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Objective: Quantification of lower limb spasticity 
after stroke and the differentiation of neural from 
passive muscle resistance remain key clinical chal-
lenges. The aim of this study was to validate the 
novel NeuroFlexor foot module, to assess the intra-
rater reliability of measurements and to identify 
normative cut-off values.
Methods: Fifteen patients with chronic stroke with 
clinical history of spasticity and 18 healthy subjects 
were examined with the NeuroFlexor foot module 
at controlled velocities. Elastic, viscous and neural 
components of passive dorsiflexion resistance were 
quantified (in Newton, N). The neural component, 
reflecting stretch reflex mediated resistance, was 
validated against electromyography activity. A test-
retest design with a 2-way random effects model 
permitted study of intra-rater reliability. Finally, data 
from 73 healthy subjects were used to establish cut-
off values according to mean + 3 standard deviations 
and receiver operating characteristic curve analysis.
Results: The neural component was higher in stroke 
patients, increased with stretch velocity and corre-
lated with electromyography amplitude. Reliability 
was high for the neural component (intraclass cor-
relation coefficient model 2.1 (ICC2,1) ≥ 0.903) and 
good for the elastic component (ICC2,1 ≥ 0.898). Cut-
off values were identified, and all patients with neu-
ral component above the limit presented pathological 
electromyography amplitude (area under the curve 
(AUC) = 1.00, sensitivity = 100%, specificity = 100%).
Conclusion: The NeuroFlexor may offer a clini-
cally feasible and non-invasive way to objectively 
quantify lower limb spasticity.

Spasticity is an important sensorimotor impairment 
arising from injuries to the central nervous system, 

which is frequently associated with activity and parti-
cipation restrictions that impact negatively on patients’ 
quality of life (1–4). For example, spasticity of the ankle 
plantarflexors, together with muscle weakness, pain, pro-
longed altered posture and limb non-use, probably con-
tributes to disordered gait (5, 6). As defined by Lance (7) 
in 1980, spasticity is a “sensorimotor disorder” characte-
rized by “a velocity-dependent increase in tonic stretch 
reflexes”, “resulting from hyperexcitability of the stretch 
reflex”. Conventional clinical assessment methods (e.g. 
the Ashworth scale (8) and the Tardieu scale (9), and 

LAY ABSTRACT
Spasticity is a sensorimotor impairment, which often 
occurs after stroke as well as after other injuries to the 
central nervous system. Spasticity is characterized by 
increased resistance to passive stretch of weak mus-
cles due to increased reflex activity. Spasticity is cur-
rently measured clinically while the examiner passi-
vely stretches a muscle. However, the clinical method 
cannot differentiate resistance due to increased reflex 
activity from resistance due to muscle stiffness, which 
can develop over time in weakened muscles. The aim 
of this study was to evaluate the novel NeuroFlexor foot 
module, which was developed to quantify and distin-
guish nerve and muscle components of resistance during 
passive stretching of the lower limb muscles. By quanti-
fying these factors, one can obtain more reliable infor-
mation than the clinical examination allows. NeuroFlexor 
measurements in 15 patients in the chronic stage after 
stroke and 18 healthy individuals allowed the validity of 
the method to be evaluated by assessing the relationship 
with velocity of stretch and by simultaneously examining 
the reflex activity using surface electromyography. The 
reliability of NeuroFlexor measurements was studied by 
comparing repeated measurements. Finally, the study 
established normal NeuroFlexor values from 73 healthy 
individuals. The results suggest that the NeuroFlexor 
foot module may be a valid, reliable and easy-to-use 
objective method to quantify lower limb spasticity.
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NeuroFlexor foot module measurement characteristics p. 2 of 10

