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Abstract 1 

Background. Ankle mobility is known to be of uttermost importance to generate propulsive 2 

forces and control balance during gait initiation. Impaired mobility of the postural chain 3 

occurs with normal ageing and is exacerbated in patients with Parkinson’s disease. This study 4 

questions whether short-term stretching session applied to the triceps surae improves ankle 5 

mobility and, consequently, dynamical postural control in patients with Parkinson’s disease 6 

performing gait initiation. Method. Nineteen patients with Parkinson’s disease participated in 7 

this study and were randomly assigned to an “intervention group” or a “sham group”. In the 8 

intervention group, patients were exposed to a 4x60 seconds triceps surae stretching. In the 9 

sham group, they were exposed to forearm stretching. Additionally, ten age-matched healthy 10 

elderly, who were not exposed to any stretching-treatment, were assigned to a “control 11 

group”. Participants performed series of gait initiation on a force-plate before and after their 12 

treatment. Findings. Ankle mobility was improved in the intervention group after triceps 13 

surae stretching. The forward velocity of the center-of-mass at heel-off and motor 14 

performance related-parameters (progression velocity, center-of-mass velocity at foot-contact 15 

and swing phase duration) were also improved in the intervention group, with large effect 16 

sizes (d ≥ 0.8). None of the stability parameters were modified by the treatments. 17 

Interpretation. Short-term triceps surae stretching is an efficient method to increase ankle 18 

mobility and improve the capacity to generate forward propulsive forces in patients with 19 

Parkinson’s disease. These findings are congruent with the “posturo-kinetics capacity” theory 20 

according to which dynamical postural control depends on postural chain mobility.  21 

Keywords: Parkinson’s disease, Triceps surae stretching, Gait initiation, Postural 22 

control, Posturo-kinetics capacity 23 

  24 
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1. Introduction 1 

 2 

Gait initiation (GI), the transient period between quiet standing posture and steady-state 3 

walking (Brenière and Do, 1986), is a locomotor task that is widely used in the literature to 4 

investigate postural control in patients with Parkinson’s disease (e.g. Bonora et al., 2017; 5 

Carpinella et al., 2007; Chastan et al., 2009; Halliday et al., 1998; Mancini et al., 2009; Okada 6 

et al., 2011a, 2011b). GI can be divided in two successive phases: a postural phase preceding 7 

the swing heel-off, where dynamic phenomena corresponding to the so-called “anticipatory 8 

postural adjustments” (APA) are generated, followed by the execution phase (Brenière and 9 

Do, 1986). Along the anteroposterior axis, APA include a backward center-of-pressure (COP) 10 

displacement which promotes the initial forward propulsive forces required to reach the 11 

intended step length and walking speed (Brenière et al., 1987; Lepers and Brenière, 1995). 12 

This postural dynamics is due to bilateral inhibition of ankle plantar-flexors activity, followed 13 

by strong bilateral activation of ankle dorsi-flexors (Crenna and Frigo, 1991). Along the 14 

mediolateral axis, APA include COP displacement toward the swing leg which promotes 15 

center-of-mass (COM) displacement in the opposite direction, i.e., towards the stance leg. 16 

This postural dynamic acts to attenuate the COM fall towards the swing leg during the 17 

execution phase and therefore contributes to stability maintenance (Yiou et al., 2016a). This 18 

anticipatory mediolateral COP shift has been classically attributed to the loading of the swing 19 

leg associated with the activation of swing leg hip abductors (Carlsöö, 1966; Winter, 1995). 20 

Recent study further reported that, the stance knee and hip are slightly flexed during APA 21 

(Honeine et al., 2016) which acts to unload the ipsilateral leg and therefore complement the 22 

action of swing hip abductors. EMG analysis revealed that the flexion of the stance knee is 23 

favored by bilateral soleus silencing and a greater ipsilateral tibialis anterior activity with 24 

respect to contralateral activity, while stance hip flexion is associated with activation of the 25 
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stance rectus femoris. Finally, during GI execution phase, the activation of the TS of the 1 

stance leg has been shown to brake the vertical COM fall under gravity, which facilitates 2 

stability maintenance after foot-contact (Honeine et al., 2014, 2013). This brief literature 3 

review on the postural organization of GI thus stresses the key role of the ankle musculature 4 

for balance control and motor performance (for a complete review, see (Yiou et al., 2017)).  5 

