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LAY ABSTRACT
Spasticity is an abnormal increase in muscle tightness, 
which is common following neurological injury. Spas-
ticity has been shown to have a profound impact on 
an individual’s independence and quality of life. The 
main goal reported by patients in this population is to  
return to independent, normal walking. Yet, despite this 
there is a lack of consensus regarding the relationship 
be tween spasticity and walking outcomes. This may 
be due to a disconnect between clinical, bed-based  
assessment methods and how spasticity manifests 
during walking. This study aimed to establish how well a 
routine clinical assessment (the Modified Tardieu Scale) 
matched the speed and range of joint movement during 
walking. The findings suggest that, currently, clinicians 
performed the assessment too fast, which may lead to 
“false-positive” assessment findings. This may result in 
the identification and treatment of spasticity that is not 
impacting walking, leading to sub-optimal patient out-
comes and significant healthcare wastage.

Objective: Spasticity assessment is often used to 
guide treatment decision-making. Assessment tool 
limitations may influence the conflicting evidence 
surrounding the relationship between spasticity and 
walking. This study investigated whether testing 
speeds and joint angles during a Modified Tardieu 
assessment matched lower-limb angular velocity 
and range of motion during walking.
Design: Observational study.
Subjects: Thirty-five adults with a neurological con-
dition and 34 assessors.
Methods: The Modified Tardieu Scale was completed. 
Joint angles and peak testing speed during V3 (fast) 
trials were compared with the same vari ables during 
walking in healthy people, at 0.40–0.59, 0.60–0.79 
and 1.40–1.60 m/s. The proportion of trials in which 
the testing speed, start angle, and angle of muscle  
reaction matched the relevant joint angles and angular  
velocity during walking were analysed. 
Results: The Modified Tardieu Scale was complet-
ed faster than the angular velocities seen during 
walking in 88.7% (0.40–0.59 m/s), 78.9% (0.60–
0.79 m/s) and 56.2% (1.40–1.60 m/s) of trials. 
When compared with the normative dataset, 4.2%, 
9.5% and 13.7% of the trials met all criteria for each 
respective walking speed. 
Conclusion: When applied according to the standard-
ized procedure and compared with joint angular  
velocity during walking, clinicians performed the 
Modified Tardieu Scale too quickly. 
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rehabilitation; brain injuries; gait; walking.
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Spasticity is a common impairment following neuro­
logical injury (1–5). The effective assessment and 

management of spasticity receives significant attention 
due to the detrimental effects it has on patient out­
comes, carer burden, and quality of life (6, 7). Current 
spasticity guidelines recommend that only spasticity 
impacting function should receive intervention (8). 

As such, the role of a clinical assessment is to identify 
the presence of spasticity and decipher whether the 
spasticity warrants intervention, such as botulinum 
toxin­A (BoNT­A).

Walking limitations are the most significant self-
perceived, functional problem reported by individuals 
following neurological injury (9). A primary rehabilita­
tion goal is often to improve walking independence, 
quality, speed, and endurance (10–12). In relation to 
spasticity, the clinician’s role is to identify whether 
spasticity is present, and subsequently determine if a 
patient’s walking may benefit from spasticity-related 
interventions. 

A definition of spasticity published by Pandyan et al. 
(13); “disordered sensori­motor control, resulting from 
an upper motor neurone lesion, presenting as intermit­
tent or sustained involuntary activation of muscles’’, 
encompasses all the positive features of upper motor 
neurone syndrome (UMNS) under an umbrella term 
of spasticity. This terminology defines spasticity as a 
broader sensori­motor phenomenon (13), when com­
pared with the more constrained, velocity­dependent 
definition published by Lance (14);”a motor disorder 
characterized by a velocity­dependent increase in tonic 
stretch reflexes (muscle tone) with exaggerated tendon 

http://crossmark.crossref.org/dialog/?doi=10.2340/16501977-2777&domain=pdf
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jerks, resulting from hyper­excitability of the stretch 
reflexes, as one component of the UMNS” (14). For the 
purpose of this study, Lance’s definition has been used 
to define spasticity, since, with this definition, spasti­
city can be assessed as an individual construct. The  
Modified Tardieu Scale (MTS) is an often-recommended  
spasticity assessment, aligning with Lance’s (14)  
definition of spasticity (15–17). The MTS classifies the 
response of a relaxed muscle to a fast, passive stretch 
(V3). The assessment protocol involves a clinician  
moving the joint “as fast as possible” through its full 
range of motion (ROM) without specifying or measur­
ing the speed of completion. The MTS is applied ac­
cording to this standardized protocol regardless of the 
functional status or goals of the patient. For example, a 
household ambulator walking at ≤ 0.30 m/s is assessed 
at the same speed as a community ambulator walking 
at ≥ 0.80 m/s, whose muscles and joints are moving 
much faster when walking (18). This “one-size-fits” 
all approach does not take into account the variability 
in joint ROM and angular velocity (or speed of lower­
limb movement) with changes in walking speed (19). 
As such, the MTS may not sensitively discriminate in­
dividuals who have spasticity impacting their walking.

While it is well established that interventions, such 
as BoNT­A, reduce spasticity at an impairment­based 
level, current treatment modalities for spasticity do not 
necessarily lead to improved walking outcomes (20–22). 
This may be because standardized protocols for scales 
such as the MTS do not reflect joint movement during 
walking (23–25). For example, if clinicians test at a 
speed that is slower than the joint angular velocity seen 
during walking, they may fail to identify spasticity that 
is affecting walking (i.e. false­negative). Conversely, if 
clinicians test at a speed that exceeds the joint angular 
velocity seen during walking, they may identify spas­
ticity that is not impacting walking (i.e. false­positive). 