their modified versions (10, 11)) are based mainly 
on subjective rating of passive movement resistance 
without specific testing of stretch reflex responses and 
without controlling for velocity. Therefore, the validity 
and reliability of these clinical scales have been ques-
tioned (12–15). Pathological changes in passive muscle 
properties and connective tissue, especially alterations 
in elasticity associated with muscle shortening and 
contracture (16), may also contribute to enhancement 
of the resistance to passive movement after stroke, and 
thus confound the assessment finding. An accurate eva-
luation of spasticity and other underlying mechanisms 
of stretch resistance is important for diagnosis, choice 
and timing of treatment (17–19). Increased resistance 
that is predominantly of neural origin (i.e. involving 
hyperexcitability of stretch reflex) would be expected 
to respond to intramuscular injection of botulinum 
toxin A (20–22) or to transcutaneous electrical nerve 
stimulation (23, 24). In contrast, other methods, such 
as stretching techniques, would be more effective if the 
predominant contribution to the increased resistance is 
elastic (25, 26). Novel tools, which incorporate kinetic 
or kinematic characteristics to objectively measure 
hyper-resistance and electrical activity in the muscles, 
in addition to stiffness, are therefore needed to enhance 
the evaluation of spasticity (27).

The NeuroFlexor™ device (Aggero MedTech AB, 
Älta, Sweden) quantifies and distinguishes the compo-
nents of the resistance to a passive movement, i.e. the 
active neural force produced by muscle contractions 
induced by stretch reflexes (spasticity), and the pas-
sive contributions reflecting changes in mechanical 
properties (viscosity and elasticity). A biomechanical 
algorithm was developed for the NeuroFlexor hand 
module to evaluate spasticity in the upper limb, and 
its validity, reliability and sensitivity to change were 
described previously (28–31). The primary aim of 
the current study was to determine the validity and 
reliability of the new NeuroFlexor foot module. A 
secondary aim was to provide normative data from 
a representative sample of healthy subjects, and to 
establish cut-off values for the accurate measurement 
of lower limb spasticity.

METHODS

Participants
A total of 15 patients (11 male; mean (SD) age 51.13 
(11.87) years) in the chronic phase after stroke (≥ 6 
months after onset), with varying degrees of muscle 
weakness and spasticity as assessed clinically, were 
examined using the NeuroFlexor foot module. Ex-
clusion criteria comprised severe contractures, which 
prevented the passive range of movement required 

for NeuroFlexor assessment (i.e. at least 30°); any 
other neurological or rheumatological disorder; recent 
fractures of the lower limb; presence of a pacemaker 
or other stimulators; pregnancy; inability to commu-
nicate; or to understand information about the study. 
Patients who received intramuscular injections as 
 treatment for spasticity could participate only if the 
time since their last treatment was at least 3 months. 
The control group comprised 73 healthy adult 
 individuals (26 male; 40.96 mean (SD) age (12.60) 
years) and with no history of neurological disease, 
constituted the control group.

Written informed consent was obtained from all 
participants. The study was approved by the Regional 
Ethics Review Board in Stockholm (DNR: 2016/2213-
31/2). All procedures complied with the Declaration 
of Helsinki.

Characteristics of the study population
Data regarding age and sex were collected. Anthropo-
metric measurements, such as height, body weight and 
calf circumference, were also recorded. In addition, 
information about patients’ stroke type (ischaemia 
or haemorrhage) and lesioned hemisphere, and time 
to inclusion from stroke onset were obtained and are 
summarized in Table I.

Clinical measures
Passive and active range of motion (ROM) of the 
ankle were measured using a goniometer to evaluate 
limitation in joint movement related to changes in 
muscle and connective tissue, and to minimize the 
risk of discomfort or injury during NeuroFlexor 
assessment. The Modified Ashworth scale (MAS) 
(10), a 6-point ordinal scale (from 0 = no spasticity, 
to 4 = fixed muscle contracture), was used to rate 
the resistance encountered clinically during passive 
muscle stretching. Despite the limitations mentioned, 
MAS is widely applied, both in clinical practice and 
in research, for spasticity evaluation, and it was the-
refore used for comparison. Finally, the presence of 
clonus elicited during MAS assessment was recorded 
as: no clonus, mild-moderate = 1 – 10 beats, and sus-
tained > 10 beats.

