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Abstract 41 

 42 

Objectives:  To compare (a) responsiveness and (b) predictive ability of clinical and 43 

instrumented spasticity assessments after Botulinum-Toxin-A (BTX) treatment 44 

combined with casting in the medial hamstrings (MEH) in children with spastic 45 

cerebral palsy (CP).  46 

Design:  Prospective cohort study  47 

Setting:  University Hospital 48 

Participants:  31 children (40 MEH muscles) with CP, consecutive sample, requiring 49 

BTX injections. 50 

Interventions:  Clinical and instrumented and spasticity assessments before and 51 
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53±14 days after BTX. 52 

Main outcome measures:  Clinical spasticity scales included the Modified Ashworth 53 

Scale and the Modified Tardieu Scale. The instrumented spasticity assessment 54 

integrated biomechanical (position and torque) and electrophysiological (surface 55 

electromyography-sEMG) signals during manually-performed low- and high-velocity 56 

passive stretches of the MEH. Signals were compared between both stretch 57 

velocities and examined pre- and post-BTX. Responsiveness of clinical and 58 

instrumented assessments was compared by percentage exact agreement. 59 

Prediction ability was assessed with a logistic regression and the area under the 60 

Receiver Operating Characteristic (ROC) curves of the baseline parameters of 61 

responders versus non-responders. 62 

Results:  Both clinical and instrumented parameters improved post-BTX (p≤0.005), 63 

though showed a low percentage exact agreement. The baseline Modified Tardieu 64 

Scale was the only clinical scale predictive for response (area under ROC 65 

curve=0.7). For the instrumented assessment, baseline values of root mean square 66 

(RMS) EMG and of torque were better predictors for a positive response (area under 67 

ROC curve=0.82). RMS-EMG remained an important predictor in the logistic 68 

regression. 69 

Conclusions:  The instrumented spasticity assessment showed higher 70 

responsiveness than the clinical scales. The amount of RMS-EMG is considered a 71 

promising parameter to predict treatment response. 72 

 73 

 74 

 75 

 76 
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 79 

List of abbreviations 80 

CP: Cerebral Palsy 81 

BTX: Botulinum Toxin serotype A 82 

MEH: Medial hamstrings (Mm. Semitendinosus and Mm. Semimembranosus) 83 

sEMG: surface electromyography  84 

ROM: range of motion 85 

RMS-EMG: root mean square envelope of the surface electromyography signal 86 

VMAX: maximum angular velocity of a passive muscle stretch 87 

AOC: angle of catch 88 

MDC: minimal detectable change  89 

ROC: Receiver Operating Characteristic 90 

 91 

Introduction 92 

Cerebral palsy (CP) is the most common cause of physical disability in children. 93 

Spasticity, occurring in 80-90% of these children, was described by Lance as being a 94 

velocity-dependent increase in tonic stretch reflexes resulting from hyperexcitability of 95 

the stretch reflex.1 However, the term spasticity is often used to represent multiple 96 

positive symptoms of the upper motor neuron syndrome. Spasticity is considered to 97 

play an important role in the development of secondary muscle contractures and 98 

bone deformities.2 Consequently, spasticity management in children with CP aims to 99 

prevent these secondary problems and to delay or avoid the need for surgery.3  100 

 101 
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Intramuscularly injected Botulinum Toxin A (BTX) is effective in temporarily 102 

decreasing spasticity,4 though a large variability in response has been reported in 103 

children with CP (37-80%, depending on the outcome measure used).5,6 Common 104 

outcome measures include the Modified Ashworth Scale7 and the Modified Tardieu 105 

Scale.8 However, the intrinsic subjective character of these clinical scales restricts 106 

their reliability.9-12 Additionally, it remains unclear whether their predictive ability is 107 

sufficient for clinical decision making.13-16 The value of clinical scales may be 108 

questioned as they cannot differentiate between neural and non-neural components 109 

of increased resistance.10,17-21  This may be essential information to support treatment 110 

planning and help understand treatment response.  111 

 112 

 113 

Instrumented tests that integrate biomechanical and electrophysiological measures of 114 

spasticity collect quantitative data.20,21 These have been shown to be reliable and 115 

valid to measure spasticity in the medial hamstrings (MEH) of children with CP.22,23 116 