Matching the joint angles and testing speed of the 
MTS to the ROM and angular velocity seen during 
walking may assist in identifying patients who have 
spasticity impacting functional performance, leading 
to treatment decisions that optimize patient outcomes 
and healthcare resources. This study aimed to compare 
the joint start angle, angle of muscle reaction, and test­
ing speed during a standardized MTS assessment of 4 
major muscle groups of the lower­limb, collected in 
people with neurological conditions, with joint ROM 
and angular velocity in a healthy population walking 
at a range of speeds. 

METHODS
This study was approved by the Epworth HealthCare (681­15) 
and University of Sunshine Coast Human Research Ethics 

Committees (S/17/1011). All participants provided written 
informed consent. The funders played no role in the conduct 
or reporting of this study. 

Participants

Two groups were recruited to participate in this study. All sample 
sizes were determined in consultation with a biostatistician. 
While they were not based on formal power calculations, they 
exceeded the sample sizes of similar studies examining the 
properties of the MTS (26, 27).

Group 1: Participants with a neurological condition. A con­
venience sample of 35 adults (≥ 18 years of age) attending 
physiotherapy for walking limitations related to an acquired 
neurological injury diagnosis, with at least 2 confirming features 
of upper motor neurone syndrome (radiological or clinical), 
were recruited. Participants were excluded if unable to provide 
consent or if they were unable to have the MTS completed on 
their affected lower-limb. Participants attended a 1.5-h assess­
ment session and were assessed by 3 different assessors.

Group 2: Assessors experienced in spasticity assessment. Thirty­
four physiotherapists, rehabilitation physicians, and rehabilita­
tion registrars with ≥ 3 years experience in neurological clinical 
practice and who regularly assessed and treated spasticity were 
recruited from a range of healthcare networks. Each assessor 
attended an assessment session lasting 4–6 h and were asked 
to complete the assessment protocol on 2–4 of the participants. 
A large group of assessors was recruited to ensure that the data 
were reflective of the application of the MTS in clinical practice.

Data collection

All participants with a neurological condition were asked to 
complete a self­selected 10­m walk test with shoes on. Orthoses 
were permitted, where required.

The MTS was completed on the participant’s more af­
fected gastrocnemius, soleus, hamstrings at 90° hip flexion, 
and quadriceps, using standardized testing positions (15, 27). 
The hamstrings were also assessed at 40° hip flexion to more 
closely reflect the position of the hip joint during the swing 
phase of the gait cycle (19, 28). This modified position was 
included because the standardized position (in 90° hip flexion) 
inherently does not reflect joint position during walking, due to 
excessive hip flexion. Three V1 (slow) and V3 (fast) trials were 
performed for each muscle group by 3 of the assessors on each 
participant, totalling 90 trials per participant (i.e. 3 slow and 3 
fast movements per assessor for each of the 5 muscle groups 
tested). Three assessors were used per patient to allow a greater 
representation of everyday clinical practice, as well as allowing 
for inter­ and intra­rater variability analysis, reported elsewhere 
(29). Only V3 trials were analysed in this study. Assessor order 
was randomized; however, the order of muscle groups tested 
remained consistent to avoid excessive re­positioning of the 
participant. Assessors were blinded to each other’s performance. 

Participants were asked to remain relaxed throughout the 
assessment. The following instructions were provided to the 
assessors: 
• V1: move the joint slowly through its full ROM. 
• V3: move the joint through its full ROM as fast as possible. 

Assessors were instructed to stop at the “point of muscle 
reaction” during V3. 
The Optitrack (NaturalPoint, Inc., Corvallis, OR, USA) 

3­dimensional motion analysis (3DMA) system and customized 

www.medicaljournals.se/jrm
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LabVIEW 2014 program (National Instruments, Austin, TX, 
USA) used to assess each trial have been described previously 
in detail (30). The 13­camera system was used to record the 
movement of reflective markers placed on specific anatomical 
landmarks of the lower­limb. Table I outlines the participant po­
sition and marker placement used for each muscle. This enabled 
the peak testing speed, start angle, and angle of muscle reaction 
to be calculated, exported into a database and used for analysis.

Data analysis
Three parameters of the V3 assessment were analysed and com­
pared with joint angles and angular velocity during walking: (i) 
testing speed, (ii) joint start position, and (iii) angle of muscle 
reaction. Three walking speeds were selected for comparison 
and the reference ranges for each of the testing parameters were 
calculated for each of these walking speeds. These reference 
values were taken from a normative dataset in a healthy control 
cohort when walking in 0.20 m/s increments (19). The minimum 
available reference walking speed of 0.40–0.59 m/s and the 

maximum available reference walking speed 1.40–1.60 m/s 
were chosen to reflect the entire spectrum of patients, ranging 
from minimally ambulant to well recovered. A third reference 
walking speed, of 0.60–0.79 m/s, was selected as it matched 
the median walking speed of our participants and reflects the 
walking speed required to achieve “limited community mo­
bility” following neurological injury (18). The sub-sections 
below outline the exact statistical methods applied for each of 
the 3 parameters (testing speed, joint start position and angle 
of muscle reaction). Each individual test was compared with 
the reference dataset, using Microsoft Excel 2016 (Microsoft, 
Redmond, WA, USA), based on the relevant walking speed 
for each muscle.