This postural organization of GI is known to be altered in patients with Parkinson’s disease 6 

(PD). There is however no clear consensus on the effect of PD on GI at its early stage. For 7 

example, Mancini et al. (2009) found that the amplitude of APA was altered in the 8 

mediolateral direction, but not in the anteroposterior direction. Carpinella et al. (2007) did not 9 

investigate the mediolateral APA but found that that the anteroposterior component of APA 10 

was altered in early PD patients. Differences in the initial posture and/or inclusion criteria 11 

may have explained these discrepancies (Mancini et al. 2009). Later in the disease, it seems 12 

clear from the literature that the amplitude of both mediolateral and anteroposterior APA 13 

becomes bradykinetic (Halliday et al., 1998). In addition, advanced PD patients exhibit 14 

altered capacity to actively brake the COM fall (Chastan et al., 2009). These motor 15 

impairments contribute to gait disorders in this population and are exacerbated in patients 16 

with the freezing of gait or without medication (Mancini et al., 2020). 17 

These deficits in postural control in PD patients can be envisaged from the point of view of 18 

the biomechanical concept of “Posturo-kinetics Capacity” (PKC) (e.g. (Bazalgette et al., 19 

1987); for a complete review on the PKC concept, see (Bouisset and Do, 2008). According to 20 

this concept, any factor that alters the dynamic mobility of the postural chain, would 21 

negatively impact APA, and would therefore alter motor performance and/or stability. This 22 

dynamic mobility would indeed be essential to generate the external forces required to 23 

accelerate the COM during APA and brake the COM fall during the GI execution phase. This 24 

concept was substantiated by recent experimental studies which investigated the relationship 25 
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between lower limb mobility, APA, motor performance and stability in young healthy adults 1 

who are performing GI under experimental joint hypomobility induced by orthosis wore 2 

(Delafontaine et al., 2018, 2017, 2015).  3 

Chronical joint hypomobility or rigidity is a recurring symptom of PD (Halliday et al., 1998). 4 

This rigidity is characterized by an excessive and continuous muscle tone which produces 5 

stiffness and resistance to movement in joints (Raza et al., 2019). Given the above 6 

considerations on the PKC concept and the brief literature review provided above, such 7 

increased joint rigidity - especially of the ankle – would hinder APA development and/or 8 

COM braking, and may contribute to stability impairments and slowness of movement 9 

performance, which are typical motor symptoms of PD patients. In line, recent study showed 10 

that the wear of a rigid ankle foot orthosis in healthy young adults induced an alteration of 11 

both APA and COM braking during GI (Delafontaine et al., 2017). According to the PKC 12 

concept, it can thus be expected that improving ankle mobility with specific treatments would 13 

facilitate APA development and/or COM braking, with a consequent positive effect on motor 14 

performance and/or stability. Ankle muscle stretching, an intervention known to increase 15 

ankle mobility in healthy elderly (Gajdosik et al., 2005) and that can easily be applied by 16 

patients themselves, may represent such a treatment. The present study was thus designed to 17 

test the hypothesis that a short-term stretching session applied to the Triceps surae (TS) 18 

improves ankle mobility and, consequently, the postural organization of GI in PD patients.  19 

 20 

2. Method  21 

 22 

2.1 Participants  23 

Nineteen PD patients participated in this study (see table 1 for details on demographic data of 24 

participants). They were randomly assigned to an “intervention group” or a “sham group”. 25 
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Ten age-matched healthy older adults additionally participated in this study and were assigned 1 

to the “control group”. They were community dwelling seniors, free of any known 2 

neuromuscular disorders and able to walk without assistance. They were included in the 3 

experiment to provide normative values of dependent variables. PD patients were examined in 4 

their OFF-medication state (i.e., after 12-hours withdrawal from antiparkinson’s medications, 5 

as defined by Defer et al., 1999) by an experienced neuro-physiotherapist. The examination 6 

was based on the Movement Disorder Society Clinical Diagnostic Criteria for Parkinson's 7 

disease (Postuma et al., 2015). PD patients had no history of falling, were physically 8 

independent, were able to walk without assistance, and did not experience freezing. All 9 

participants gave written informed consent after being instructed about the nature and purpose 10 

of the experiment, which was approved by the local ethics committee of the University of 11 

