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 6 

ABSTRACT 7 

 8 

Objective: To compare the ankle muscle strength and torque-angle relationship 9 

between individuals with PD and participants without impairments.  10 

Design: Cross-sectional, exploratory study. 11 

Setting: Motor control laboratory in a University. 12 

Participants: A convenience sample of 59 community-dwelling individuals with PD 13 

recruited from a PD self-help group and 37 age-matched participants without 14 

impairments recruited from community elderly centers.   15 

Interventions: Not applicable. 16 

Main outcome measure(s): The peak torque and angle-torque profile during 17 

concentric and eccentric contraction of ankle dorsiflexors and plantarflexors at two 18 

different angular speeds (45°/s and 90°/s).   19 

Results: The PD group displayed lower muscle peak torque values than participants 20 

without impairments in all test conditions. Generally, concentric strength was more 21 

compromised, with a greater between-group difference (Cohen’s d=1.29-1.60) than 22 

eccentric strength (Cohen’s d=0.81-1.37). Significant group by angular speed 23 

interaction was observed in ankle plantarflexion concentric peak torque (p<0.001), 24 

indicating that muscle weakness was more pronounced when the angular speed was 25 

increased. The group by joint angle interaction in concentric contraction of ankle 26 

plantarflexors at 90°/s was also significant (p<0.001), revealing that the between-27 

group difference in torque values became increasingly more pronounced when the 28 

joint was moving towards the end range of the ankle plantarflexion. This exaggerated 29 



ankle plantarflexor muscle weakness at the end range was significantly correlated 30 

with clinical balance measures (p<0.05).  31 

Conclusions: Muscle weakness in PD is influenced by contraction type, angular 32 

speed and joint range. Exaggerated weakness is found in concentric contraction of 33 

ankle plantarflexors, particularly when the angular speed is high and the muscle is in 34 

shortened lengths.  35 
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LIST OF ABBREVIATIONS 40 

 41 

1. PD   Parkinson’s Disease 42 

2. ANOVA  analysis of variance 43 

3. UPDRS  Unified Parkinson Disease Rating Scale 44 

4. MHY   Modified Hoehn & Yahr 45 

5. OLS   One-leg-stand 46 

6. LOS   Limit of stability 47 

7. COG   Center of gravity 48 

8. ANCOVA  analysis of covariance 49 

50 



Mounting evidence suggests that muscle weakness is a primary feature of Parkinson’s 51 

disease (PD).1 Muscle weakness may have important functional implications for 52 

people with PD. For example, Schilling et al.2 have shown that more impaired leg 53 

extensor strength is significantly related to a longer time taken to complete the Timed-54 

up-and-go-test. It is thus important to address lower extremity muscle weakness in the 55 

PD population.  56 

 57 

Weakness in major muscle groups that control the ankle joint, namely the ankle 58 

dorsiflexors and plantarflexors, warrants particular attention because these muscles 59 

play an important role in regulating important bodily function such as balance and 60 

gait.3,4 The push-off phase of the gait cycle is also highly dependent upon the ability 61 

to generate power in the ankle plantarflexors.3,4 Ankle muscle weakness in individuals 62 

with PD has been demonstrated by a few studies.5-7 However, some of these studies 63 

used a small sample size (<30 individuals with PD).5,6 Discrepancies in results were 64 

also found, probably due to the differences in testing protocol and use of 65 

medications.5,7 Moreover, previous studies did not systematically investigate the 66 

relationship between muscle strength and joint angle. While it is known that force 67 

production in normal muscle is influenced by muscle length,8 the torque-angle profile 68 

in different types of contraction (i.e. eccentric Vs concentric) and its relationship to 69 

contraction speed has not been systematically studied in PD. Examining the torque-70 

angle relationship is clinically relevant, as it helps to identify the joint range at which 71 

the torque production is the most deficient, and thus provides important information 72 

for the design of optimal muscle strengthening protocol for individuals with PD.  73 

 74 



The objectives of this study were to compare the isokinetic ankle muscle strength and 75 

torque-angle relationship between people with PD and participants without 76 

impairments, and to assess the relationship between muscle weakness and balance 77 

ability. Several research hypotheses were generated based on previous findings in PD 78 

and other patient populations. First, some research evidence has suggested that torque 79 

generation may be more compromised at higher contraction speeds in individuals with 80 