Testing speed. For each muscle group, a reference range for 
testing speed was determined based on the anticipated peak 
angular velocity of the relevant joint at the stage of the gait 
cycle where the muscle is lengthening, and therefore a spastic 
response may be elicited (Table II). For gastrocnemius and 

Table I. Participant position and anatomical landmarks used for marker placement

Trial Starting position End position Marker placement

Gastrocnemius Supine; Hip/knee neutral
Ankle maximum PF

Supine; Hip/knee neutral
Ankle maximum DF

Medial femoral condyle, medial malleolus, medial 
calcaneus, first metatarsal head

Soleus Supine; Hip/knee at 90° flexion
Ankle maximum PF

Supine; Hip/knee at 90° flexion
Ankle maximum DF

Medial femoral condyle, medial malleolus, medial 
calcaneus, first metatarsal head

Hamstrings at 40° flexion Supine; Hip flexed to 40°
Knee maximum flexion

Supine; Hip flexed to 40°
Knee maximum extension

Adductor muscle belly, medial femoral condyle, 
medial malleolus

Hamstrings at 90° flexion Supine; Hip flexed to 90°
Knee maximum flexion

Supine; Hip flexed to 90°
Knee maximum extension

Adductor muscle belly, medial femoral condyle, 
medial malleolus

Quadriceps Prone; Hip neutral
Knee maximum extension

Prone; Hip neutral
Knee maximum flexion

Greater trochanter, lateral femoral condyle, lateral 
malleolus

Markers used for calculation of joint range of motion and angular velocity (i.e. testing speed). 
PF: plantarflexion; DF: dorsiflexion.

Table II. Joint angular velocity and joint range of motion (ROM) normative reference values for each muscle group and walking speed

Muscle group Phase of gait cycle Walking speed, m/s
Mean peak joint angular 
velocity (°/s) (SD 1.96) Start angle Joint ROM

GAS (swing) Ankle DF Swing 0.40–0.59 100 (48–153) 16° PF 16° PF–12° DF
0.60–0.79 130 (52–208) 26° PF 26° PF–11° DF
1.40–1.60 214 (147–281) 29° PF 29° PF–11° DF

GAS (stance) Ankle DF Stance 0.40–0.59 44 (29–59) 10° PF 10° PF–20° DF
0.60–0.79 54 (36–71) 11° PF 11°PF–20° DF
1.40–1.60 93 (54–131) 16° PF 16° PF–16° DF

SOL (swing) Ankle DF Swing 0.40–0.59 100 (48–153) 16° PF 16° PF–12° DF
0.60–0.79 130 (52–208) 26° PF 26° PF–11° DF
1.40–1.60 214 (147–281) 29° PF 29° PF–11° DF

SOL (stance) Ankle DF Stance 0.40–0.59 44 (29–59) 10° PF 10° PF–20° DF
0.60–0.79 54 (36–71) 11° PF 11°PF–20° DF
1.40–1.60 93 (54–131) 16° PF 16° PF–16° DF

HAM 40° HF KE Swing 0.40–0.59 209 (130–288) 62° KF 62° KF–2° KE
0.60–0.79 258 (174–342) 66° KF 66° KF–3° KE
1.40–1.60 384 (294–474) 66° KF 66°KF–1° KF

HAM 90° HF KE Swing 0.40–0.59 209 (130–288) 62° KF 62° KF–2° KE
0.60–0.79 258 (174–342) 66° KF 66° KF–3° KE
1.40–1.60 384 (294–474) 66° KF 66° KF–1° KF

QUAD KF Swing 0.40–0.59 219 (181–257) 2° KE 2° KE–62° KF
0.60–0.79 244 (193–295) 3° KE 3° KE to 66° KF
1.40–1.60 384 (294–474) 1° KF 1° KF to 66° KF

Data in this table relating to joint angular velocity and joint angles have been taken from Mentiplay et al. (19) for healthy participants walking at each reference 
speed (0.40–0.59, 0.60–0.79 and 1.40–1.60 m/s). The phase of the gait cycle selected for each muscle group represents where the muscle group is lengthening 
and therefore spasticity is likely to be elicited.
GAS: gastrocnemius; SOL: soleus; HAM: hamstrings; QUAD: quadriceps; DF: dorsiflexion; PF: plantarflexion; KE: knee extension; KF: knee flexion; ROM: range 
of motion.

J Rehabil Med 53, 2021
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soleus these values were taken during the gait cycle when the 
ankle is dorsiflexing in stance phase (Fig. 1.1A) and swing phase 
(Fig. 1.1B); for the quadriceps the reference value was taken 
during late stance/early swing phase when the knee moves into 
its most flexed position (Fig. 1.2C); and for the hamstrings the 
value was taken at terminal swing when the knee transitions 
from flexion to extension (Fig. 1.2D). A trial was deemed to 
reflect joint angular velocity during walking if the peak testing 
speed fell within the mean (standard deviation (SD) 1.96°/s) of 
the reference value. Based on these values, presented in Table 
II, each trial was categorized as either: slower than the reference 
range, within the reference range, or faster than the reference 
range (for each of the walking speeds). Further analysis of the 
testing speed was completed for each muscle group by com­
puting the absolute difference between each trial and the mean 
joint angular velocity in Table II, and calculating the median and 
quartile values of the distribution of scores derived from this. 

