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Abstract

:

Motor dysfunctions in patients with Down Syndrome (DS) result in poor locomotion and an altered gait phenotype, characterized by compromised stability management and frequent bilateral asymmetries. Directing ground reaction forces to a point above the center of mass, referred to as the virtual pivot point (VPP), is one means of maintaining stability during walking. This cross-sectional observational study compared the dynamic gait function of 33 individuals with DS (mean age: 17.7 ± 6.4 years, 13 females) to a group of 36 healthy controls (mean age: 15.5 ± 6.1 years, 15 females), using the concept of the VPP. Results showed that the VPP was located more anteriorly in individuals with DS compared to healthy controls, with no differences in the variability (R2) or symmetry of VPP coordinates. This anterior VPP position is likely due to the larger hip moments observed in patients with DS during the propulsive phase of stance. High R2 values in DS suggest that the VPP is strongly related to dynamic stability during walking.
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1. Introduction


In patients with Down Syndrome (DS), dysfunctions of the neuropsychomotor and the musculoskeletal system generate impairments in movement planning, organization, and high-order sequencing of the movement patterns involved in locomotion [1]. Such sensorimotor impairments are produced by a combination of ligament laxity, general muscle hypotonia, and altered cognitive function [2,3,4,5]. Motor abnormalities often lead to abnormal postural control, resulting in instability, poor gait function, and higher energy costs of locomotion [5,6,7,8,9,10]. Patients with DS exhibit a gait phenotype characterized by ‘slowness and clumsiness’, namely a low walking speed, large step width, balance deficits, and altered kinematics, often accompanied by joint instability: excessive pelvic tilt; hip adduction and knee flexion; external rotation of the hip, tibia, and foot; and limited mobility of the hip and knee [9,11,12].



In clinical gait analysis, models and specific variables that describe important walking characteristics can help to identify critical impairments that are often hidden within general behavior; the impairments are hardly appraisable under the “overwhelming amount of available motion data” [13,14]. A relevant tool to understand the mechanism of dynamic stability during gait is the virtual pivot point (VPP) [15]. In this framework, the body is conceived as a virtual physical pendulum, whose mechanical stability while walking is achieved by directing the ground reaction forces (GRFs) to a virtual pivot point positioned above (typically 5 to 70 cm) the center of mass (CoM) (Figure 1). The existence of such a spot, underpinning a virtual pendulum movement strategy, was observed in normal and perturbed human [16,17,18,19] and avian gaits, and was applied to achieve walking stability when using exoskeletons and exosuits [20,21,22].



To gain a comprehensive understanding of gait function in individuals with DS, efforts have been made to move beyond the traditional analysis of spatiotemporal parameters and joint angles. Decomposition of gait kinematics revealed that the main locomotor alterations in patients with DS occur in frontal-plane movement patterns associated with stability management, particularly during the transition between single and double support phases [23]. However, to fully understand the motor phenotype of a pathological population, it is key to complement kinematics with an understanding of gait dynamics. In DS, the foot–ground interaction is often impacted by a widespread atypical flat foot condition, impacting the shape of GRFs. Additionally, muscle weakness results in reduced peak plantar flexion in the propulsive phase [9,24], and this might manifest unevenly on the right and left lower limbs due to typical foot rotation asymmetry [25,26]. Additionally, this reduced peak plantar flexion leads to a lower second peak in the horizontal (x) and vertical (y) GRFs [27,28]. These lower forces have actually been reported specifically for DS patients (horizontal GRFs [9], vertical GRFs [29,30]), although there is not a large amount of literature about the GRFs in DS.



The ratio of forces is relevant for determining the position of the virtual pivot point [17]. A lower proportion of horizontal GRFs causes the force vector to become steeper and thus the VPP to move upwards. Since the horizontal GRFs have smaller absolute values than the vertical GRFs, here, absolute differences have more weight as compared to vertical GRFs. To our knowledge, there is no literature describing the forces in the braking phase, so we assume no differences between DS patients and healthy controls here. Thus, we expect a higher VPP in DS relative to controls due to the lower horizontal GRFs in the propulsive phase. Asymmetry in forces, with more braking than propulsion, would result in backward rotation, potentially causing the VPP to move posteriorly, similar to the horizontal VPP position with a forward inclined trunk [16]. Because of the characteristic ‘clumsiness’, a larger spread in the orientation of the GRFs around one point is expected in DS patients. This leads to a set of preliminary hypotheses: (i) the VPP position could be higher and more posterior in DS patients compared to healthy controls, (ii) the spread around the VPP could increase, and (iii) the VPP position during the right and left step may be less symmetric in patients due to morpho-functional abnormalities.