However, it has yet to be assessed if parameters obtained from these instrumented 117 

assessments are more sensitive than clinical scales in detecting treatment response 118 

and if these could provide further insights that help explain response variability. 119 

 120 

 121 

In this study we used instrumented and clinical spasticity assessments to define the 122 

effect of BTX in the MEH of children with CP. For both assessments, we first 123 

analyzed their responsiveness to change and secondly, their ability to predict it. We 124 

hypothesized that an instrumented assessment was more responsive and could 125 

better predict the effect of BTX on spasticity in the MEH of children with CP. 126 
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 127 

 128 

METHODS 129 

 130 

Participants 131 

In this prospective cohort study, participants were recruited from the multidisciplinary 132 

clinic for patients with CP of the University Hospital ***. Children aged 3-18 years and 133 

scheduled for BTX of the MEH (Mm. Semitendinosus and Semimembranosus) were 134 

screened for inclusion. Exclusion criteria were: presence of ataxia or dystonia; severe 135 

muscle weakness (<2+ on the Manual Muscle Test24); poor selectivity8; bone 136 

deformities or contractures compromising the performance of purely sagittal plane 137 

passive knee flexion/extension movements; cognitive problems that could impede the 138 

measurements; previous lower limb orthopedic surgery; intrathecal Baclofen pump or 139 

selective dorsal rhizotomy. Children’s parents signed an informed consent for 140 

participation. The experimental protocol was approved by the university hospital’s 141 

ethical committee (B32220072814). 142 

 143 

 144 

BTX dosage (Botox®, Allergan Ltd, UK) was based on patient history, findings of a 145 

clinical examination (Modified Ashworth Scale7, Modified Tardieu Scale8, range of 146 

motion-ROM, strength24, selectivity8), 3D-gait analysis and the clinicians’ experience. 147 

Injection was done under short anesthesia and ultrasound was used for visual 148 

identification of muscles and needle depth control.25 Post-BTX, all patients received 149 

casting for a period of 10 days (lower-leg with optional removable, upper-leg night 150 
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splint used as a knee-extension device), intensive physical therapy and orthotic 151 

management (day and night), as previously described.26 152 

 153 

 154 

Data acquisition 155 

Spasticity assessments were performed before injection and between 14-90 days 156 

after. Clinical and instrumented spasticity assessments22 were performed 157 

consecutively by two independent assessors on the same day. The Modified 158 

Ashworth Scale (henceforth referred to as Ashworth) was used to assess the quality 159 

of muscle reaction to passive stretch.7 The Modified Tardieu Scale (henceforth 160 

referred to as Tardieu-angle) was only performed in those muscles with an Ashworth-161 

score ≥1+, whereby the angle at which a spastic catch was felt during a quick 162 

passive stretch (R1-value) was noted.8 In children with unilateral CP, only the 163 

affected side was tested. In children with bilateral involvement, both sides were 164 

tested. 165 

 166 

 167 

The set-up of the instrumented assessment is presented in Figure 1. All evaluations 168 

were conducted as previously outlined.22 Surface electromyography (sEMG) 169 

electrodes were placed according to standardized procedure on the MEH and rectus 170 

femoris.27 Data from the rectus femoris were utilized to ensure the absence of active 171 

assistance during passive muscle stretches. Four repetitions of passive stretch of the 172 

MEH, at three velocities, over the full ROM were carried out. The knee joint was first 173 

moved at low-velocity during 5sec, followed by an intermediate-velocity (not included 174 
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in the current data analysis) and finally at high-velocity, performed as fast as 175 

possible. The interval between repetitions was 7sec.  176 

 177 

 178 

Data analysis 179 

A 6th-order zero-phase Butterworth bandpass filter ranging from 20-500Hz was 180 

applied to filter the raw sEMG-signal. The root mean square envelope of the sEMG 181 