PD.6 Second, studies in older adults and individuals with neurological pathologies 81 

have shown that eccentric muscle strength is better preserved than concentric muscle 82 

strength.9-11 Finally, research in stroke has shown that muscle weakness is more 83 

prominent at shorter muscle lengths.12-14 The present study was thus designed to the 84 

test the following hypotheses: (1) there would be a significant group × speed 85 

interaction, with the PD group showing more strength deficits at higher movement 86 

velocities, (2) eccentric muscle strength would be more compromised than concentric 87 

muscle strength in individuals with PD, (3) there would be a significant group × joint 88 

angle interaction, with the PD group showing more strength deficits in the inner range 89 

of the muscle.  90 

 91 

 92 

METHODS 93 

 94 

 95 

Participants  96 

In Pedersen et al.5, the comparison of peak torque values of isokinetic ankle 97 

dorsiflexion between individuals with PD and participants without impairments 98 

yielded effect sizes varying from 0.8-2.4 (t-test) (i.e., large effect sizes), depending on 99 



the type of contraction and angular speed. This study involved 2 factors (group and 100 

angular speed) for each type of contraction (concentric and eccentric). Based on 2-101 

way analysis of variance (ANOVA), with a large effect size of 0.50, power of 0.90, 102 

the minimum sample size required would be 64 (32 people with PD and 32 103 

participants without impairments).  104 

 105 

A convenience sample of people with PD and participants without impairments was 106 

recruited from a local PD patient self-help group and community centers respectively. 107 

The inclusion criteria for participants with PD were: diagnosis by a neurologist using 108 

the United Kingdom PD Society Brain Bank Criteria15, disease duration of  >1 year, 109 

aged 50 years or older, community-dwelling, able to ambulate for at least 10 meters 110 

with or without walking aids independently, and able to follow simple verbal 111 

commands. The exclusion criteria were: significant musculoskeletal conditions that 112 

would interfere with testing, diagnosis of other neurological diseases, and other 113 

serious illnesses that precluded participation. The eligibility criteria for the control 114 

group were identical as stated above, except that participants without impairments did 115 

not have any history of PD. The study was approved by the University Human 116 

Research Ethics Review Committee. All participants gave written informed consent. 117 

All experimental procedures were conducted in accordance with the Declaration of 118 

Helsinki.   119 

 120 

A total of 59 individuals with PD and 37 participants without impairments were 121 

enrolled in the study. Participant characteristics are listed in table 1. Relevant 122 

demographic information (e.g., medical history) was obtained by interview. The 123 

Motor Examination of the Unified Parkinson Disease Rating Scale (UPDRS-III) was 124 



administered by an experienced clinical researcher to assess the degree of motor 125 

impairment.16 The Modified Hoehn & Yahr (MHY) staging was used to evaluate PD 126 

disease severity.17 For individuals with PD, all experimental procedures were 127 

performed within 1 hour during the “ON” phase of their medication cycle.  128 

 129 

Muscle strength assessment 130 

Ankle muscle strength was quantified by an isokinetic dynamometera (Lumex, Inc., 131 

Ronkonkoma, NY), which is capable of maintaining the movement speed constant 132 

during testing. Only the more affected side was assessed, as more exaggerated muscle 133 

weakness was typically found in the more impaired leg.18 Laterality was defined as 134 

the items 20-23, 24 and 26 of the UPDRS differing between sides by one or more 135 

score.19 Participants were placed in a prone position and a footplate was attached to 136 

their feet while the thigh and lower leg were stabilized by straps. Participants 137 

performed isokinetic concentric and eccentric contraction of the ankle between a 138 

range of 10o dorsiflexion and 25o plantarflexion at two discrete angular velocities of 139 

45o/s and 90o/s. Previous studies employed angular velocities between 30o/s and 140 

180o/s.].1,5-7,18 We chose the angular velocity of 45o/s because this velocity is close to 141 

that is used during functional walking.20 To assess the influence of angular speed on 142 

torque generation, a higher angular velocity of 90°/s was also chosen. Both velocities 143 

were tolerated by individuals with PD as determined by our pilot study. The order of 144 

the testing conditions was randomized. Participants were allowed to practice each 145 

type of contraction at their sub-maximal effort twice, followed by the test trial where 146 

3 maximum concentric or eccentric contractions were performed. Each participant 147 

was closely monitored by the researcher during the data collection process, to ensure 148 

that the participants performed the required movements as instructed. Participants 149 



were given a 3-minute rest period between each mode of contraction. The torque 150 

(Nm) profiles of the 3 test trials were averaged for further analysis. The variables of 151 

interest included peak concentric and eccentric joint torques, and the torques recorded 152 

at different joint angles (in 5o intervals of ankle dorsiflexion/plantarflexion).  153 

