphasized to each participant that the left foot (which contained the sticker) should walk precisely on the longitudinal line marked on the floor, from the beginning to the end of the course, at the usual velocity.

The kinematic gait variables were measured with the CvMob™ movement analysis system (30, 39). Of the variables analyzed in the study, only the velocity in the Y-axis (VyMedio) was extracted directly from the CvMob™ program. The others were derived from the Movement Element Decomposition (MED) method, previously described in another article (27). Briefly, from the trajectory and velocity data of the selected marker (sticker), the method separated the movement into elements, defined by start and end at zero velocity. From these elements, a set of variables was estimated: number of strides (Nx), average stride length (RmX), average stride height (RmY), average stance time (DuPar—duration in which the foot remained at zero velocity), vertical average swing phase velocity (VmY), average foot swing ascent velocity (VyPos—estimated between initial and average swing phase), and average foot swing descent velocity (VyNeg—estimated between mid and final swing phase).

For the construction of the Gait Performance Index (GPI), three physiotherapists specialized in PD, and a physicist specialized in movement analysis analyzed the behavior of all variables acquired by the CvMob™ system and their relationship with the evolution of PD. Therefore, factors directly or inversely proportional to the symmetry were considered, as it is a two-dimensional movement analysis tool that used only one member as a primary reference. Based on this analysis, five variables were selected to best translate gait efficiency in terms of energy and stability: Nx, RmX, RmY, VyNeg, and DuPar. Using these variables, the GPI was defined according to the eq. (1):
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The higher GPI index value indicates better gait performance characterized by symmetrical and larger steps in the vertical and horizontal axes, with less time in double support. In contrast, a lower GPI index value indicates the decreased gait performance characterized by a more asymmetrical gait, with a reduction in the height and length of the step and time in increased double support.




2.3. Analysis

Initially, the Kolmogorov–Shapiro test was used to verify the normal distribution of samples.

For a variable with a normal distribution (age and MDS-UPDRS-III), after testing the distribution homogeneity by the Levene’s test, the differences among the groups were tested by One-Way ANOVA, considering as factors the H&Y stages. Finally, the Tukey post-test was used to compare pair-to-pair groups when statistically significant differences were found.

For variables not normally distributed (MoCA, GDS, Levodopa dosage, schooling, MDS-UPDRS – 29, TUG, DGI and GPI), the differences among the groups were tested by Kruskal–Wallis ANOVA (KW-ANOVA). When statistically significant differences were found, multiple comparisons were used to compare pair-to-pair groups. Differences were considered significant when p < 0.05. The statistical analyses were performed using Statistica Version 13 (TIBCO Software Inc. United States).




3. Results

There was no significant difference in age, gender, schooling, and MoCA scores among the groups. However, for other clinical measures, as expected due to disease evolution, there were significant differences in L-Dopa dosage, GDS, FoG, and UPDRS-III scores (Table 1).



TABLE 1 Clinical and demographic characteristics of participants.
[image: Table1]


3.1. Gait performance according to MDS-UPDRS

The KW-ANOVA for the test 29 of the MDS-UPDRS showed a statistically significant effect for disease stages according to H&Y classification (H = 14.64, p = 0.00007). However, the multiple comparison test revealed only a statistically significant difference between stages I and III (p = 0.0002) (Figure 2).

[image: Figure 2]

FIGURE 2
 KW-ANOVA demonstrating differences in the MDS-UPDRS score (item 29) between groups 1 and 3.




3.2. Gait performance according to TUG

The KW-ANOVA for the time to conclude TUG showed a statistically significant effect for disease stages according to H&Y classification (H = 24.33, p = 0.00001). However, the multiple comparison test showed statistically significant differences between stages I and III (p = 0.00001), and II and III (p = 0.0001) only (Figure 3).

[image: Figure 3]

FIGURE 3
 KW-ANOVA, demonstrating differences in the time to perform the Timed Up and Go between groups 1 and 3 and between groups 2 and 3.




3.3. Gait performance according to DGI

The KW-ANOVA for DGI scores showed a statistically significant effect for disease stages according to H&Y classification (H = 17.86, p = 0.00001). However, the multiple comparison showed statistically significant differences between stages I and III (p = 0.00001), and II and III (p = 0.01) only (Figure 4).

[image: Figure 4]

FIGURE 4
 KW-ANOVA, demonstrating differences in the DGI scores between groups 1 and 3 and between groups 2 and 3.




3.4. Two-dimensional gait evaluation

The KW-ANOVA test for the GPI showed a statistically significant effect for disease stages according to H&Y classification (H = 17.86, p = 0.00001). The multiple comparison showed statistically significant differences between stages I and II (p = 0.03), I and III (p = 0.00001) and II and III (p = 0.02) (Figure 5).