(RMS-EMG) was computed using a low-pass 30Hz 6th-order zero-phase Butterworth 182 

filter on the squared raw signal. ROM, maximum angular velocity (VMAX), and the net 183 

internal joint torque were obtained as previously described.22 184 

 185 

 186 

Data with a missing post-test were excluded. Additionally, repetitions were excluded 187 

when passive stretches were performed out-of-plane (see Suppl. 1 in22), at non-188 

similar velocities (difference >20˚/sec within a velocity trial), in case of poor quality 189 

sEMG (low signal-to-noise ratio or obvious artifacts), and in case of antagonist 190 

activation. Data analyses were carried out using MATLAB® Software 7.6.0 R2008a. 191 

 192 

 193 

Outcome parameters 194 

Ashworth-scores and Tardieu-angles constituted the clinical spasticity parameters. 195 

From the instrumented test, eight spasticity parameters were extracted from joint 196 

angles, RMS-EMG and torque signals. ROM was analyzed from low-velocity 197 

stretches, VMAX from high-velocity stretches. Non-normalized, average RMS-EMG 198 

(µV) was calculated as the area underneath the RMS-EMG time curve, divided by the 199 
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duration of the time interval considered. This time interval started 200ms prior to the 200 

time corresponding to VMAX and ended at the time corresponding to 90% of the full 201 

ROM. 202 

 203 

 204 

From the computed torque, five additional spasticity parameters were assessed. 205 

Torque was first computed at the time at which VMAX occurred, and secondly at 70° 206 

knee flexion, an angle that corresponded to the overall mid-ROM of all subjects. 207 

Thirdly, work was calculated as the integral of torque with respect to the position 208 

starting at VMAX to 90% of the ROM. Power, defined as the product of angular velocity 209 

and torque, has recently been found to be a sensitive and valid parameter to detect 210 

the position and intensity of the angle of catch (AOC) in children with CP.23 Therefore, 211 

the AOC was defined as the angle corresponding to the time of minimum power after 212 

maximum power in the first high-velocity stretch, expressed as a percentage of 213 

ROM.23 Finally, this minimum power value was used to report the intensity of the 214 

catch.23 All parameters (except AOC and AOC power) were calculated by taking the 215 

average of 2-4 repetitions per velocity. Additionally, all parameters (except ROM, 216 

VMAX, AOC and AOC power) were calculated as the absolute change between low- 217 

and high-velocity stretches. 218 

 219 

 220 

Statistical analyses 221 

 222 

Responsiveness 223 

 224 
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 225 

To evaluate group response, clinical and instrumented parameters were compared 226 

pre- and post-BTX using Wilcoxon Signed Rank Test. While the clinical scales have 227 

been found responsive to BTX8, no such evidence exists for the current methods’ 228 

instrumented parameters. To identify the most responsive instrumented parameters, 229 

the group average change between pre- and post-BTX was evaluated in view of the 230 

minimal detectable change (MDC).28 MDC-values were calculated from standard 231 

error of measurement values previously reported23 (MDC=standard error of 232 

measurement*1.645*√2)28 (Appendix 1). Only those parameters with average change 233 

values above the MDC were regarded responsive and retained for further analyses. 234 

To evaluate response per muscle, a distinction was made between clinical response 235 

and instrumented response.  236 

 237 

 238 

CLINICAL RESPONSE 239 

Per muscle, the change in clinical scores between pre- and post-BTX was calculated. 240 

A positive response was defined as a change to a lower Ashworth-score29 or a 241 

change to a less severe Tardieu-angle (change >8.45°, i.e. the standard error of 242 

measurement of the Tardieu-angle for the MEH12). A muscle that responded in either 243 

clinical scale was categorized as a clinical responder (scored as 1). A muscle 244 

showing no improvement in either clinical scale was categorized as a clinical non-245 

responder (scored as 0). 246 

 247 

 248 

INSTRUMENTED RESPONSE 249 

 250 
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 251 

Per muscle, the change between pre- and post-BTX values of every responsive 252 

instrumented parameter was calculated and expressed as a percentage of its 253 

corresponding MDC-value. Next, these change-values were averaged to produce 254 

one value per muscle. A muscle with a value >100% was considered an 255 

instrumented responder (scored as 1). A muscle with a value ≤100% was considered 256 

an instrumented non-responder (scored as 0). 257 

 258 

 259 

Percentage exact agreement values between the clinical and instrumented 260 

responders were calculated. The significance of the differences in percentage exact 261 

agreement was determined using Fisher’s exact p-value of the chi-square statistic. 262 