Paris-Saclay. This study complied with the standards established by the Declaration of 12 

Helsinki and was assigned the following trial registration number: 2018-A00162-53.  13 

 14 

[table 1] 15 

 16 

2.2 Ankle range of motion (ROM) assessment 17 

An experienced physical therapist, who was blinded to the group assignment, measured each 18 

participant's maximum passive ankle dorsiflexion in supine position, with the foot in subtalar 19 

neutral position and the knee straight. This measure was made with a manual goniometer 20 

(Merz Pharma, France) as it is known to be reliable for assessing ankle dorsiflexion ROM 21 

(Konor et al., 2012). The axis of the goniometer was aligned with the lateral malleolus of the 22 

ankle. The proximal arm was aligned with the head of the fibula. The distal arm was aligned 23 

with the lateral border of the fifth metatarsal (Webber and Porter, 2010). A right angle 24 

between these two arms corresponded to 0° dorsiflexion. The final position of dorsiflexion 25 
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corresponded to the point at which subjects felt pain or discomfort, or the experimenter 1 

perceived resistance to stretch. Two measurements were taken for each leg and then averaged 2 

to determine the passive dorsiflexion of each ankle (Webber and Porter, 2010). The ankle 3 

dorsiflexion of both legs was assessed for each participant in the intervention and sham group 4 

before and immediately after a stretching treatment (cf. below). Statistical analysis revealed 5 

that the ankle dorsiflexion of the most affected side (cf. table 1) was not significantly different 6 

to that of the least affected side. For clarity’s sake in the report of data, values of both legs 7 

were therefore pooled. 8 

 9 

2.3 Treatment  10 

In the intervention group, patients stood upright with both hands against a wall, and with both 11 

feet on a wedge (20° tilt) in order to stretch their TS. They were instructed to slightly lean 12 

forward while keeping their heels in contact with the wedge and their body aligned until they 13 

felt the stretch of the calf without pain. They were then asked to maintain their posture. In the 14 

sham group, patients were instructed to position their arm outstretched, palm facing the front, 15 

extending their wrist and fingers by using their other hand (both arms were outstretched). In 16 

both groups, series of four stretches lasting 60 seconds each were performed (Shrier and 17 

Gossal, 2000). In the control group, no stretching was carried out. Participants simply stood 18 

upright for the same duration as for the stretching treatments (Figure 1). 19 

 20 

[figure 1] 21 

 22 

2.4 Experimental task 23 

Participants initially stood barefoot in a natural upright posture on a force-plate (0.9×1.80m, 24 

AMTI, Watertown, USA) embedded at the beginning of a 6-meter walkway track. They 25 
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performed two series of ten GI: one series just before, and a second series immediately after 1 

the treatment (pre-treatment and post-treatment condition, respectively; Figure 1). They were 2 

instructed to initiate gait at a spontaneous velocity when they felt ready, after receiving an “all 3 

set” signal, and continue walking until the end of the track. The rest time was ∼10 seconds 4 

between trials.  5 

 6 

2.5 Raw Data  7 

Force-plate data were low-pass filtered using a second order Butterworth filter with a 10Hz 8 

cut-off frequency (Honeine et al., 2014). The mediolateral and anteroposterior coordinates of 9 

the COP were computed from force-plate data. The instantaneous COM acceleration was 10 

determined from the ground reaction forces according to the Newton’s second law. COM 11 

velocity and displacement were computed by successive numerical integrations of COM 12 

acceleration. Data were collected at a rate of 500 Hz. Data acquisition was controlled by a 13 

custom-made program written in MatlabTM (Version 5.3 (R11), The MathWorks Inc., USA). 14 

 15 

2.6 GI variables 16 

 17 

2.6.1 Time-events. The following time-events were determined from the biomechanical traces 18 

(Figure 2): GI onset (t0), swing heel-off and swing foot-contact (cf. (Caderby et al., 2013), for 19 

the determination of these instants; cf. Figure 2).  20 

 21 

2.6.2 Initial posture, APA and execution phase. The COM position in the initial posture was 22 

estimated by averaging the COP position values during the 250 ms period preceding the “all 23 

set” signal. GI was divided into APA (from t0 to heel-off) and execution phase (from heel-off 24 
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to foot-contact, (Brenière et al., 1987)). APA amplitude was characterized with the peak COP 1 

displacement obtained during the APA time-window and the COM velocity at swing heel-off.  2 