Complete knowledge of postural control, kinematics, and kinetics during the gait cycle might be helpful to design effective therapeutic and rehabilitation protocols [7,9,13,24]. The VPP construct has never been used to examine the dynamic locomotor behavior of individuals with DS. This study aims to fill this gap in the literature by using the virtual pendulum model to reveal dynamic features specific to the pathological condition and potential bilateral asymmetries.




2. Materials and Methods


2.1. Study Design and Participants


This was part of a cross-sectional retrospective observational cohort study conducted on a dataset of 178 patients aged 6–49 years and diagnosed with DS at the IRCCS San Raffaele Pisana Hospital (Rome, Italy). Inclusion criteria were as follows: diagnosed pure trisomy 21, no clinical sign of dementia, no previous surgical interventions or significant orthopedic treatment, ability to understand and perform a gait test independently and without any assisting devices. A control group (CG) of 79 healthy subjects aged 12–31 years was also considered. Selection criteria for these were as follows: no prior history of cardiovascular, neurological, or musculoskeletal disorders; normal range of motion and muscle strength; no sign of postural/motor deficit. Participants or their legal guardians signed a written informed consent form before processing. All data were anonymized before being processed. The study was approved by the Ethics Committee of the IRCCS San Raffaele Hospital (protocol n. 17/17, June 2017) and was conducted according to the World Medical Association Declaration of Helsinki.



For this study, 33 patients with DS (13 females) and 36 healthy controls (CG, 15 females) were selected who showed a preferred walking speed between 0.7 and 1.5 m·s−1. Their anthropometrics are detailed in Table 1.




2.2. Procedures and Gait Data Processing


Before the gait tests, anthropometric data were recorded. Height was measured with a stadiometer to the nearest 1 mm with participants barefoot and standing in an upright position with the head in the Frankfort plane. Weight was measured to the nearest 0.1 kg with a professional medical scale with the subject wearing minimal clothing.



Participants were requested to walk at a self-selected comfortable speed on a 10-m walkway. Routine gait analysis tests were performed with a 12-camera motion capture system (Elite 2002, BTS, Milan, Italy) recording at 100 Hz the three-dimensional position of 22 spherical passive markers (15-mm diameter) positioned according to the Davis protocol [31]. One complete gait cycle (comprising one right and one left step, i.e., from a heel strike to the subsequent heel strike for each leg) per patient was detected by means of two force plates (sampling frequency: 1000 Hz; Kistler, Switzerland) positioned halfway down the walkway and embedded on the floor. The GRF profile during the gait cycle was obtained.



Using the Davis protocol, the hip, knee, and ankle joint centers were calculated based on markers’ coordinates, regression equations, and anthropometric measurements. Similarly, spatial–temporal parameters, joint kinematics, and kinetics were obtained. The CoM position was determined using the segmental centroid method; mass distributions were chosen according to sex and age [32,33].




2.3. Virtual Pivot Point Computation


To calculate the VPP, a CoM-centered coordinate system with the vertical axis parallel to gravity and GRFs starting at the center of pressure (CoP) were used for every instance of measurement. The position of the VPP (Figure 1) with respect to the CoM is the point where the sum of the squared perpendicular distances to the GRFs from 10% to 90% of stance time is minimal [15,16,17,19]. The coefficient of determination (R2) was calculated as described by Müller et al. [16]. The VPP position was computed in the anterior–posterior and vertical directions. VPP coordinates were normalized to the body weight and height of each participant, to account for body size mismatches in the two groups. VPP positions were graphically represented in scatter plots reporting the individual normalized coordinates with the related 95% confidence ellipse and group-wise average positions.