Table I. Characteristics of study population

Stroke patients
(N = 15)

Healthy subjects
(N = 73)

Age, years, mean (SD) 51.13 (11.87) 40.96 (12.60)
Sex (male/female), n (%) 11/4 (73.3/26.7) 26/47 (35.6/64.4)
Stroke hemisphere (left/right), n (%) 9/6 (60/40)
Stroke type (ischaemic/
haemorrhagic), n (%)

8/7 (53.3/46.7)

Time to inclusion, months, mean (SD) 29.13 (28.64)
 Min–max 6–84

Min: minimum; max: maximum; SD: standard deviation.
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NeuroFlexor foot module measurement characteristics p. 3 of 10

NeuroFlexor foot module
The NeuroFlexor foot module was used to quantify 
passive movement resistance (in Newton, N) during 
ankle dorsi-flexion. As described previously (28), it 
incorporates a biomechanical algorithm allowing the 
stretch reflex mediated force (i.e. spasticity) to be 
distinguished from the passive mechanical compo-
nents contributing to the resistance (viscous-elastic 
component). Briefly, resting tension (P0) reflects the 
tonic muscle tension of the lower limb before the onset 
of movement. Elasticity (EC) is the length-dependent 
resisting force that increases as muscles and tendons 
are stretched (32). EC is estimated at the end of a slow 
stretch (5°/s) that does not activate stretch reflexes. 
A high value of EC reflects lower elastic property of 
the tissues. Viscosity (VC) is the velocity-dependent 
resisting force produced by friction of sliding muscle 
fibres. It assumes its highest value during the initial 
acceleration (approximately 35 ms after the move-
ment onset) and continues at a lower level during the 
remaining muscle stretch at high velocity. Finally, the 
neural component (NC) is the active force produced by 
muscle contractions induced by stretch reflexes, which 
is estimated in the model at the maximal muscle stretch 
by subtracting EC and VC from the total resisting force.

The NeuroFlexor foot module measurement was 
performed on the paretic foot in stroke patients and on 
the dominant side in healthy subjects. Participants were 
seated on a height-adjustable chair in a comfortable 
seating position, with the foot placed on the device 
platform, and were instructed to relax during the testing 
session. Passive dorsiflexion of the ankle was measured 
in the stroke patients and a sub-group (n = 18) of heal-
thy subjects at different isokinetic velocities ordered 
in 3 randomized sequences to minimize order effects: 
(a) 5, 120, 180, 240°/s; (b) 120, 5, 240, 180°/s and (c) 
240, 120, 180°/s. The range of ankle movement was 
from 35° of plantarflexion to 5° of dorsiflexion (i.e. 
40° stretch) or, in case of limited joint movement, from 
35° of plantarflexion to 5° of plantarflexion (i.e. 30° 
stretch). The knee joint was positioned at 45° of flexion. 
A single value of NC, EC and VC was calculated by 
a dedicated software (NeuroFlexor Scientific, Release 
1.0.0, Aggero MedTech AB, Älta, Sweden) at the end of 
the test by averaging 4 resisting forces produced during 
slow movement (5°/s) and 9 resisting force to fast 
movement (120, 180 or 240°/s). In the stroke patients, a 
second NeuroFlexor test was performed with a 10-min 
interval between sessions to assess intra-rater reliability.

A total of 73 healthy subjects were evaluated during 
passive stretch at 2 velocities (slow (5°/s) and fast 
(240°/s)) and with the 2 ranges of ankle movement 
(from 35° of plantarflexion to 5° of plantarflexion, 
and from 35° of plantarflexion to 5° of dorsiflexion), 
in order to obtain normative NeuroFlexor data.

Surface electromyography
In stroke patients and a sub-group (n = 18) of healthy 
subjects, surface electromyography (EMG) of medial 
gastrocnemius and soleus muscles was recorded with 
the NeuroFlexor assessment during the whole passive 
movement from onset until full ankle dorsiflexion.