 154 

Balance measurements 155 

Stance stability was evaluated by the one-leg-stand (OLS) test.21 Each participant was 156 

instructed to stand on their more affected leg with eyes open, and hands placed on the 157 

hips, and maintain this position for as long as possible. The OLS time was measured 158 

using a stopwatch. A practice trial was given before the actual recording. 159 

 160 

The limit of stability (LOS) test was performed to assess dynamic postural control, 161 

using the Smart Balance Systemb (NeuroCom International, Inc., Clackamas, OR).7 162 

This test quantifies the individual’s ability to voluntarily sway to various locations in 163 

space.22 The system consists of dual force plates that are connected to a computer 164 

system and a screen display placed in front of the participant. Each participant stood 165 

on the forceplates while wearing a harness to prevent falls. The theoretical LOS of 166 

each participant (i.e., the maximum range in which the center of gravity (COG) can be 167 

moved safely without changing the base of support) was automatically computed by 168 

the Smart Balance System, based on the assumption that movement about the ankle 169 

while standing on a fixed surface behaves as an inverted pendulum.22,23 The limits are 170 

defined as extending 6.25°, 4.45°, and 8.00° in anterior, posterior and mediolateral 171 

directions, respectively.22,23 On the screen display, there were eight target boxes 172 

placed at the 100% of the theoretical LOS (forward, backward, left, right, forward 173 

right, forward left, backward right, and backward left), a center box, and a cursor 174 



representing participant’s COG.22  In the starting position, the participant was 175 

required to maintain the COG cursor within the center box. During the LOS test, the 176 

participant was instructed to move the COG cursor towards a highlighted target box 177 

as quickly and accurately as possible, and maintain the cursor within the target box. 178 

The participants were given a maximum of 8 seconds to complete the movement 179 

toward the target. The endpoint excursion is the distance traveled by the COG on the 180 

primary attempt to reach the designated target and is expressed as a percentage of the 181 

LOS. The endpoint is defined as the point at which the initial movement towards the 182 

target stops and subsequent corrective movement begins (Figure 1).22  183 

 184 

Data analysis 185 

All analyses were conducted using SPSS 17.0c (SPSS Inc., Chicago, IL). Two-way 186 

analysis of covariance (ANCOVA) models with mixed design (within-subject factor: 187 

angular speed, between-subject factor: patient group, covariate: age) were used to 188 

compare the peak torque values in each of the following types of muscle contraction 189 

at 45°/s and 90°/s: concentric ankle dorsiflexion, eccentric ankle dorsiflexion, 190 

concentric ankle plantarflexion, and eccentric ankle plantarflexion. Post-hoc analysis 191 

was performed when appropriate. For analysis of the torque-angle profiles, two-way 192 

ANCOVA models with mixed design (within-subject factor: joint angle, between-193 

subject factor: group, covariate: age) were then used, followed by post-hoc analysis as 194 

necessary. In isokinetic testing, acceleration and deceleration phases may occur.24 Our 195 

pilot data indeed showed the existence of the acceleration and deceleration phases 196 

within the first and last 2-5 degrees of movement respectively.  Therefore, we 197 

discarded the data in the first and final 5 degrees of each movement. Only the torque 198 

profiles between the range of 5° dorsiflexion and 20° plantarflexion were analyzed. 199 



For ANCOVA, effect sizes were expressed in partial eta-squared (large=0.14, 200 

medium=0.06, small=0.01).25 Finally, Pearson’s correlation analysis was performed 201 

to determine the degree of association of muscle torques with balance parameters 202 

measured. A significance level of p<0.05 was set. 203 

 204 

 205 

RESULTS 206 

 207 

 208 

There were no significant differences in any demographic variables between the two 209 

groups (Table 1).   210 

 211 

Peak torque 212 

The peak torque data are displayed in Table 2. ANCOVA revealed a significant group 213 

× speed  interaction in ankle plantarflexion concentric strength only (F=11.201, 214 

p=0.001, effect size in partial eta squared η2=0.11), indicating exaggerated muscle 215 

weakness in concentric ankle plantarflexion among the PD patients when the angular 216 

speed was increased from 45°/s to 90°/s. Significant main effect of group for all 217 

muscle torque variables measured was found (p<0.001), with the PD group 218 

consistently showing lower peak torque values than the participants without 219 

impairments (partial η2=0.16-0.38). Significant main effect of speed was detected in 220 

concentric ankle plantarflexion only (F=6.665, p=0.011, partial η2=0.07). In addition, 221 

the effect sizes for the concentric conditions were substantially greater than those for 222 

the corresponding eccentric conditions, except for ankle dorsiflexion at 45°/s. 223 