[image: Figure 5]

FIGURE 5
 KW-ANOVA, demonstrating differences in the GPI scores between groups 1 and 2, 1 and 3 and between groups 2 and 3.





4. Discussion

The procedure proposed by our study based on records of 2D images for the analysis of gait spatiotemporal variables used to build a gait performance index showed to be possible to identify early gait impairment markers in people with PD. Our results show that the GPI, obtained through the proposed bidimensional kinematic evaluation, was effective in identifying the progressive gait decline between stages I, II, and III of PD, while TUG, MDS-UPDRS (item 29), and DGI clinical tests were able to show significant differences only between the initial and intermediate stages of the disease (I and III; II and III). In other words, the GPI could identify subtle gait alteration between two early stages of disease progression.

The main contribution of our results was that the proposed low-cost and friendly kinematic assessment, which can be easily used in clinical evaluation, proved to be more sensitive to early signs of decline in gait performance that others recommended and often utilized clinical tests cannot detect. The TUG has a single measurement variable, the execution time, which evaluates general performance based on several tasks, lacking information that detects more slight gait dysfunctions, present in the early stages of PD (40). Some studies (22, 41, 42) that have compared the effectiveness of TUG with more sophisticated and expensive equipment to identify the decline in gait and mobility in people with PD did not compare their results between stages of PD evolution. Just one study has associated TUG with the characterization of early stages of the disease, and the difficulty in distinguishing them only using the time variable may be one of the reasons. In this study, the TUG showed sensibility to identify a decreased hip and knee motion range and foot height associated with hypokinesia, observed during the direction change phase between II and III H&Y stages (43). GPI could distinguish the gait performance between the first three stages of the disease, identifying subtle gait decline based on several kinematic variables.

The DGI, a test composed of eight gait-related tasks, seven of which involved other simultaneous activities, considered, therefore, proper to assess gait performance under complex conditions. The high variability in its scores can be taken as evidence of complexity of skills behind the performance. Some studies that used DGI to assess gait performance in PD demonstrated differences related to the presence of falls (44), and gait performance before and after intervention in several clinical trials (45–50), showing potential efficiency in identifying gait performance changes. Compared with the DGI, the GPI showed that it can identify more subtle gait alterations even under no complex conditions, demanding less time and resources.

The UPDRS is the most used and recommended clinical scale to assess people with PD. Its power to discriminate the disease stages has been confirmed by applying of the Parkinson’s progression biomarkers model (5). Item 29, part of section III, recommended to assess motor symptoms severity provide a gait evaluation based on observation. Despite its subjective, this test has been broadly utilized to measure intervention results (51, 52). Although have also been used to control disease evolution, being part of the reference for H&Y classification, this test could not identify the differences between the two early stages of PD evolution like the GPI.

Gait impairment in PD is a complex problem involving multi-system dysfunctions, primarily related to cognitive deficits, which can occur from its initial stage (53) and subsequently interferes with almost all Activities of Daily Living (ADLs) (54, 55).

Analyzing gait kinematic variables related to the stages of PD evolution has lately been the object of investigation in several centers around the world, whether to identify different gait patterns between healthy people and people with the disease (56) or to identify more sensitive gait measures that discriminate stages of PD (57), or to analyze gait patterns about early (I-II) and intermediate (III-IV) stages, according to the Hoehn and Yahr scale (HY) (58). Through advanced technological resources such as sensors attached to the body and three-dimensional gait analysis platforms, these studies could distinguish specific critical points of assessment at each stage of PD, such as asymmetry for stage I, gait velocity for stage II and gait times, balance and stride for stage III (57), reinforcing that the association of spatiotemporal gait variables can better help the understanding of subtle changes between the stages of disease evolution (56). Postural instability interferes negatively in several gait parameters, as these variables worsen when balance deteriorates (58).

Spatial gait parameters can be defined from a distance between two consecutive initial contacts (step and stride length). The most used temporal gait parameters include stride, step duration, and cadence (22). Most of the studies that sought to investigate gait kinematics parameters correlating them with early detection of PD analyzed their data related to the horizontal axis, such as velocity (22), stride length (59), and swing time (41), through features such as sensors attached to specific parts of the body (59), pressure platforms (60) or electromyographic surfaces (61). These studies could distinguish subjects with PD from control subjects, using more sophisticated resources but without differentiating the stages of disease evolution, particularly the initial ones. In addition, this distinction involved a multivariate analysis (22, 41, 60) so that there was no mutual interaction between the variables surveyed, which allowed each factor to be analyzed in isolation. Only two of these studies (59, 61) brought analytical models that integrated several kinematic variables into a single formula. Unlike the two previous studies, our study allowed the creation of an index that integrated important variables observed in the two possible axes in a two-dimensional assessment, translating an overall gait performance that is more accessible to clinical practice and the scientific community.