 3 

2.6.3 Motor performance. Motor performance was quantified with the anteroposterior COM 4 

velocity at foot-contact, the mean progression velocity (v), with v = [step length] / [duration 5 

of the execution phase] (Brenière and Do, 1986), step length and execution phase duration.  6 

 7 

2.6.4 Mediolateral stability. An adaptation of the “margin of stability” (MOS) introduced 8 

by Hoff et al. (Hof et al., 2005) was used to quantify mediolateral dynamic stability at foot-9 

contact. The MOS corresponded to the difference between the mediolateral boundary of the 10 

base of support (BOSymax) and the mediolateral position of the “extrapolated COM” at swing 11 

foot-contact (YCOMFC). Thus: 12 

MOS �  ��	
��
 � YCOM��  13 

BOSymax was estimated with the mediolateral COP position at the time of rear foot-off 14 

(Caderby et al., 2017; Yiou et al., 2016b). The mediolateral position of the extrapolated COM 15 

at foot-contact (yCOMFC) was calculated as follows:  16 

������ � ���� � �′���
ω0  17 

where yMFC and y’MFC are respectively the mediolateral COM position and velocity at foot-18 

contact, and ω0 is the eigenfrequency of the body, modeled as an inverted pendulum and 19 

calculated as follows:  20 

ω0 � ��
�  21 

where g=9.81 m/s² is the gravitational acceleration and l is the length of the inverted 22 

pendulum, which in this study corresponded to 57.5% of body height (Winter et al., 1990). 23 

Mediolateral dynamic stability at foot-contact is preserved on the condition that yCOMFC is 24 
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within BOSymax, which corresponds to a positive MOS. A negative MOS indicates a 1 

mediolateral instability and implies that a corrective action is required to maintain balance.  2 

 3 

2.6.5 Vertical COM braking. The “braking index” introduced by Do and colleagues (e.g. 4 

(Chastan et al., 2009)) provides evidence that the central nervous system prepares for foot-5 

contact by decreasing the COM vertical velocity to achieve a soft landing (Honeine et al., 6 

2014, 2013). It was calculated as:  7 

���� !�  !"#$ �  %&�'( � &��)
&�'(

 8 

 9 

where Vmin is the minimal vertical COM velocity and VFC is the vertical COM velocity at 10 

foot-contact.  11 

 12 

2.7 Statistics 13 

Mean values and standard deviations were calculated for each dependent variable. For ankle 14 

dorsiflexion, a repeated-measures ANOVA model with one within-subject factor and one 15 

between-subject factor was used. The within-subject factor was the time of the treatment (or 16 

“time” factor; 2 levels: pre-treatment, post-treatment) and the between-subject factor was the 17 

group (2 levels: sham, intervention). Additionally, a simple t-test was used to compare ankle 18 

dorsiflexion between PD patients and healthy participants in the pre-treatment condition. For 19 

GI parameters, a repeated-measures ANOVA model was also used. The within-subject factor 20 

was the time (2 levels: pre-treatment, post-treatment) and the between-subject factor was the 21 

group (3 levels: control, sham, intervention). The Tukey post hoc test was used when 22 

required. The threshold of significance was set at P<0.05. The Cohen’s d was used to assess 23 

the effect sizes when repeated-measures ANOVA showed a significant time X group 24 
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interaction. The effect sizes were classified as trivial (<0.2), small (0.2-0.49), medium (0.5-1 

0.79), and large (≥0.8).  2 

 3 

3. Results 4 

 5 

3.1 Biomechanical Traces  6 

The time course of the biomechanical traces was globally similar in the different groups and 7 

time conditions. The traces obtained in a representative patient of the intervention group are 8 

reported in figure 2. 9 

 10 

[figure 2] 11 

 12 

3.2 Ankle ROM  13 

 14 

There was a significant effect of time (F(1,17)=8.54, P<0.05) and a significant time X group 15 

interaction (F(1,17)=8.54, P<0.05) on the ankle dorsiflexion ROM. Post hoc analysis revealed 16 

that it was significantly larger in the post-treatment than in the pre-treatment condition for the 17 

intervention group only (P<0.01, d=0.97). In the pre-treatment condition, PD patients had a 18 

significantly lower ankle ROM compared to healthy participants (P<0.05, d=0.74).  19 