The difference between the ability to detect a responder was determined using the 263 

McNemar test. To account for agreement due to chance, Kappa (K) values were 264 

calculated. These were interpreted as poor when <0.2, fair when 0.2-0.4, moderate 265 

when 0.4-0.6, good when 0.6-0.8 and very good when >0.8.30 266 

 267 

 268 

Prediction  269 

We explored whether baseline values of the clinical scales and the instrumented 270 

parameters could predict a clinical and an instrumented responder, respectively. 271 

Baseline Ashworth-scores, Tardieu-angles and instrumented parameters were 272 

therefore compared between responders and non-responders, using Fisher-exact 273 

(dichotomized parameters), Freeman-Halton (categorical parameters) or Man 274 

Whitney U tests (continuous parameters). To investigate whether patient and 275 
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treatment characteristics affected response, following parameters were also 276 

compared between responders and non-responders (tests as appropriate): age, 277 

Gross Motor Function Classification Score31, diagnosis (right/left hemiplegia, diplegia, 278 

triplegia, quadriplegia), casting (with/without upper-leg casts), BTX dosage, and time 279 

between injections and post-evaluation. 280 

 281 

 282 

Significance was set at p<0.05. When more than one parameter differed significantly 283 

between responders and non-responders, a multivariate logistic regression was 284 

performed. Parameters were examined for collinearity using Spearman rank 285 

correlation coefficients. Only those parameters with poor to moderate inter-286 

correlations32 were retained. Areas under the Receiver Operating Characteristic 287 

(ROC) curves were calculated per predictive parameter and for the combination of 288 

parameters. Statistical analyses were performed using SPSS (IBM Statistics 20). 289 

 290 

 291 

RESULTS 292 

 293 

Thirty-one children (Table 1) with CP were included, of whom 19 were injected 294 

bilaterally. Data was not collected bilaterally in 11 participants, due to time restrictions 295 

or poor quality EMG. In these cases, data was collected from the most affected side 296 

(highest baseline Ashworth-score or the more severe Tardieu-angle in case of 297 

symmetrical Ashworth-scores). Clinical scores of the excluded muscles did not differ 298 

significantly from the included muscles at baseline or post-BTX [(pre median (IQR): 299 

Ashworth 2 (0.5), Tardieu-angle -82.5º (10º); post median (IQR): Ashworth 1.5 (0.5), 300 
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Tardieu-angle -75º (10º)]. Therefore, a total of 40 MEH muscles were studied. The 301 

mean dose for the MEH was 3±0.6U/kg Botox® (range: 2-4U/kg). Assessments were 302 

executed on average 22±16 days (0-46 days) before and 53±14 days (17-90 days) 303 

after injection. 304 

 305 

 306 

Responsiveness 307 

All spasticity parameters significantly improved post-BTX (Table 2). The average 308 

change in RMS-EMG (9.27±9.02µV), torque at 70º knee flexion (2.82±2.60Nm) and 309 

AOC (13.83±8.94%) was larger than each corresponding MDC-value (Appendix 1). 310 

Individual change values of clinical and instrumented parameters and their 311 

corresponding MDC-values are shown in Figure 2. Six muscles at baseline and 8 312 

muscles post-BTX received Ashworth-score ≤1 and thus not assessed with Tardieu-313 

angle. The Ashworth identified 14 responders, the Tardieu-angle 12. Combined, 314 

there were 19 clinical responders. Responsive instrumented parameters together 315 

identified 25 instrumented responders. Despite low percentage exact agreement 316 

between clinical and instrumented assessments, detection ability was only 317 

statistically different between Ashworth and instrumented responders (Table 3). 318 

 319 

 320 

Prediction  321 

Table 4 shows baseline parameters of responders versus non-responders. Patient 322 

and treatment characteristics did not differ between responders and non-responders. 323 

Baseline Tardieu-angles were significantly different between clinical responders and 324 

non-responders. The area under the ROC curve for predicting a clinical responder 325 
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using Tardieu-angle was 0.7, p=0.04 (Table 5). Values of RMS-EMG and torque at 326 