Start angle. Similarly, previous literature was used to ascertain 
the mean joint angles during each relevant stage of the gait 
cycle when walking at the 3 reference speeds (19). Table II 
outlines the joint angles representing the normative ROM for 
each muscle group (mean SD 1.96°) to the extremes of the 
movement). Example traces for the walking speed of 0.60–0.79 
m/s are shown in Fig. 1.

For the start angle to reflect joint position during walking, 
the starting position of the joint needed to allow for the test 
to include the entire ROM listed in Table II. For example, if 
walking at 1.40–1.60 m/s, for gastrocnemius/soleus (swing) 
the ankle needed to start at ≥ 29° ankle plantarflexion, for 

gastrocnemius/soleus (stance) the ankle needed to start at ≥ 16° 
plantarflexion, for hamstrings trials the knee needed to start at 
≥ 66° knee flexion, and for quadriceps trials the knee needed to 
start at ≤ 1° knee flexion. This was to ensure that a spastic reac­
tion occurring within the relevant joint ROM was not missed 
secondary to an inadequate start angle. 

Angle of muscle reaction. Only trials in which a muscle reaction 
was present (Tardieu score 2–4) were analysed in this stage. 
Where a muscle reaction was not present (Tardieu score 0–1), 
the angle of muscle reaction was not analysed. In order to meet 
this criterion, the angle of muscle reaction needed to occur bet­
ween the start and end angle, which are listed in Table II. For 
example, when walking at 1.40–1.60 m/s the angle of muscle 
reaction for quadriceps trials needed to occur between 1–66° 
knee flexion to be deemed relevant to walking. 

Finally, the number of trials which met all 3 criteria: testing 
speed, start angle, and angle of muscle reaction, were calculated 
to determine how well the overall assessment of each muscle 
group using the MTS reflects lower-limb angular velocity and 
joint angles during walking at the 3 different speeds. 

RESULTS

A total of 35 participants with a neurological condi­
tion were recruited to the study (stroke = 15; trau­
matic brain injury = 13; neurosurgical = 4; multiple  
sclerosis = 2; cerebro­vasculitis = 1). The median age of 

Fig. 1. Ankle and knee joint reference angles 
(0.60–0.79 m/s). Ankle (Fig. 1.1) and knee (Fig. 
1.2) joint reference angles (standard deviation 
(SD) 1.96) to the extreme of the relevant 
movement adapted from Mentiplay et al. (19) 
from healthy participants walking at 0.60–0.79 
m/s. (A) Gastrocnemius/soleus (stance phase); 
(B) Gastrocnemius/soleus (swing phase); (C) 
Quadriceps; (D) Hamstrings at 40° and 90° 
hip flexion.  
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participants was 55.0 years (interquartile range (IQR) 
41.5–60.0), median time since diagnosis 23 months 
(IQR 8.5–91.5), and 22 (62.8%) were male. The me­
dian self­selected walking speed for the 35 participants 
was 0.72 m/s (IQR 0.30–1.11). Nine participants wore 
an ankle­foot orthosis to complete the 10­m walk test. 

Thirty­four assessors were recruited, including 
rehabilitation physiotherapists (n = 26), rehabilita­
tion physicians (n = 5), acute physiotherapists (n = 2), 
and a rehabilitation registrar (n = 1). The assessors 
had a median of 10.0 years’ clinical experience (IQR 
7.1–20.0 years). 

Testing speed

Overall, testing was completed faster than the angular 
velocities seen during walking, with 88.7% (0.40–0.59 
m/s), 78.9% (0.60–0.79 m/s), and 56.2% (1.40–1.60 
m/s) of trials being completed faster than the respective 
reference values for each walking speed (Table III). 
The ankle joint demonstrated the poorest results, with 
70–100% of all gastrocnemius and soleus trials being 
completed faster than the speed required to replicate 
ankle dorsiflexion angular velocity during walking, 
at all 3 reference walking speeds. The hamstrings at 
40° hip flexion demonstrated the highest proportion of  
trials (36–54%), where testing speed matched lower-
limb angular velocity (i.e. within range), for the joint 

angular velocity of the 2 slower walking speeds (0.40–
0.59 m/s and 0.60–0.79 m/s). The hamstrings at 90° hip 
flexion demonstrated the highest proportion of trials 
(68%), where testing speed matched lower­limb angular 
velocity for the fastest walking speed (1.40–1.60 m/s). 

The distribution of scores derived from the absolute 
difference between each trial and the reference value 
further highlight the mismatch between testing speed 
and lower­limb joint angular velocity, especially: (i) at 
the ankle joint; and (ii) compared with slower walking 
speeds. The testing speed of the MTS did replicate joint 
angular velocity at the fastest walking speed (1.40–1.60 
m/s) to a greater extent than the 2 slower walking 
speeds, especially at the knee joint. This is highlighted 
in Fig. 2, which depicts the percentage of trials that 
were: (i) slower than; (ii) within; and (iii) faster than 
the reference angular velocity range for each muscle 
group, compared with each of the 3 walking speeds. 