 224 



Angle-torque profiles using absolute torque values 225 

When the absolute torque values were used to generate the angle-torque profiles, it 226 

was found that the group × angle interaction effect was statistically significant for all 227 

test conditions (partial η2=0.04-0.19) (not shown). The main effects of angle and 228 

group were also significant for all test conditions (p<0.05). The significant group × 229 

angle interaction indicated that the relationship between torque production and joint 230 

range demonstrated in the PD group is different from that in participants without 231 

impairments.  232 

 233 

Angle-torque profiles using relative torque values 234 

To further explore the relationship between muscle weakness and joint angle, the 235 

torque value attained at a particular joint angle was expressed as a percentage of the 236 

peak torque and the angle-torque profiles were then compared. For ankle dorsiflexion 237 

strength (Fig. 2), the group × angle interaction was not significant for all test 238 

conditions (Fig. 2A-D)(p>0.05). The main effect of group was significant for 239 

concentric contraction at 90°/s (Fig. 2B) and eccentric contraction (Fig. 2C and D) at 240 

both speeds (p<0.05, partial η2=0.06-0.09), but was not statistically significant for 241 

concentric contraction at 45°/s (Fig. 2A) (p>0.05). The main effect of angle was only 242 

significant for eccentric contraction (p<0.001, partial η2=0.05-0.06) (Fig. 2C and D), 243 

but not for concentric contraction (p>0.05) (Fig. 2A and B), regardless of angular 244 

speed. 245 

 246 

For ankle plantarflexion (Fig. 3), the group × angle interaction was significant for 247 

concentric contraction at both angular speeds (Fig. 3A and B) and eccentric 248 

contraction at 90°/s (Fig. 3D) (p<0.05, partial η2=0.03-0.19).  The group × angle 249 



interaction for eccentric plantarflexion at 45°/s did not quite reach statistical 250 

significance (p=0.080). The main effect of group was significant for all test conditions 251 

(p<0.05, partial η2=0.07-0.34) (Fig. 3A-D). The main effect of angle was significant 252 

for eccentric ankle plantarflexion (p<0.05, partial η2=0.49-0.56) (Fig. 3C and D), but 253 

not for concentric ankle plantarflexion (Fig. 3A and B) (p>0.05), regardless of angular 254 

speed.  255 

 256 

Correlation with balance measures 257 

Concentric ankle plantarflexion strength at 90°/s at 20° of ankle plantarflexion was 258 

selected for subsequent correlation analysis, as it showed the most pronounced deficit 259 

(Fig. 3B). The results showed that it was significantly correlated with OLS time 260 

(r=0.306, p=0.022), and end point excursion (LOS test) (r=0.388, p=0.003). 261 

 262 

 263 

DISCUSSION 264 

 265 

 266 

This novel study found that the PD group displayed significant weakness in both 267 

ankle dorsiflexors and plantarflexors. The weakness is particularly apparent during 268 

concentric contraction of the plantarflexors, when the angular speed is high and the 269 

joint is moving toward the end range of ankle plantarflexion.   270 

 271 

Ankle muscle weakness in PD 272 

Our findings of muscle weakness in both concentric ankle dorsiflexion and 273 

plantarflexion in the PD group are consistent with those reported earlier by previous 274 



studies.5-7,26,27 Pedersen et al. were the only investigators who demonstrated eccentric 275 

ankle dorsiflexors weakness in individuals with PD.5,6,26 Our study extended their 276 

finding by showing that both eccentric ankle dorsiflexion and plantarflexion joint 277 

torques were compromised in PD.  278 

 279 

Influence of speed 280 

Our results proved our hypothesis that individuals with PD have more muscle strength 281 

deficits at higher movement speeds. With increase in angular speed, the difference in 282 

peak torque generated during concentric ankle plantarflexion contraction between the 283 

patients and participants without impairments became more conspicuous. Pedersen 284 

and Oberg reported that the deficits in peak torque generation were more apparent at 285 

angular speed of 180o/s than 30o/s for concentric ankle dorsiflexion.6 Our lack of 286 

group × speed interaction effect in concentric ankle dorsiflexion could be due to the 287 

narrower range of angular speeds used in our study (i.e. from of 45o/s to 90o/s), 288 

compared with those used by Pederson and Oberg.6 Other studies also demonstrated 289 

no relationship between concentric ankle joint torque and movement velocity.7,25 290 