70° were significantly different between instrumented responders and non-327 

responders. Combination RMS-EMG and torque at 70° knee flexion resulted in an 328 

area under the ROC curve of 0.82 (p<0.01), although only RMS-EMG (p=0.02) 329 

remained significant in the logistic regression (Table 5). 330 

 331 

 332 

DISCUSSION 333 

 334 

This study compared the responsiveness of clinical and instrumented spasticity 335 

assessments following BTX and investigated the ability of clinical and instrumented 336 

baseline parameters to predict treatment response. 337 

 338 

 339 

Responsiveness 340 

Compared to the instrumented parameters, both clinical scales were less sensitive 341 

than the instrumented assessment to detect change in spasticity post-BTX. Although 342 

the average Ashworth-score reduced significantly post-BTX, such reduction was 343 

measured in only 14 of 40 muscles. The Ashworth tends to cluster muscles into 344 

broad severity categories, thereby limiting its ability to detect response. Conversely, 345 

the instrumented assessment offers continuous parameters and thus a wider range 346 

of possible outcomes. 347 

 348 

 349 
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The average change in Tardieu-angle did not exceed the measurement error, which 350 

was used as the cut-off to determine response.12 In addition, the Tardieu-angle was 351 

only applied to those muscles whose Ashworth-score was ≥1+. Consequently, a low 352 

number of clinical responders was detected. Goniometry, as used when determining 353 

the Tardieu-angle, has been repeatedly shown to be an imprecise method to 354 

measure the catch angle due to joint repositioning errors.10,33 This indicates that the 355 

reliability of the Tardieu-angle must be considered when assessing treatment 356 

response. Unlike the clinical parameters, several average change values from 357 

instrumented parameters did exceed their corresponding MDC-values. This further 358 

emphasizes their superiority over the clinical scales in detecting response, and 359 

highlights the possibility of these parameters to refine treatment strategies such as 360 

muscle selection, injection technique and dosage. 361 

 362 

 363 

The Ashworth or the Tardieu-angle do not discern the relative contributions of neural 364 

and non-neural components of spasticity. Integrating electrophysiological and 365 

biomechanical parameters provided a more comprehensive assessment. On 366 

average, velocity-dependent EMG during passive stretch reduced 57% post-BTX. 367 

According to Lance’s definition1, this indicates spasticity reduction. Nevertheless, 368 

large response variability was seen. Only 25 of 40 muscles showed a change in 369 

RMS-EMG above the MDC, and four muscles had increased RMS-EMG (spasticity 370 

increase). The instrumented parameters were specifically developed to highlight 371 

velocity-dependent spasticity, whereas spasticity might also be position-dependent. 372 

This is defined as an augmentation of muscle activity already present during low-373 
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velocity stretches.34,35 By only investigating the change between the two velocity 374 

conditions, we may have underestimated the effect of BTX on this type of spasticity. 375 

 376 

 377 

There was an average reduction of 38% in torque post-BTX. Two of four MEH 378 

muscles with increased muscle activity also showed increased torque post-BTX, 379 

confirming that torque is partially influenced by neurogenic factors. The AOC 380 

appeared at a higher percentage of the ROM in half of the MEH muscles post-BTX, 381 

suggesting a possible increase in the velocity threshold and thus a reduction of 382 

spasticity severity. Unfortunately, no comparable studies are available in children with 383 

CP. In stroke patients, similar large response variability post-BTX has been 384 

demonstrated, even with instrumented assessments.18,36,37 However, the lack of 385 

reported measurement errors hinders proper result interpretation. 386 

 387 

 388 

Prediction  389 

Despite the smaller standard deviations of most instrumented parameters post-BTX 390 

(Table 2), large response variability among muscles was present. Possible 391 

explanations were sought in the baseline spasticity measurements. In general, 392 

muscles with higher pathological EMG activation at baseline tended to be good 393 

responders and vice versa. As BTX targets reflex muscle activity by selectively 394 

blocking the release of acetylcholine at the cholinergic nerve terminal, it was not 395 

surprising that baseline RMS-EMG showed highest sensitivity to identify responders. 396 