Start angle 
The proportion of trials in which the MTS start angle 
enabled the entire joint ROM seen during walking to 
be assessed was excellent for hamstrings at 90° hip 
flexion, gastrocnemius and soleus (stance phase), when 
matched and compared with all 3 walking speeds (Table 
IV). For gastrocnemius and soleus (swing phase), the 
results were excellent when compared with the ankle 

Table III. Testing speed: proportion of trials slower than, within, and faster than the joint angular velocity for the 3 reference walking 
speeds

Muscle group

Mean peak 
testing speed, 
°/s

Walking speed, 
m/s

Mean peak joint 
angular velocity
 (SD 1.96)a

Slower than 
range, n (%) 

Within range, 
n (%)

Faster than 
range, n (%)

Median (IQR) 
difference, °/s

Min–max absolute 
difference, °/s

GAS (swing) 
n = 307

348 0.40–0.59 100 (48–153) 0 (0) 12 (4) 295 (96) 245 (161–326) 2–628
0.60–0.79 130 (52–208) 0 (0) 39 (13) 268 (87) 215 (131–296) 4–598
1.40–1.60 214 (147–281) 10 (3) 83 (27) 214 (70) 131 (62–212) 0–514

GAS (stance) 
n = 307

348 0.40–0.59 44 (29–59) 0 (0) 0 (0) 307 (100) 301 (217–382) 58–684
0.60–0.79 54 (36–71) 0 (0) 0 (0) 307 (100) 291 (207–372) 48–674
1.40–1.60 93 (54–131) 0 (0) 6 (1) 301 (99) 252 (168–333) 9–255

SOL (swing) 
n = 313

404 0.40–0.59 100 (48–153) 0 (0) 8 (3) 305 (97) 293 (211–399) 1–305
0.60–0.79 130 (52–208) 0 (0) 19 (6) 294 (94) 264 (181–369) 2–637
1.40–1.60 214 (147–281) 7 (2) 41 (13) 265 (85) 179 (102–285) 2–553

SOL (stance) 
n = 313

404 0.40–0.59 44 (29–59) 0 (0) 0 (0) 313 (100) 349 (267–455) 39–723
0.60–0.79 54 (36–71) 0 (0) 0 (0) 313 (100) 340 (257–445) 29–713
1.40–1.60 93 (54–131) 0 (0) 5 (2) 308 (98) 300 (218–406) 6–674

HAM 40° HF 
n = 314

320 0.40–0.59 209 (130–288) 3 (1) 112 (36) 199 (63) 114 (61–172) 1–461
0.60–0.79 258 (174–342) 16 (5) 168 (54) 130 (41) 78 (38–128) 3–412
1.40–1.60 384 (294–474) 123 (39) 179 (57) 12 (4) 78 (36–129) 1–290

HAM 90° HF 
n = 313

351 0.40–0.59 209 (130–288) 2 (1) 68 (22) 243 (77) 143 (85–198) 0–427
0.60–0.79 258 (174–342) 5 (2) 138 (44) 170 (54) 95 (47–150) 0–378
1.40–1.60 384 (294–474) 78 (25) 212 (68) 23 (7) 60 (28–104) 0–288

QUAD 
n = 313

349 0.40–0.59 219 (181–257) 7 (2) 34 (11) 272 (87) 136 (80–182) 0–344
0.60–0.79 244 (193–295) 10 (3) 66 (21) 237 (76) 111 (58–157) 1–320
1.40–1.60 384 (294–474) 70 (22) 140 (45) 103 (33) 52 (28–93) 1–235

aThe value in brackets is the mean (100) ± 1.96SD. I.e. 100 is the mean; 48 is the mean minus 196 SD; 153 is the mean + 1.96 SD.
GAS: gastrocnemius; SOL: soleus; HAM: hamstrings; HF: hip flexion; QUAD: quadriceps; n: number of trials; IQR: interquartile range. 
Example interpretation of table: for gastrocnemius, swing phase (top row) 307 trials were analysed. The mean peak testing speed across these trials was 348°/s. 
For a trial to represent joint angular velocity at each of the 3 walking speeds it needed to fall within 1.96 SD of the mean peak angular velocity, i.e. 48–153°/s for 
0.40–0.59 m/s. None of the 307 trials were completed slower than 48°/s, 12 (4%) were completed between 48 and 153°/s and therefore matched joint angular 
velocity, and 295 (96%) were completed faster than 153°/s. The median absolute difference between each of the 307 trials and the 100°/s mean reference speed 
was 245°/s and the 25th and 75th percentiles (or IQR) were 161°/s and 326°/s, respectively. The minimum absolute difference between a single trial and the 
100°/sec mean reference speed was 2°/s and the maximimum difference between a single trial and the mean reference speed was 628°/sec.

J Rehabil Med 53, 2021
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joint ROM at the slowest walking speed (0.40–0.59 m/s) 
as the ankle only plantarflexed to a maximum of 16°. 
The results were less promising when compared with 

joint ROM at the 2 faster walking speeds, where 26° 
and 29° plantarflexion were required, respectively. This 
demonstrated that, as walking speed increases, so too 

Table IV. Joint start angle and angle of muscle reaction: proportion of trials within the range of motion for the 3 reference walking speeds

Muscle group
Mean start 
angle, °

Walking 
speed, m/s Reference ROM

Correct start 
angle, n (%) TS ≥2, n (%)

Mean angle of muscle 
reaction, °

Muscle reaction within 
reference ROM, n (%)

GAS (swing) 
n = 307

29° PF 0.40–0.59 16° PF–12° DF 286 (93) 237 (77) 8° PF 176/237 (74)
0.60–0.79 26° PF–11° DF 195 (64) 227/237 (96)
1.40–1.60 29° PF–11° DF 162 (53) 232/237 (98)