However, these investigators compared the joint torque at much higher velocities, at 291 

90o/s and 150o/s.  292 

 293 

The impairment in torque generation at higher velocities is considered to represent 294 

bradykinesia, a symptom that reflects the dysfunction of central mechanisms. Hallett 295 

and Khoshbin28 demonstrated that bradykinesia resulted from the inability to activate 296 

the appropriate muscle to generate force at a sufficient rate. Individuals with PD may 297 

have selective decrease in number of and atrophy of fast-twitch type II muscle fibers, 298 

and hence more weakness during movements at faster speeds.29 299 



 300 

Influence of contraction type 301 

Our results support our hypothesis that concentric strength is more impaired than 302 

eccentric strength in individuals with PD. By comparing the effect sizes (Table 2), we 303 

found that eccentric strength was better preserved than concentric strength, 304 

particularly for ankle plantarflexors. Pedersen and colleagues reported a similar 305 

phenomenon in ankle dorsiflexors.5,6 The more pronounced deficits in concentric 306 

strength in the PD population appear to be consistent with those reported in older 307 

people and individuals with other neurological conditions (e.g., cerebral palsy, and 308 

stroke).9-11 The mechanisms underlying this phenomenon are not entirely clear. 309 

Presumably, physical inactivity may lead to reduction in both concentric and eccentric 310 

strength. However, a sedentary lifestyle may also contribute to a decrease in 311 

contractile element and increase in connective tissue content in the muscle, which 312 

may alter the mechanical stiffness of the muscle. During eccentric contraction, the 313 

stiffness of the lengthening muscle would contribute to the tension development.  The 314 

rigidity may also contribute to the force development as the muscle is lengthening 315 

during eccentric contraction. It is possible that the reduction in strength due to 316 

eccentric contractile inactivity may be partially compensated by gains in mechanical 317 

stiffness.9 More study is required to examine the muscle structural changes in PD. 318 

 319 

Influence of joint angle 320 

In analyzing the angle-torque profiles, we used the relative torque values in 321 

conjunction with the absolute values. The results revealed substantial difference in 322 

peak torque values between the PD and control groups (Table 2). The peak torque 323 

value for a particular type of contraction also varied across the subjects within each of 324 



the two groups, as reflected by the standard deviations (Table 2).  Additionally, the 325 

peak torque values also differed considerably among the different types of contraction 326 

(Table 2). By expressing each individual’s torque values generated at various joint 327 

angles as a percentage of his or her own peak torque value, the variability of the peak 328 

torque arising from different sources (i.e., between-group, within-group, between-329 

contractions) could be taken into account when analyzing the angle-torque profiles. 330 

Using the relative torque values can thus facilitate the comparison of angle-torque 331 

profiles between the PD and control groups across the different test conditions. 332 

Previous studies in other patient populations have also used a similar approach in 333 

analysis of muscle torque data.12,14   334 

 335 

In analyzing the absolute torque values, the group × angle interaction was statistically 336 

significant for all test conditions, clearly indicating that the relationship between 337 

torque generation and joint angle demonstrated in the PD group is distinct from that in 338 

the control group. In subsequent analysis using relative torque values, the significant 339 

group × angle interaction was found only in ankle plantarflexion. In particular, the PD 340 

group exhibit exaggerated muscle weakness in the inner range of concentric ankle 341 

plantarflexion, which is more apparent at higher speeds (Fig. 3B). At 90o/s, the 342 

relative ankle plantarflexion joint torque in the PD group is at its maximum at the 343 

outer range of the muscle (i.e. when the ankle is in a dorsiflexed position) but is 344 

substantially reduced and reached its minimum at the inner range (i.e. when the ankle 345 

is in a plantarflexed position). Our findings thus support our hypothesis that muscle 346 

weakness is more pronounced in the inner range of the muscle. Our results are also 347 

consistent with the exaggerated weakness found in shorter elbow flexors and 348 

extensors12,13 and knee extensors14  among patients with stroke. The length-dependent 349 



deficits might be due to impaired motor unit rate coding at shorter muscle lengths. It 350 

has been shown in neurologically intact participants that the twitch duration is 351 

reduced during voluntary isometric contraction at a shorter muscle length.30 352 

Participants without impairments could increase the motor unit firing rates to maintain 353 