 20 

3.3 Initial posture and APA 21 

There was no significant effect of time and group, nor any significant time X group 22 

interaction on the following variables: initial COM position, APA duration, anteroposterior 23 

peak COP displacement and mediolateral COM velocity at heel-off. In contrast, there was a 24 

significant effect of time (F(2,26)=15.28, P<0.001) and a significant time X group interaction 25 
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(F(2,26)=5.64, P<0.01) on the anteroposterior COM velocity at heel-off. Post hoc analysis 1 

revealed that it was significantly larger in the post-treatment than in the pre-treatment 2 

condition for the intervention group only (P<0.001, d=1.17, Figure 3). Post hoc analysis 3 

further showed that it was significantly larger for the intervention group in the post-treatment 4 

condition than for the control group in both the pre- and post-treatment conditions (P<0.05, 5 

d=1.27 and d=1.33, respectively). Finally, there was a significant effect of group on the 6 

mediolateral peak of COP displacement (F(2,26)=4.62, P<0.05), with a larger value obtained 7 

for the control than for both PD groups.  8 

 9 

[figure 3] 10 

 11 

3.4 Motor performance 12 

There was no significant effect of group on the anteroposterior COM velocity at foot-contact, 13 

but a significant effect of time (F(1,26)=19.58, P<0.001) and a significant time X group 14 

interaction (F(2,26)=5.40, P<0.05). This interaction could be ascribed to a significantly larger 15 

COM velocity in the post-treatment than in the pre-treatment condition for the intervention 16 

(P<0.01) and the sham group (P<0.05, d=0.78 and d=0.59, respectively; Figure 4). Similarly, 17 

there was no significant effect of group on the mean progression velocity, but a significant 18 

effect of time (F(1,26)=14.05, P<0.001) and a significant time X group interaction 19 

(F(2,26)=4.03, P<0.05). This variable was significantly larger in the post-treatment than in the 20 

pre-treatment condition for the intervention group only (P<0.01, d=1.07). There was also a 21 

significant effect of time (F(1,26)=8.00, P<0.05) and a time X group interaction 22 

(F(2,26)=5.01, P<0.05) on the execution phase duration. The interaction could be ascribed to 23 

a significantly lower execution phase duration in the post-treatment than in the pre-treatment 24 
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condition for the intervention group only (P<0.01, d=1.27). Finally, there was no significant 1 

effect of time, group nor any time X group interaction on step length.  2 

 3 

[figure 4] 4 

 5 

3.5 Mediolateral stability and vertical COM braking 6 

There was a significant effect of group on the mediolateral COM position at foot-contact 7 

(F(2,26)=30.10, P<0.001) and the MOS (F(2,26)=13.78, P<0.001), but no significant effect of 8 

time nor time X group interaction on these variables. The COM position at foot-contact was 9 

larger for the control than for both PD groups, indicating that the COM fall towards the swing 10 

leg during the execution phase was smaller for the control group. This resulted in a larger 11 

MOS for the control group than for both PD groups (Figure 5). Finally, there was no 12 

significant effect of time, group nor any significant time X group interaction on step width, 13 

mediolateral COM velocity at foot-contact and vertical COM braking.  14 

 15 

[figure 5] 16 

 17 

4. Discussion  18 

 19 

Impaired joint mobility is known to occur with normal ageing (Vandervoort et al., 1992) and 20 

is exacerbated in PD patients (Halliday et al., 1998). Previous reports showed that short-term 21 

TS stretching is an efficient training method to increase the ankle mobility in both young 22 

adults and healthy elderly (Nakamura et al., 2017). Results of the present study show that it is 23 

also efficient to improve ankle mobility in PD patients. The increase reached 44%.  24 