GAS (stance) 
n = 307

29° PF 0.40–0.59 10° PF–20° DF 297 (97) 237 (77) 8° PF 142/237 (18)
0.60–0.79 11° PF–20° DF 297 (97) 148/237 (62)
1.40–1.60 10° PF–16° DF 286 (93) 176/237 (74)

SOL (swing) 
n = 313

32° PF 0.40–0.59 16° PF–12° DF 302 (96) 211 (67) 8° PF 171/211 (81)
0.60–0.79 26° PF–11° DF 230 (73) 203/211 (96)
1.40–1.60 29° PF–11° DF 193 (62) 207/211 (98)

SOL (stance) 
n = 313

32° PF 0.40–0.59 10° PF–20° DF 313 (100) 211 (67) 8° PF 120/211 (57)
0.60–0.79 11° PF–20° DF 313 (100) 131/211 (62)
1.40–1.60 16° PF–16° DF 302 (96) 171/211 (52)

HAM  40° HF 
n = 314

54° KF 0.40–0.59 62° KF–2° KE 89 (28) 97 (31) 8° KF 78/97 (80)
0.60–0.79 66° KF–3° KE 70 (22) 79/97 (81)
1.40–1.60 66° KF–1° KF 70 (22) 67/97 (69)

HAM  90° HF 
n = 313

97° KF 0.40–0.59 62° KF–2° KE 308 (98) 236 (75) 31° KF 213/236 (90)
0.60–0.79 66° KF–3° KE 300 (96) 219/236 (93)
1.40–1.60 66° KF–1° KF 300 (96) 217/236 (92)

QUAD
n = 313

10° KF 0.40–0.59 2° KE–62° KF 1 (0) 67 (21) 109° KF 0/67 (0)
0.60–0.79 3° KE–66° KF 1 (0.3) 0/67 (0)
1.40–1.60 1° KF–66° KF 16 (5) 0/67 (0)

ROM: range of motion; TS: Tardieu score; GAS: gastrocnemius; SOL: soleus; HAM: hamstrings; HF: hip flexion; QUAD: quadriceps; n: number of trials; PF: 
plantarflexion; DF: dorsiflexion; KF: knee flexion; KE: knee extension.
Example interpretation of table: for gastrocnemius swing phase (top row), 307 trials were analysed. For the start angle to include the entire joint ROM seen 
during walking at 0.40–0.59 m/s, the starting position needed to exceed the first value of the reference ROM (i.e. ≥16° PF). For an angle of muscle reaction to 
fall within the joint ROM seen during walking it needed to occur within the reference ROM (i.e. between 16° PF and 12° DF). The mean start angle across the 307 
trials was 29° PF. When compared with the joint ROM seen when walking at 0.40–0.59 m/s, 286 (93%) of the 307 trials had a start angle ≥ 16° PF. Spasticity 
was present in 237/307 (77%) of trials, as indicated by a TS ≥ 2. The mean angle of muscle reaction across these 237 trials was 8° PF. The muscle reaction fell 
between 16° PF and 12° DF in 176/237 (74%) of these trials.

Fig. 2. Percentage of trials that were slower than (dark blue), within (orange), and faster (light grey) than the reference range for each muscle 
group and walking speed reference. Gastroc: gastrocnemius; HF: hip flexion.
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does ankle plantarflexion ROM, and the MTS may need 
to be adjusted accordingly to include the entire ROM 
relevant to walking at the required speed. The results for 
the quadriceps were poor, with the knee often starting 
in excessive flexion (mean starting position 10°). This 
was seen to a lesser extent for hamstrings at 40°, where 
the knee joint position frequently commenced in less 
than the 62–66° of flexion required, depending on the 
walking speed (mean starting position 54°). 

Angle of muscle reaction
Table IV highlights the proportion of trials (Tardieu 
score 2–4) whereby the angle of muscle reaction fell 
within the joint ROM during walking for each muscle 
group, at each of the 3 walking speeds. Over 90% of 
the spastic muscle reactions fell within the relevant 
joint ROM at 0.60–0.79 m/s and 1.40–1.60 m/s for the 
gastrocnemius and soleus (swing phase), and the ham­
strings at 90° hip flexion, for all 3 reference speeds. The 
quadriceps demonstrated poor results, with the mean  
angle of muscle reaction occurring at 109°, and no trials 
demonstrating a muscle reaction within the joint ROM 
seen during walking for any of the 3 walking speeds.

Combined testing speed, joint start angle, and angle 
of muscle reaction
Of the 2,180 trials analysed, 1,296 had a spastic 
muscle reaction. When compared with the normative 
joint angles and angular velocities when walking at 
0.40–0.59 m/s, only 54/1,296 (4.2%) of trials met all 
criteria (Table V). When compared with the walking 

speed of 0.60–0.79 m/s, 123/1,296 (9.5%) of trials 
met all criteria, and when compared with the fastest 
walking speed of 1.40–1.60 m/s, 178/1,296 (13.7%) of 
trials met all criteria. The best, yet still modest, result 
was for hamstrings at 90° hip flexion, where 19–61% 
of trials met all criteria, with results more promising 
when compared with the fastest walking speed. 