Conversely, the Ashworth and the Tardieu-angle had no predictive ability. The 397 

amount of torque at 70° knee flexion did not survive the multivariate logistic 398 
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regression. Although the parameter captures the effect of increasing stretch velocity, 399 

torque was not decomposed into its neural and non-neural components, e.g. reflex-400 

related, viscosity and stiffness. Nevertheless, the instrumented spasticity assessment 401 

captured the variability due to treatment, thereby confirming its clinical validity. This 402 

consolidates its value to optimize BTX treatment and opens new pathways for other 403 

spasticity-reducing treatments, e.g. selective dorsal rhizotomy and intrathecal 404 

baclofen. 405 

 406 

 407 

In contrast to previous literature, age26, diagnosis13,14 and functional level38 could not 408 

distinguish instrumented responders from non-responders. Casting, which is also 409 

known to affect outcome26, was not found to be predictive. However, these 410 

dissimilarities may have been due to the sample size and/or lack of variability in the 411 

post-BTX treatment protocol. The fact that time was not a predictive factor was 412 

unexpected, given the ample evidence of the decreasing effect of BTX with time.39 413 

Larger, longitudinal studies are warranted to analyze the time course of the effect of 414 

BTX.  415 

 416 

 417 

Study limitations 418 

A first limitation is the lack of normalization of the RMS-EMG parameter. Previous 419 

publications using the same protocol normalized the RMS-EMG data to a maximum 420 

voluntary contraction.22,23 However, as BTX induces temporary weakness, this 421 

method could not be used in the current study.40 Therefore, special care was taken to 422 

standardize sEMG-electrode placement resulting in an acceptable measurement 423 
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error (Appendix 1). 424 

The AOC has been reported to be dependent on stretch velocity.41 Given that in the 425 

current study, muscles were stretched at higher VMAX post-BTX, the AOC should be 426 

interpreted in combination the catch intensity (i.e. AOC-power). However, 427 

repeatability of AOC-power should be improved as the currently larger measurement 428 

error associated with this parameter hampered the sensitivity analysis.  429 

 430 

 431 

The current study was lacking a control group. However, previous studies22,23 which 432 

assessed the repeatability of the presented method may serve as a reference for the 433 

stability of parameters in case of no treatment. The post-BTX physical therapy was 434 

not considered a predictive factor of treatment response. The impact of this factor 435 

was considered negligible as we previously showed little variability in the frequency 436 

and duration of post-BTX physical therapy.26 437 

 438 

 439 

Finally, the sample size limited the number of predictive variables that could be 440 

entered in multivariate logistic regression. Although instrumented parameters were 441 

more responsive and had improved prediction ability than the clinical scales, this 442 

study remains explorative and should be confirmed in larger groups. 443 

 444 

 445 

CONCLUSIONS 446 

 447 
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This study provides an objective, integrated method to quantify lower limb spasticity 448 

and its response to BTX in children with CP. Several instrumented parameters 449 

indicated reduced spasticity in most MEH muscles post-BTX. However, the degree of 450 

response was variable. Adequate identification of those muscles that benefit most 451 

from BTX is thus essential. Baseline spasticity parameters from an instrumented 452 

assessment assist in the prediction of treatment response and may thus be superior 453 

to the commonly used clinical scales. 454 

  455 
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TABLES 456 

 457 

Table 2.  Median and interquartile range values of spasticity parameters pre- and post-BTX 458 

Pre-BTX Post -BTX p 

Modified Ashworth Scale 2.00 (0.50) 1.50 (0.50) *0.036 

Tardieu-angle (°) -80.00 (15.00) -75.00 (10.00) *0.002 

ROM (°) 75.21 (16.00) 79.61 (15.27) *0.024 

VMAX (°/sec) 283.98 (51.85) 312.35 (31.92) *0.002 

RMS-EMG (µV) 15.53 (9.69) 5.93 (6.14) *<0.001 

Torque at 70° (Nm) 7.09 (5.11) 4.02 (3.21) *<0.001 

Torque at VMAX (Nm) 5.39 (4.64) 4.36 (3.57) *0.009 

Work (J) 4.53 (3.03) 3.18 (3.15) *<0.001 

AOC (%) 76.84 (22.23) 92.03 (13.11) *<0.001 

AOC power (W) -5.31 (8.10) -1.01 (8.08) *<0.001 

Torque at 70˚: torque at 70˚ knee flexion; Torque at VMAX: torque at maximum angular velocity; AOC 459 