The software used in the present study allowed the building of a novel index to integrate several gait variables related to the horizontal axis and the vertical axis, such as foot elevation and descent velocity. Variables associated with the vertical axis are less frequently mentioned and have, up to now, aroused little research interest, but they can detect subtle and imperceptible information during PD evolution (62). Developing an index associating multiple variables has been considered a valuable method for understanding human movement behavior (63). The proposal to transform into a single index several variables related to gait behavior in people in the early stage of PD development, analyzing a single reference point that can move in the horizontal and vertical axes, may be another alternative to facilitate precocity in the diagnosis of this disease. Considering that this test can be carried out with the use of any camera capable of recording at least 120 frames per second in a clinical or domestic environment, without requiring specific technical knowledge for data analysis, it has excellent potential to be used in research and clinical practice. A possible barrier for its large clinical use is the physical space demanded to make videos.

Considering that the clinical tests recommended to assess gait performance in people with PD (TUG, UPDRS-29, and DGI) were able to show significant differences only between the initial and intermediate stages of the disease (I and III; II and III), the index was more sensitive to changes in the early stages of PD. Although gait is compromised from the early stages of the disease, the initial changes are not intense enough to impair the functionality of individuals. With the progression of the disease, gait changes worsen until they compromise the person’s independence to move around. Obviously, the earlier advances in gait impairment are identified, the more therapeutic opportunities open up with potentially better results.

Considering that the passage to stage III of staging on the HY scale is marked by the presence of postural instability, which directly affects gait performance, it is not surprising that all clinical tests are able to identify the differences between this stage and the previous ones. Changes in gait performance between stages I and II of the same staging scale are more subtle and difficult to detect. This explains why only kinematic analysis, integrating several variables, was able to identify differences between these stages.

The primary study limitation was the non-inclusion of a group without PD. Including such a group could allow comparisons of kinematic variables present in the early stages of the disease, which could not be identified using more straightforward tests. Further studies should provide this information.

We do not know, so far, if the variables extracted from the two-dimensional software used here to create the GPI can be reproduced by other similar and/or more sophisticated resources, which guarantees the proposal of developing specific studies on the subject. With a chance to continue this proposal, this study may open a new possibility of evaluating the subtle information that is part of the evolution of PD, especially in the early stages, facilitating the diagnosis and favoring a better therapeutic approach for these people. It is plausible to suppose that this novel index may identify gait performance changes before and after different interventions.

Further transversal studies using the method proposed in the present study to investigate the relationship between non-motor symptoms, particularly cognitive impairments and gait performance, the correlation with disease evolution biomarkers and longitudinal studies to evaluate the progression of gait alterations since the disease’s early stage age need to improve our knowledge on gait impairment progression in PD.
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HY 1 (n=30) HY 3 (n=37) ANOVA HY 1vs. HY 1vs. HY 2 vs.

HY 2 HY3 HY3
Age (years) 6523 (7.86) 65.54(8.42) 6835 (9.85) >005 >005 >005 >005
Gender (male) 17 36 21 >0.05 >0.05 >0.05 >0.05
Schooling (years) 1197 (5.12) 1194 (465) 1354(563) >005 >005 >005 >005
L-Dopa 284.78 (190.36) 324.19 (169.25) 415.00 (215.88) 0.0008 >0.05 0.0005 >0.05
FoG-Q 293(3.62) 4.02(3.83) 7.90 (4.75) 0.0001 >0.05 0.0001 0.0089
'UPDRS-IIT 13.36 (7.20) 21.56 (8.20) 26.85 (12.60) 0.0000 0.0013 0.0001 0.0167
MoCA 25.40(2.39) 24.46 (3.39) 24.22(252) >0.05 >0.05 >0.05 >0.05
GDS 4.33(2.98) 046 (2.22) 5.48(3.25) 0.0264 >0.05 >0.05 0.0410

For continuous variables, mean values are presented together with standard deviation values, in parentheses. The mode and mode proportions (in parentheses) are shown for categorical
variables. LEGEND, L-Dopa (daily dosage, in milligrams, of dopaminergic medication intake); FoG-Q, Freezing of Gait Questionnaire; UPDRS-IIL Section 3 of the Unified Parkinson's Disease
Rating Scale; MoCA, Montreal Cognitive Assessment; GDS, Geriatric Depression Scale 2022; n=117.
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