2.4. Symmetry Angle


To provide a measure of symmetry on the VPP coordinates, the symmetry angle (SA, expressed as %) was calculated as follows [34]:


  S A =     45 ° −   tan   − 1       R i g h t   c o o r d i n a t e   L e f t   c o o r d i n a t e         90 °   · 100  











SA equal to 0% corresponds to perfect symmetry, while SA equal to  ± 100% means that the two values are equal and opposite. As we were not biased towards one side in particular, the SA was submitted to statistical analysis as an absolute value.




2.5. Statistical Analysis


We performed a one-sample t-test compared to zero to check for differences in the horizontal VPP coordinate with respect to the CoM (VPPx = 0) position in both groups.



The hypotheses of a change in VPP position were tested by fitting a multivariate general linear model with repeated measures, where (i) the dependent variables were the normalized coordinates of VPPi (where i is x: anterior–posterior, y: vertical); (ii) side (right and left values) were considered as the repeated-measures factor; (iii) sample (DS vs. CG) was the between-group factor; (iv) gait speed was considered as a covariate.



Measures of effect size were provided as partial eta squared (   η 2   ). Values of 0.01 were considered as small effects, 0.06 as medium effects, and 0.14 as large effects [35]. A significance level of α = 0.05 was implemented throughout.





3. Results


3.1. Ground Reaction Forces


The mean ± standard deviation values of the ground reaction forces are reported in Figure 2. The curve of the horizontal (x) GRFs is flatter for the DS patients than for the healthy controls, and the zero crossing occurs earlier. In the vertical (y) GRFs, the two maxima are lower in the DS than in the CG and it approaches a monomodal profile.




3.2. Virtual Pivot Point Position


Sample VPP plots are reported in Figure 3. Figure 4 shows the centroid and 95% confidence ellipses for both groups in the sagittal plane. As detailed in Table 2, we did not observe differences in vertical VPP position from zero (p > 0.05, small to medium effects), while, in DS, the VPP was globally located more anteriorly than in CG (p = 0.002, large effect size), and thus it was more anterior than the CoM (Figure 4). Consistently, the position of the horizontal VPP coordinate was statistically different from 0 in DS (p < 0.001, t = 7.276) but not in CG (p = 0.287, t = 0.566).



Concerning R2, no differences between groups could be found (CG: 0.980  ±  0.034, DS: 0.971  ±  0.054; p > 0.05, low effects). Table 2 shows that for all VPP variables (VPPx, VPPy, R2), no speed effects could be observed (p > 0.05, small to medium effects).




3.3. Symmetry


The symmetry angle (SA) is higher for VPPx, with values of 31.3% (DS) and 41.4% (CG). For VPPy, the SA is lower, with values of 20.4% (DS) and 15.6% (CG). No group differences could be found in SA (p > 0.05, low effects), as shown in Table 2.





4. Discussion


The main result of this study is that the intersection of ground reaction forces during walking (VPP) in Down Syndrome is located more anteriorly with respect to healthy controls. This result differs from our expectations (we expected a higher and more posterior position) and might have implications for the interpretation of gait in people with DS. Possible explanations for this deviation will be discussed in the following.



4.1. Virtual Pivot Point Location during Gait


Based on the existing literature, we initially assumed asymmetric bimodal shapes of the vertical GRFs with lower propulsion for DS. However, although the exact ratio of the GRFs is not shown, the collected GRF time series in Figure 2 show that the horizontal and vertical GRFs were almost symmetrical with respect to a vertical line at mid-stance, even in the DS patients, due to lower braking forces.



Several potential explanations exist as to why the observed VPP position resulted from the interaction of VPP input variables. It is possible that these causes may even act in tandem. One possibility is that, as we hypothesized, in the propulsion phase, the lower horizontal GRF in people with Down Syndrome produces steeper force vectors compared to healthy controls. An increase in the horizontal component of the ground reaction forces during the braking phase means that the virtual pivot point (VPP) moves upward and anteriorly during this phase and downward and anteriorly during the propulsion phase. This aligns with the results of the study, as the vertical position of the VPP remained balanced in both phases. It is possible that the ratio of forces was the same in both individuals with DS and healthy controls, despite reduced peaks. The anterior shift in the VPP could be due to an anterior shift in the center of pressure (CoP), as demonstrated by Figure 3 for two representative subjects. Based on the assumed asymmetry in the GRFs, we expected a backward rotation of the body and thus a more posterior VPP position in DS compared to the CG. However, neither clear asymmetry in the GRFs nor a posterior VPP position could be observed. In contrast, the anterior VPP position indicates a forward rotation. The cause of this will be explored further below.