(%): angle of catch expressed as a percentage of the full range of motion; AOC power: the power 460 

value at the angle of catch. *p<0.05 461 

Table 1.  Participant and treatment characteristics 

Participant characteristics  participants (n=31), muscles (n=40)  

Mean age (SD) (years) 8.77 (2.48) 

Male/female (n) male: 18, female: 13  

Diagnosis (n)  

- Unilateral involvement  

- Bilateral involvement  

5 hemiplegia left, 6 hemiplegia right  

17 diplegia,  1 triplegia,  2 quadriplegia 

GMFCS (I-V) (n) I: 12, II: 12, III: 6, IV: 1 

Treatment characteristics   

Amount of BTX injected in the MEH  

(units/Kg) (number of muscles) 

2.0: 6,  2.67: 13, 3.0: 2,  

3.33: 14, 4.0: 4, 4.67: 1  

Casting post BTX (number of muscles) Knee-extensor casts: 33 

No knee-extensor casts: 7 

GMFCS: Gross Motor Function Classification Score 
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Table 3.  Responsiveness to BTX: Percentage exact agreement (PEA) between the clinical scales and the instrumented assessment 462 

  Modified Ashworth Scale  PEA K Fisher’s exact  

p-value 

McNemar test  

p-value Non-responders Responders Total 
Instrumented  Non-responders  9 6 15 No response=23%    

Responders  17 8 25 Response=20%    

 Total  26 14 40 Total 43% -0.07 0.736 0.035 

K: Kappa values. 463 

 464 

 465 

 Tardieu angle 

Total 

    

Non-responders Responders  
Instrumented  Non-responders  8 6 14 No effect=25%    

Responders  12 6 18 Effect=19%    

 Total  20 12 32 Total 44% -0.09 0.718 0.238 

 Clinical      

Non-responders Responders Total  

Instrumented  Non-responders  6 9 15 No effect=15%    

Responders  15 10 25 Effect=25%    

 Total  21 19 40 Total 40% -0.19 0.328 0.307 
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Table 4.   Median and interquartile range values of baseline parameters of clinical and instrumented 

responders and nonresponders 

Outcome parameters  Clinical scales Instrumented assessment 

Clinical baseline 

parameters 

Non-

responders 

(n=21) 

Responders 

(n=19) 
p 

Non-

responders 

(n=15) 

Responders 

(n=25) 
p 

Pre Modified Ashworth 

Scale 0-5 (n) 

0:2 ;1:3; 1+:9; 

2:5; 3:2 

1+:5; 2:10; 3:4 0.08 1+:5; 2:8; 3:2 0:2; 1:3; 1+:9; 

2:7; 3:4 

0.43 

Pre Tardieu-angle (°) 75 (14) 85 (15) *0.0

4 

80 (15) 80 (19) 0.73 

Instrumented baseline 

parameters 

  

Pre ROM at low velocity 

(°) 

76.24 (14.63) 74.55 (17.60) 0.78 77.36 (18.36) 73.77 (18.64) 0.05 

Pre VMAX at high velocity 

(°/sec) 

284.72 (47.28) 278.32 (66.72) 0.10 306.4 (43.33) 283.1 (59.09) 0.26 

Pre RMS-EMG (µV)  12.43 (6.50) 17.49 (13.50) 0.05 10.62 (10.90) 17.23 (11.90) *0.0

1 

Pre Work (J)  5.56 (3.90) 3.62 (3.07) 0.49 3.50 (3.52) 5.19 (4.35) 0.21 

Pre torque at VMAX (Nm) 5.49 (4.66) 6.17 (5.54) 0.86 5.31 (3.25) 6.17 (5.58) 0.08 

Pre torque at 70° knee 

flexion (Nm) 

8.30 (4.52) 6.23 (5.37) 0.88 5.37 (4.97) 7.85 (5.96) *0.0

4 

Pre AOC (%) 79.01 (21.24) 74.09 (24.81) 0.22 86.13 (40.27) 74.92 (18.49) 0.08 

Pre AOC power (W) -4.56 (9.88) -9.89 (15.49) 0.12 -4.25 (7.75) -9.25 (10.73) 0.19 