 25 
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Results further showed that several components of dynamical postural control were improved 1 

following TS stretching. Specifically, the anteroposterior COM velocity at heel-off was 2 

increased in the intervention group only, and this increase reached 32%. Previous reports 3 

showed that larger anteroposterior COM velocity at heel-off can be reached at the expense of 4 

a lengthened APA duration (Brenière et al., 1987). However, in the present experiment, APA 5 

duration remained unchanged between the pre- and post-treatment conditions. PD patients in 6 

the intervention group were therefore able to develop a larger quantity of initial forward 7 

propulsive forces during an equivalent time, which indicates that their capacity to generate 8 

forward APA was enhanced following the stretching. The improvement of motor performance 9 

reported in this group (in terms of increased mean progression velocity, increased COM 10 

velocity at foot-contact and reduced execution phase duration) can be seen as a consequence 11 

of this enhanced capacity to generate APA (Brenière et al., 1987).  12 

 13 

Now, results further showed that, in contrast to all the other GI variables, the anteroposterior 14 

COM velocity at foot-contact was also increased in the sham group following the treatment. 15 

This finding suggests that part of the increase in this variable observed in the intervention 16 

group could probably be assigned to a placebo effect. Such confounding effect was expected 17 

since it is known that PD patients are particularly influenced by the belief of improvement 18 

(Lidstone et al., 2010). However, this placebo effect only concerned the COM velocity at the 19 

time of foot-contact, and this increase was smaller in the sham than in the intervention group 20 

(12% vs. 8%), and so the effect size (0.78 vs. 0.59). The improvement in the postural 21 

organization of GI following TS stretching can therefore be considered as consistent.  22 

 23 

Interestingly, PD patients who were exposed to the TS stretching reached an even larger 24 

anteroposterior COM velocity at heel-off than participants within the control group (healthy 25 



 

15 

older adults). This finding can be ascribed to the relatively low-level of motor impairment of 1 

the PD patients included in the present study. All were able to walk without assistance, did 2 

not experience freezing, and had relatively low motor disorders according to the MDS-3 

UPDRS and Hoehn & Yahr scale (cf. table 1). Their locomotor function was therefore not 4 

much different from the healthy age-matched participants, as could also be reflected in the 5 

equivalent anteroposterior APA spatiotemporal parameters in the pre-treatment condition. As 6 

a consequence, increasing the initial COM velocity in these patients resulted in a significant 7 

difference with the control group in the post-treatment condition.  8 

 9 

In fact, the effects of PD on the postural organization of GI only manifested as changes in the 10 

mediolateral stability-related parameters. Specifically, the amplitude of the mediolateral APA 11 

was lower in PD patients than in healthy participants. Previous study in healthy participants 12 

showed that the amplitude of these APA was predictive of the MOS value at foot-contact 13 

(Yiou et al., 2016a). In the present study, the lower MOS value in the PD patients could 14 

therefore be ascribed to a lower capacity of PD patients to generate mediolateral APA. 15 

 16 

Our findings regarding the effect of PD on APA are in accordance with Mancini et al. (2009) 17 

who reported that, in early and untreated PD patients, the mediolateral component of the COP 18 

displacement during APA was altered, but not its anteroposterior component. Hypometric 19 

mediolateral APA may lead to an excessive weight shift toward the swing leg during the first 20 

step, as observed in PD by some authors (Okada et al., 2011a, 2011b), which increases the 21 

risk of imbalance in the frontal plane (Yiou et al., 2016a). Mancini et al. (2009) suggested that 22 

the pathology of PD may have a specific effect on loading/unloading of the legs early in the 23 

disease, consistent with abnormal mediolateral, but not anteroposterior, sway during quiet 24 

stance in PD patients (Mitchell et al., 1995). However, this assumption contrasts with the 25 
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study of Carpinella et al. (2007) which reported a reduced backward COP displacement in 1 

early PD patients (phases 1 and 2 of Hoehn and Yahr scale). Differences in the initial posture 2 

and/or inclusion criteria may have explained this discrepancy (Mancini et al. 2009). For 3 

example, inclusion criteria for PD subjects were different, since all subjects in the study of 4 