DISCUSSION

Overall, the V3 testing speed, when completed in ac­
cordance with the standardized MTS protocol poorly 
reflected the lower-limb joint angular velocities seen 
when walking at a slow (0.40–0.59 m/s), medium 
(0.60–0.79 m/s), or fast (1.40–1.60 m/s) walking speed. 
Testing speeds were typically faster than the relevant 
joint angular velocity during walking. This was most 
apparent at the ankle joint when assessing the calf 
complex (gastrocnemius and soleus), and was evident 
when comparing the speed of assessment with ankle 
dorsiflexion angular velocity (swing and stance phase), 
at all 3 walking speeds. This may be problematic, as 
an assessment that identifies spasticity at a speed that 
exceeds the joint angular velocity during walking 
may produce an apparent “false-positive”’ finding, 
whereby spasticity is present, but  is not impacting 
walking. Treatment of spasticity that is not impacting 
function, does not align with international guidelines 
(8), and may result in healthcare wastage. This is of 
particular significance for the calf complex, as it has 
the highest prevalence of lower­limb spasticity and it is 
the lower­limb muscle group most frequently injected 
with BoNT­A (31). Given the importance of the calf 
complex for walking (32, 33), and the perceived im­
portance of walking within this patient population, it 
seems imperative that clinical assessment methods are 
further standardized to more closely align with muscle 
function and joint biomechanics during walking. 

When the V3 testing speed was compared with joint 
angular velocity during walking for the hamstring and 
quadriceps muscles, there was greater variability seen 
between the 3 walking speeds. Overall, the testing 
speed best matched joint angular velocity during fast 
walking (1.40–1.60 m/s) with 57%, 68%, and 45% of 
trials falling within the relevant reference speed for the 
hamstrings at 40° hip flexion, hamstrings at 90° hip 
flexion, and quadriceps, respectively, at this walking 
speed. This compared with 36%, 22%, and 11% of 
trials for these muscle groups when compared with 
the relevant joint angular velocity during walking at 
the slower walking speed of 0.40–0.59 m/s. This high­
lights the potential importance of matching V3 testing 
speed to an individual’s walking speed to assist in 
discriminating patients who have spasticity impacting 

Table V. Proportion of trials that met all criteria for each walking 
speed

Muscle
Walking speed, 
m/s

Tardieu score 
≥ 2

Valid for all 
criterion, n (%)

GAS (swing)
n = 307

0.40–0.59 237 0/237 (0)
0.60–0.79 0/237 (0)
1.40–1.60 0/237 (0)

GAS (stance)
n = 307

0.40–0.59 237 0/237 (0)
0.60–0.79 0/237 ()
1.40–1.60 2/237 (10)

SOL (swing)
n = 313

0.40–0.59 211 3/211 (1)
0.60–0.79 12/211 (6)
1.40–1.60 13/211 (6)

SOL (stance)
n = 313

0.40–0.59 211 0/211 ()
0.60–0.79 0/211 (0)
1.40–1.60 2/211 (1)

HAM 40° HF
n = 314

0.40–0.59 97 6/97 (6)
0.60–0.79 11/97 (11)
1.40–1.60 17/97 (18)

HAM 90° HF
n = 313

0.40–0.59 236 45/236 (19)
0.60–0.79 100/236 (42)
1.40–1.60 144/236 (61)

QUAD
n = 313

0.40–0.59 67 0/67 (0)
0.60–0.79 0/67 (0)
1.40–1.60 0/67 (0)

GAS: gastrocnemius; SOL: soleus; HAM: hamstrings; HF: hip flexion; QUAD: 
quadriceps.
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their walking from those who have spasticity that is 
not impacting their walking. This would align with the 
international consensus statements, which recommend 
that spasticity intervention should only be provided 
when impacting active or passive function (8).

The quadriceps had no trials whereby the angle of 
muscle reaction fell within the normal knee flexion 
ROM seen during the swing phase of the gait cycle. 
The mean angle of muscle reaction occurred at 109° 
of knee flexion, while the knee is only required to 
flex to approximately 60–65° in swing phase. This 
highlights the risk of assessment findings potentially 
leading to incorrect treatment decisions. For example, 
BoNT­A to the quadriceps is a common treatment for 
a stiff­legged gait pattern, yet our data suggests that 
a spastic muscle reaction most commonly occurs at 
>100° knee flexion. As such, quadriceps spasticity 
may not be a primary contributing factor and, while 
it is possible that BoNT­A will result in a reduction in 
spasticity at an impairment­based level, the patients 
stiff­legged gait pattern may not resolve following the 
intervention. This may be due to the spastic reaction 
occurring well beyond the 62–66° of knee flexion 
seen during walking. This example highlights that the 
presence of spasticity may not always occur in a range 
that will impede walking. This may distract from other 
important factors contributing to stiff­legged gait, such 
as reduced ankle plantarflexion and hip flexion during 
late-stance to early-swing phase (34). Consideration of 
where in the range the angle of muscle reaction occurs 
and how this relates to the patient’s functional perfor­
mance and goals may assist in deciphering the patients 
who are likely to benefit from spasticity intervention, 
ultimately optimizing patient outcomes. 