Lewis and Ferris [36] assumed a tradeoff between ankle and hip muscle requirements. This was based on studies with the elderly [37,38] and patients with diabetes mellitus [39], where lower ankle plantar flexion and higher hip moments were observed compared to younger or healthy controls. DS patients have also been reported to have higher hip angle moments [8] and lower ankle plantar flexion moments [6] than healthy controls, which fits with the lower horizontal GRF that we observed in the propulsion phase. Additionally, the horizontal GRF was not balanced around zero, so the propulsion phase lasts longer than the braking phase in DS. A corresponding shift is also found in the hip moments [8]. In addition, the flexion moments are obviously higher than those of the CG [8]. This stronger hip moment increases the energy to propel the trunk clockwise (backwards) and the body counterclockwise [40], which leads to an anterior shift in the VPP [16]. Thus, the VPPx acts asymmetrically in DS and symmetrically in the CG.



The difference in the VPPx position between DS and healthy controls was approximately 1.1% of the body height (mean value, equivalent to 0.02 m with a body stature of 1.5 m). Despite the calculated effect size, these differences are relatively small and should not be overemphasized. This study is also the first to compare the VPP between two groups with a significant difference in body height (t-test, p < 0.001); thus, we decided to normalize the VPP position to the body height. Normalizing the values made them more comparable, but the influence of this normalization on the horizontal direction is not yet fully understood.



In conclusion, the first hypothesis was rejected as the shape of the GRFs differed from our expectations and hip moments appeared to play a significant role in the locomotion of people with DS.




4.2. Spread around One Point


Due to the balance deficits and joint instabilities reported for DS patients [1,25,41], greater variability in gait and thus in the orientation of the GRFs was expected [42]. This would have resulted in a greater spread around the VPP [16,17] and, thus, a lower R2 value in DS patients compared to healthy controls. However, no significant differences were found between the DS patients and the healthy controls in this regard. This could mean that the orientation of the GRFs is strongly controlled even at higher gait variability. Thus, surprisingly, the second hypothesis was also rejected, which further suggests that the VPP could be strongly related to dynamic stability during walking. We argue that we did not observe appraisable alterations in the dynamic expression of the gait function because the gait pattern of the patients involved, although potentially impaired, was established and acquired (see inclusion criteria). This matches with previous observations: in all previous studies on VPP, R2 was similarly high for known gait patterns, but lower when dealing with untrained perturbations [16,17,40].




4.3. Bilateral Asymmetries


In the whole sample (DS and CG), the observed values of SA were higher (>15%) than those computed on traditional gait variables [43] [NO_PRINTED_FORM]. One reason for this could be the comparison of a single step (right vs. left) per subject. A broader view on a larger step count could have yielded more balanced scores, by averaging step-to-step differences into a more representative subject-wise metric.



This issue might have also masked potential differences among groups, which were not observed, contrarily to our initial hypotheses. Based on the current observations, it is not possible to conclude that individuals with DS display a lateral inconsistency between the right and left VPP positions, despite the previously reported unevenness in the peak plantar flexion moments of the right and left limbs, which is a characteristic of the pathological condition [25,26]. What we observed was, however, significant interindividual variability, indicated by large standard deviations and almost doubled asymmetry in the anterior–posterior VPP coordinate compared to the vertical VPP coordinate.




4.4. Conclusions and Perspectives


In this study, a VPP was observed in patients with DS. Here, the VPP was located more anteriorly compared to the CoM and the healthy controls, with no differences in vertical VPP position between the groups. The profiles of the horizontal and vertical GRFs were flatter in DS than in CG, but still nearly symmetrical to a vertical position at mid-stance, which could explain the lack of differences in VPPy. However, the asymmetry in VPPx with respect to the CoM in DS could be caused by several factors: an unequal balance of GRF components, a shifted CoP, or a different cadence. These all contribute, more or less, to DS patients exhibiting lower ankle plantar flexion and, concomitantly, greater hip moments, particularly in the propulsion phase. Together with low braking forces, this rotates the body forward, which in turn implies a forward shift of the VPP. Contrary to our hypothesis, we did not observe significant differences in R2 between CG and DS: values (on average, higher than 0.97) were consistently very high. This suggests that the VPP is strongly related to dynamic stability during walking.