For EMG recordings, disposable gelled Ag/AgCl 
electrodes were used. EMG signals were amplified 
with a Grass LP511 Ac Amplifier (Grass Technologies, 
Astro-Med, Inc., West Warwick, RI, USA), sampled at 
1 kHz using a CED Power1401 (Cambridge Electro-
nic Designs, Cambridge, UK) and rectified. The root 
mean square of the EMG signal, with a 50 ms sliding 
window, was computed to generate the EMG amplitude 
during the whole NeuroFlexor movement from onset 
until full dorsiflexion of ankle. Data were acquired with 
Spike2 software (Version 7.12; CED) and analysed off-
line using custom-written programmes in MATLAB 
R2021a (The MathWorks, Inc., Natick, MA, USA).

Statistical analysis
To compute statistical power, values of NeuroFlexor 
NC previously recorded in chronic stroke patients (33) 
(n = 20, mean 11.24, SD (11.96)) and in healthy subjects 
(28) (n = 13, mean 0.0 (SD 2.0)) were used. A 1-sided 
power calculation indicated a sample size of n=14 to 
achieve power = 0.8, p < 0.05. Descriptive statistics 
are presented as mean (standard deviation; SD) for 
normally distributed continuous data and as median 
(interquartile range; IQR) for ordinal and not normally 
distributed data (detected with the Shapiro–Wilk test). 
Spearman’s rank correlation (rs) was conducted to mea-
sure the correlation between NeuroFlexor components 
and age and anthropometric measurements. Sex diffe-
rences were evaluated with a Mann–Whitney U test. In 
addition, the Mann–Whitney U test was used to evaluate 
differences between NC quantified in stroke patients 
and in healthy subjects at different stretch velocities.

After natural log transformation (applied to correct 
skewed distribution), a repeated measures analysis of 
variance (rm-ANOVA) investigated the difference in NC 
quantified at 120, 180 and 240°/s in the stroke patients. 
A further rm-ANOVA was performed in the sub-group 
of healthy subjects. In addition, a non-parametric Fried-
man test was conducted to confirm the differences in 
stroke patients’ NC depending on stretch velocities. 
Spearman’s rank correlation (rs) was used to investigate 
relationships between EMG signal and NC, and between 
the clinically scored muscle tone according to MAS and 
NC and the NeuroFlexor total resistance force. 

To assess reliability, a 2-way random effects model, 
single measure, absolute-agreement, was used to 
generate an intraclass correlation coefficient model 
2.1 (ICC2,1) with 95% CI. To rate the ICC coefficients, 
Currier’s suggestion (34) was used: 0.90 – 0.99 = high 
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NeuroFlexor foot module measurement characteristics p. 4 of 10

reliability, 0.80 – 0.89 = good reliability, 0.70 – 0.79 = fair 
reliability, and ≤ 0.69 = poor reliability. In addition, a 
test-retest repeatability coefficient, as an expression of 
the smallest real difference between measurements, was 
calculated by multiplying the standard error of measu-
rement (SEM) by 2.77 (i.e. 1.96 × √2) (35). SEM repre-
sents the within-subjects standard deviation and was 
calculated as SD × √(1–ICC). A paired t-test was used 
to assess any systematic bias between the 2 sessions.

In healthy subjects, cut-off values for the NeuroF-
lexor components were established by adding 3 SD to 
the mean (32), after elimination of outliers defined with 
the interquartile method. This conservative approach 
ensured that almost all healthy subjects fall within 
the cut-off score and, therefore, that a measured value 
above the limit could be considered pathological. In 
addition, limits of normality of stretch-induced EMG 
amplitude were established for gastrocnemius and 
soleus muscles, by adding 3 SD to the mean. Receiver 
operating characteristic (ROC) curve analysis was then 
used to validate cut-off values for NC for both 30° and 
40°, by comparing with pathological EMG amplitudes.

The level of statistical significance was set at p ≤ 0.05. 
All statistical analyses were performed using IBM 
SPSS Statistics for Windows, Version 27.0 (IBM Corp., 
Armonk, NY, USA).