Patient characteristics        

Age (years) 8.75 (2.87) 8.62 (5.23) 0.89 8.70 (4.36) 8.62 (3.30) 0.86 

GMFCS I-V (n)  I:10; II:8; III:3 I:3; II:11; III:4; 

IV:1 

0.21 I:4; II:7; III:3; 

IV:1 

I:9; II:12; III:4 0.83 

Paralysis injury (n) RH:3; LH:5; 

Di:13 

RH:3; LH:1; 

Di:11;  

Tri:2; Quad:2 

0.18 RH:2; LH:1; 

Di:10;  

Tri:1; Quad: 1 

RH:4; LH:5; 

Di:14;  

Tri:1; Quad:1 

0.81 

Treatment 

characteristics 

      

Timing of post-

measurement (days)  

56.00 (12) 53.0 (10) 0.20 56.0 (11) 52.0 (8) 0.12 

Knee extension casts (n: 

yes/no) 

Yes=17; No=4 Yes=16; No=3 0.79 Yes=12; No=3 Yes=21; No=4 0.75 

NOTE. Univariate analyses (Mann-Whitney U, Fisher exact, or Freeman-Halton tests, as defined in 

the Methods section) are between responders and nonresponders.   

Abbreviations: AOC power, power value at the AOC; Di, diplegia; EMG, electromyography; 
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 466 
Table 5. Multiple logistic regression results for predicting the clinical and instrumented outcome scores 

Predictor variable B S.E 

Wald  

chi 

square 

p-value 

Estimated 

odds 

ratio 

Area 

under  

ROC 

curve 

ROC 

curve  

p-value  

Clinical responder         

Baseline Tardieu-angle 0.08 0.04 3.95 0.05 1.08 0.70 0.04* 

Constant -5.95 3.08 3.73 0.05 0.003   

Model    0.03*  0.70 0.04* 

Instrumented responder         

Baseline RMS-EMG (µV) 0.163 0.069 5.54 0.02* 1.18 0.77 <0.01* 

Baseline Torque at 70° 

knee flexion (Nm) 
0.22 0.12 3.41 0.07 1.25 

0.69 0.01* 

Constant -3.53 1.47 5.75 0.02* 0.03   

Model    <0.01*  0.82 <0.01* 

B: coefficient for predicting dependent variable; S.E: standard errors associated with the coefficients; 

*p<0.05 

 467 

  468 

GMFCS, Gross Motor Function Classification Scale; LH, left hemiplegia; Quad, quadriplegia; RH, 

right hemiplegia; Torque at 70°, torque at 70 knee flexion; Torque at VMAX, torque at maximum 

angular velocity; Tri, triplegia; VMAX, maximum angular velocity.  * P<.05. 
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FIGURES 469 

 470 

Figure 1.  Test starting position, direction of stretch (white arrow) and instrumentation 471 

for the instrumented spasticity assessment of the medial hamstrings muscle. 472 

Overview of the test instrumentation: (1) a six degrees of freedom force-sensor 473 

attached to a shank orthosis on the posterior aspect of the lower leg was used to 474 

measure torque; (2) two inertial measurement units measured joint angle 475 

characteristics; and (3) surface electromyography measured muscle activity of the 476 

agonistic and antagonistic muscle groups.  477 

 478 
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Figure 2 . Individual change between pre- and post-treatment sessions in: (A) 480 

Modified Ashworth scores; (B) Tardieu-angle; (C) range of motion (ROM); (D) 481 

maximum angular velocity (VMAX); (E) root mean square electromyography (RMS-482 

EMG); (F) Work; (G) torque at 70˚ knee flexion; (H) torque at VMAX; (I) relative 483 

position of the angle of catch (AOC); (J) AOC power. Each bar represents one 484 

muscle. A positive value indicates a decrease in that parameter or an improvement 485 

post-BTX. The dashed horizontal lines represent the minimal detectable change 486 

values, or in case of the Tardieu-angle, the standard error of measurement value. 487 

 488 
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