A limitation of the study concerns the comparison of the different groups: factors such as step length, frequency, duty factor, and age could have an influence on the VPP, but were not controlled in detail. Additionally, the sample size was relatively small, so the results need to be validated in future studies with larger samples.



This study marked the first examination of the VPP in individuals with a neurological disorder. Given the potential relationship between the VPP and dynamic stability, further research is warranted to explore its applications in other neurological conditions, such as Parkinson’s disease, stroke, or spasticity. It may even be possible to utilize the VPP as a diagnostic tool to capture dynamic gait features in individuals with pathological conditions.
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Figure 1. Exemplary setup for human walking experiments. Virtual pivot point (VPP) input variables, namely center of mass (CoM), ground reaction force (GRF) and center of pressure (CoP). The theoretical force intersects the CoP and the calculated VPP. 
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Figure 2. Mean and standard deviation of ground reaction force time series (GRF) for the retained participants, normalized to body weight (BW). Horizontal (anterior-posterior, x) GRFs and vertical (y) GRFs are shown. 
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Figure 3. Sample virtual pivot point (VPP) diagrams. Ground reaction forces (GRFs) scaled with factor two originating at the center of pressure in a center of mass (CoM)-centered coordinate system at all considered measurement times are shown for a healthy subject (left) and Down Syndrome patient (right). The illustration of the GRFs starts at 10% of stance time (black) and ends at 90% of stance time (blue). Red crosses indicate the calculated VPP. Green crosses indicate the CoM position, i.e. zero. Note that for better comparability to former studies, this exemplary VPP plot is only normalized to body weight. 
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Figure 4. Virtual pivot point position in the sagittal plane for right (left plot) and left (right plot) step. As a reference, the cross sign indicates the CoM (center of mass) location. DS: Down Syndrome. 
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Table 1. Anthropometrics and gait speed (mean and standard deviation) of the participants retained in the study.
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Group




	
Variable

	
Unit

	
Down Syndrome

	
Control






	
Age

	
years

	
17.7 (6.1)

	
15.5 (6.4)




	
Height

	
m

	
1.46 (0.11)

	
1.58 (0.15)




	
Weight

	
kg

	
56.9 (14.5)

	
55.8 (17.9)




	
Body mass index

	
kg·m−2

	
25.2 (4.4)

	
21.7 (3.5)




	
Gait speed

	
m·s−1

	
0.94 (0.12)

	
1.00 (0.15)
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Table 2. Multivariate repeated-measure statistical output for the main factors (group: Down Syndrome vs. control group; speed: gait velocity). Data are expressed as percentage (SA), percentage of body height (VPP), or as absolute values (R2).
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Group

	
Speed




	
Variable

	
Group

	
Mean

	
SD

	
p

	
F

	
η2

	
p

	
F

	
η2






	
VPPx

	
CG

	
0.1

	
1.4

	
0.006

	
8.30

	
0.142

	
0.579

	
0.31

	
0.006




	

	
DS

	
1.2

	
1.2

	

	

	

	

	

	




	
VPPy

	
CG

	
14.0

	
7.1

	
0.146

	
2.18

	
0.042

	
0.811

	
0.06

	
0.001




	

	
DS

	
12.7

	
9.7

	

	

	

	

	

	




	
R2

	
CG

	
0.980

	
0.034

	
0.410

	
0.69

	
0.014

	
0.810

	
0.06

	
0.001




	

	
DS

	
0.971

	
0.054

	

	

	

	

	

	




	
SAx

	
CG

	
41.4

	
45.3

	
0.337

	
0.94

	
0.017

	
-

	
-

	
-




	

	
DS

	
31.3

	
32.0

	

	

	

	

	

	




	
SAy

	
CG

	
15.6

	
18.5

	
0.357

	
0.86

	
0.015

	
-

	
-

	
-




	

	
DS

	
20.4

	
20.6

	

	

	

	

	

	








CG: control group; DS: Down Syndrome; η2: partial eta-squared effect size; SA: symmetry angle; VPP: virtual pivot point (directions: x, anterior–posterior; y, vertical). Significant p-values in bold.
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