Mancini et al. (2009) were untreated, whereas several subjects in the Carpinella's study were 5 

tested on dopaminergic medication. Despite this contradiction in early stage, it seems 6 

admitted that later in the disease, the magnitude of both mediolateral and anteroposterior APA 7 

becomes bradykinetic in PD (Halliday et al., 1998).  8 

 9 

Similar to the anteroposterior APA, results of the present study showed that the capacity to 10 

actively brake the COM fall during GI was unaltered in PD patients. This finding contrasts 11 

with the study of Chastan et al. (2009) which reported that this capacity was altered in 12 

advanced PD patients. Once again, a difference in the PD clinical stage may probably explain 13 

this discrepancy. Globally, these findings suggest that, in PD patients, the progressive decline 14 

in the control of mediolateral stability, vertical COM braking and forward propulsive forces 15 

may not follow the same evolution, maybe due to distinct systems within the basal ganglia 16 

circuitry. Short-term TS stretching did not improve the control of mediolateral stability, nor 17 

the capacity to brake the vertical COM fall. It is not excluded that more advanced PD patients 18 

than in our study, with more severe muscle rigidity, may beneficiate from TS stretching to 19 

improve these two parameters. 20 

 21 

The present study has several limitations: 1) the PD patients involved in the experiment had 22 

relatively low-level of motor impairment. It is not known whether short-term stretching may 23 

also be beneficial to PD patients with more severe symptoms; 2) the sample sizes were small. 24 

We were however confident on the reliability of our results because of the large size effects 25 



 

17 

found for most variables and the biomechanical coherence of data; 3) only short-term 1 

stretching effects were considered. To what extent PD patient might beneficiate from long-2 

term stretching is unknown; 4) the carry-over effects were not evaluated. 3 

 4 

In conclusion, the present results showed that short-term TS stretching substantially improved 5 

ankle mobility in PD patients. The capacity to generate forward propulsive forces during APA 6 

was also increased, with consequent improvement in motor performance. Now, it is obvious 7 

that PD motor impairment goes far beyond a simple alteration in ankle mobility. However, 8 

our results suggest that TS stretching might beneficially be integrated in multicomponent 9 

exercise programs, e.g. including strength, balance and gait, mental training (Shen et al., 10 

2016), or video game-based exercise program (Maillot et al., 2014) to further improve 11 

postural control in PD patients.  12 
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Figure 4 : Effects of group and treatment on selected parameters of gait initiation performance  
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 Subjects Genre Age (years) 
Height 

(meters) 

Body mass 

(kilograms) 

Disease 

Durations 

(years) 

Most 

disabled 

side 

Hoehn and 

Yahr state 

MDS-UPDRS 

(part 3) 

Intervention 

group 

1 M 77 1.58 62 2 R 2 18 

2 F 70 1.74 70 8 L 3 28 

3 M 76 1.70 62 5 R 2 14 

4 F 63 1.69 76 7 R 2 10 

5 M 71 1.70 76 13 L 2 16 

6 M 67 1.70 70 6 L 2 14 

7 M 66 1.58 45 5 L 2 36 

8 F 77 1.73 82 5 R 2 14 

9 F 69 1.76 87 2 R 2 35 

10 M 57 1.60 66 9 L 2 26 

Mean (SD) - - 69.30 (6.45) 1.68 (0.07) 69.60 (11.89) 6.20 (3.29) - 2.10 (0.32) 21.10 (9.41) 

Sham group 

1 M 68 1.60 52 4 R 2 17 

2 M 57 1.55 48 2 L 2 35 

3 M 63 1.57 40 4 L 2 21 

4 F 71 1.80 90 6 R 3 50 

5 M 69 1.70 82 2 L 2 32 

6 M 74 1.59 51 12 R 3 20 

7 F 70 1.75 74 8 L 2 20 

8 F 56 1.78 90 3 L 2 43 

9 F 74 1.65 65 14 L 2 36 

Mean (SD) - - 66.89 (6.75) 1.67 (0.10) 65.78 (19.02) 6.11 (4.37) - 2.22 (0.44) 30.44 (11.63) 

Control group 

1 F 70 1.71 52 

- - - - 

2 F 78 1.55 65 

3 F 69 1.64 55 

4 M 79 1.78 67 

5 F 67 1.60 86 

6 F 65 1.62 71 

7 F 74 1.60 54 

8 F 761 1.62 56 

9 F 69 1.75 68 

10 M 69 1.78 74 

Mean (SD) - - 71.10 (4.56) 1.67 (8.30) 64.90 (10.86) - - - - 

 