the joint torque. People with PD may have central deficits in maintaining or 354 

sustaining the motor units firing rate for long period of time31, inefficiency of muscle 355 

contraction27 and/or depression in the rate of force production32, resulting in 356 

exaggerated weakness ankle plantarflexors at shorter lengths.    357 

 358 

We note that the length-dependent deficit was only present in ankle plantarflexors, but 359 

not ankle dorsiflexors. Individuals with PD are known to walk with shuffling gait 360 

with toes touching the ground first instead of the heel. Kinematic and kinetic analysis 361 

found that these patients had decreased ankle plantarflexion excursion3 and reduced 362 

push-off ankle power.3,4 The disuse of the ankle plantarflexors, especially in the inner 363 

range, during daily functional activities might result in more deficits in this range.  364 

 365 

The length-dependent weakness found here could not be explained by the reduced 366 

effort in anticipation of reaching the end of movement. First, this finding is not 367 

observed in the participants without impairments (i.e. significant group × angle 368 

interaction)(Fig. 3B). Second, this pattern of muscle weakness is not found in the 369 

ankle dorsiflexors (Fig. 2) or eccentric contraction of ankle plantarflexors (Fig. 3D).  370 

 371 

Clinical implications 372 

Muscle weakness in individuals with PD may have important functional implications. 373 

Indeed, we found a significant relationship between ankle plantarflexor muscle 374 



weakness and balance ability. Addressing muscle weakness is thus an important area 375 

in fall management of these patients. The findings in this study would be useful in 376 

guiding the design of muscle strengthening program for the PD population. For 377 

example, as muscle strength is more compromised at higher velocities and inner range 378 

of movement, strength training may focus on higher-velocity movements that forced 379 

the patients to use the inner range of the target muscle group. It has been reported that 380 

following speed-specific and angle-specific isometric and concentric training in 381 

unimpaired individuals, the strength gain was more apparent at the trained speeds and 382 

joint range.33 383 

 384 

People with PD have more impairment in concentric than eccentric ankle muscle 385 

strength. On one hand, it is important to target this deficit in concentric contraction in 386 

the strength training program. On the other hand, the strengthening program may 387 

exploit their better-preserved eccentric strength to maximize functional capacity. 388 

Indeed, Dibble et al.34 have shown that high-force eccentric training resulted in better 389 

outcomes in muscle volume, walking endurance, and stair descent in people with PD. 390 

Further study is required to investigate the effects of different exercise protocols on 391 

the torque-angle relationship and function in people with PD. 392 

 393 

Study Limitations 394 

This was a cross-sectional study that compared the muscle strength between people 395 

with PD and age-matched participants without impairments. It could not provide 396 

information on the temporal changes of muscle strength in people with PD. A 397 

prospective study would be required to examine the degree of muscle strength after 398 

PD as time progresses. All assessments were performed within 1 hour during the 399 



“ON” phase of the medication cycle. Further study should investigate the muscle 400 

strength profiles during the OFF phase.  Additionally, our participants in the PD 401 

group were all community-dwelling, ambulatory individuals. The results cannot be 402 

generalized to those who are institutionalized or wheelchair bound. Finally, all 403 

participants in the PD group were recruited from a local PD patient self-help group, 404 

which held regular meetings for its members. The PD group in our study may thus be 405 

more physically and socially active than their non-member counterparts.   406 

 407 

 408 

CONCLUSIONS 409 

 410 

 411 

To conclude, individuals with PD demonstrate significant ankle muscle weakness. 412 

The deficit in ankle muscle force production is influenced by contraction type, 413 

angular speed and joint range. The results are useful in guiding the design of muscle 414 

strength training program for individuals with PD.     415 

 416 

417 



 418 
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FIGURE LEGENDS 529 

 530 

Fig. 1 Limit of stability (LOS) test. Each participant was asked to move the 531 

center of gravity (COG) as quickly and accurately as possible towards a second 532 

target located at the perimeter of LOS. The endpoint excursion refers to the 533 

distance traveled by the COG on the initial attempt to reach the target. 534 

 535 

Fig. 2 Ankle dorsiflexion angle-torque profiles. On the horizontal axis, 536 

negative values represent ankle dorsiflexion whereas positive represent ankle 537 

plantarflexion. The error bars represent one standard error of the mean. Between-538 

group difference: *p<0.05.  539 

 540 

Fig. 3 Ankle plantarflexion angle-torque profiles. The same convention was 541 

used as in figure 1. Between-group difference:*p<0.05, †p<0.001.  542 

 543 