The assessment of hamstrings completed at 90° hip 
flexion demonstrated the greatest, yet still modest, 
results overall, with the largest proportion of trials 
meeting all criteria when matched to each of the 
walking speeds. However, the standardized testing 
position of the hamstrings is with the hip in 90° 
flexion (15), which does not reflect the normal joint 
position during walking, where the hip joint only 
reaches 30–40° of hip flexion during swing phase 
(19, 35). Therefore, an assessment at 40° hip flexion 
was included in the testing protocol, and this variation 
to the testing position had several important impli­
cations for the results. By reducing the angle of hip 
flexion from 90° to 40°, the proportion of hamstring 
trials in which spasticity was evident (Tardieu score 
≥ 2) reduced from 75% (236/313) to 31% (97/314). 
While the results for this assessment are restricted to 
the angle at the knee joint itself, when determining 
whether hamstring spasticity is impacting walking 
performance and requiring treatment to improve 
walking, the position of the hip joint may need to be 

carefully considered. The results in the standardized 
position (i.e. 90o) may be overinflated by a physio­
logical restriction in passive muscle length when the 
hamstrings are placed on maximal stretch across both 
the hip and knee joint. Previous studies investigating 
normal hamstring length by placing the hip in 90° 
flexion and moving the knee from flexion to extension 
found that the normal knee flexion deficit was 31±7.5° 
(36), and 35–45° (37). These results are comparable 
to the mean knee flexion angle (31°) identified during 
the V3 component of the hamstrings at 90° hip flexion 
assessment. As such, it may be possible that, at 90° 
hip flexion, trials were deemed to have a spastic re­
sponse, and, in some cases, this may have been due 
a physiological restriction in muscle length. 

The findings of this study further highlight the 
disconnect that exists between clinical assessment 
methods of spasticity and functional activities, such as 
walking (23, 25, 38). This study quantified the disparity 
that was suggested in a previous systematic review 
in relation to the standardized application of spasti­
city assessment tools and how they reflect walking 
biomechanics (ROM and angular velocity) (38). This 
highlights the potential lack of ecological validity (or 
functional relevance) of current scales of spasticity. It 
also justifies the need for further studies to be complet-
ed investigating whether a spasticity assessment using 
a testing speed matched to an individual’s lower­limb 
joint angular velocity during walking impacts the re­
lationship between spasticity assessment findings and 
walking performance following neurological injury. 
This may assist in clarifying the relationship between 
the treatment of focal spasticity and walking outcomes. 

Study limitations
This study provided valuable insights into the relevan­
ce of the MTS for walking when applied according to 
the standardized protocol. However, the results of the 
present study are not generalizable to other activities, 
such as sit­to­stand or stair ascent/descent, where joint 
biomechanics differ significantly. Furthermore, the V3 
component of the MTS assessment was only compar­
ed with lower­limb biomechanics when walking at 3 
speeds (0.40–0.59 m/s, 0.60–0.79 m/s, and 1.40–1.60 
m/s). The MTS could not be compared with walking 
speeds < 0.40 m/s, as this normative data was not av­
ailable (19). However, the 3 walking speeds selected 
were deemed appropriate, as these 3 speeds represent 
those who are minimally ambulant through to well 
recovered, as well as the median walking speed of the 
recruited cohort. 

Joint angles and velocities during the spasticity as­
sessment were compared with the gait biomechanics 
in a healthy cohort with a normal walking pattern (19). 
Often patients with a neurological condition present 
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with different compensatory patterns to maximize 
their walking speed and independence (39, 40). For 
example, an older person with a stroke may walk at 
a normal walking speed (e.g. 1.20 m/s), but with an 
associated abnormality, such as a stiff­legged walking 
pattern. In this instance, the knee joint would not be 
flexing at a “normal” angular velocity despite walking 
at a “normal” speed. However, due to the variability 
in these gait patterns and a primary goal of patients 
often being to return to “normal” walking (10–12), it 
was deemed most appropriate to compare the partici­
pants with a healthy cohort walking at a slower, more 
relevant speed. 

This study highlighted several limitations in regard 
to the current application of the MTS in relation to 
walking. It has been suggested that measuring spas­
ticity during active movements is likely to be more 
informative and have a greater relevance to function 
than current “passive” bedside assessment methods 
(24). This is due to the inability of bedside measure­
ments to replicate the stretching of a partially active 
muscle, which is present during functional tasks, such 
as walking, sit to stand, or reach and grasp. However, 
an active movement­based assessment of spasticity is 
likely to be difficult to implement in a clinical setting, 
where both financial and time constraints exist, and 
clinicians are expected to assess a patient and de­
cipher an effective management plan promptly. Future 
research, comparing the similarity of findings of an 
upright, partially active spasticity assessment (that is 
inclusive of differing sensori­motor input), with the 
MTS assessment matched to an individual’s lower­
limb joint angles and angular velocities, would be of 
value. This would assist in ascertaining whether the 
global sensory input when in an upright walking posi­
tion results in different spasticity assessment findings, 
when compared with the current, standardized MTS 
testing protocol. The implementation of the MTS 
performed in a manner that matches the lower­limb 
joint angles and angular velocities during walking 
using low­cost, validated technologies that are able 
to provide real­time feedback, such as a smartphone 
(30), may improve the accuracy of clinical assessment 
and optimize treatment decision­making. 

Finally, only the construct of velocity-dependent 
spasticity, as aligned with Lance’s definition (14), was 
examined in this study. The examination of other posi­
tive features of upper motor neurone syndrome, such 
as hypertonia, dystonia or co­contraction, was beyond 
the scope of the current paper. As such, conclusions 
cannot be drawn regarding the implications of these 
other positive features of the UMNS on walking speed. 
Further research is required to examine whether the 
assessment of these impairments accurately reflects 
muscle function during walking. 
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