RESULTS

Validity of the NeuroFlexor foot module: velocity 
dependence of the neural component
Values, in median (IQR), of NeuroFlexor compo-
nents and amplitude of electromyography signal 

recorded at different velocities, are shown in Table II. 
Stroke patients had statistically significantly higher 
NC compared with healthy subjects at 120, 180 and 
240°/s (U = 16.50, p < 0.001, U = 11.00, p < 0.001 and 
U = 19.00, p < 0.001, respectively). NC, EC and total 
resistance did not differ between male and female 
(p > 0.18) stroke patients. In healthy subjects, there 
was no sex difference for NC. However, males had 
statistically significantly higher EC and total resistance 
compared with females (U = 216, p < 0.001 and U = 231, 
p < 0.001, respectively). Age did not correlate signifi-
cantly with any NeuroFlexor components.

The NeuroFlexor resistance profiles increased with 
increasing velocity of muscle stretch, especially for the 
initial peak both in stroke patients and healthy subjects, 
as shown in Fig. 1. 

In stroke patients, rm-ANOVA with a Greenhouse-
Geisser correction demonstrated that mean NC differed 
significantly between velocities (F(1.3,17.3) = 7.82, 
p = 0.008). Post hoc tests using the Bonferroni 
correction revealed that NC at 240°/s was signifi-
cantly higher compared with NC at 120 and 180°/s 
(p = 0.019 and p = 0.022, respectively). However, NC 
increase from 120°/s to 180°/s was not statistically 
significant (p = 0.204). Similarly, EMG signals of calf 
muscles recorded during NeuroFlexor assessment 
were also velocity dependent in the stroke patients 
(F(1.3,18.3) = 30.11, p < 0.001 for gastrocnemius mus-
cle and F(2,28) = 45.71, p < 0.001 for soleus muscle), as 
shown in Fig. 1. The EMG amplitude of both muscles 
increased significantly across all velocities (p < 0.022).

Finally, a Friedman test, performed to verify the 
results obtained from the parametric analysis with log 
transformed data, confirmed the significant difference 

Table II. NeuroFlexor components and amplitude of electromyography activity

Variables

Stroke patients (N = 15) Healthy subjects (n = 18)

120°/s
Median (IQR)

180°/s
Median (IQR)

240°/s
Median (IQR)

120°/s
Median (IQR)

180°/s
Median (IQR)

240°/s
Median (IQR)

NeuroFlexor foot module (Newton)
 NC 22.62* (36.27) 27.58* (42.30) 35.88* (45.13) 6.89* (4.46) 9.09* (5.91) 12.32* (6.88)
 Male 31.90 (36.79) 39.74 (47.59) 45.76 (47.10) 7.18 (5.05) 9.18 (2.98) 12.37 (6.04)
 Female 21.21 (38.46) 24.80 (30.43) 30.74 (37.33) 2.63 (5.58) 4.38 (9.91) 4.84 (12.71)
 EC 73.08 (37.68) 72.68 (35.14) 72.32 (37.65) 48.48 (20.55) 49.17 (20.69) 49.27 (19.54)
 Male 75.09 (33.63) 75.13 (33.91) 75.49 (29.92) 50.39† (11.98) 50.06† (10.35) 50.77† (9.74)
 Female 48.23 47.28 (52.49) 47.60 (53.56) 27.27† (31.34) 27.81† (29.57) 28.77† (29.37)
 VC 1.55 (1.09) 2.20 (1.16) 3.12 (2.06) 1.24 (0.86) 2.03 (1.13) 2.91 (1.18)
 Male 1.66 (1.34) 2.32 (1.16) 3.15 (2.00) 1.62 (0.84) 2.32 (1,74) 2.43 (1.97)
 Female 1.46 (0.91) 3.00 (2.23) 0.86 (1.37) 1.74 (1.21) 2.96 (0.72)
 Total resistance 107.22 (25.82) 114.04 (25.36) 110.40 (32.33) 57.03 (19.84) 61.35 (19.66) 66.44 (24.88)
 Male 111.94 (21.48) 114.59 (28.67) 114.66 (36.83) 60.29† (13.69) 63.88† (13.06) 67.14 (17.02)
 Female 83.28 (75.99) 79.87 (59.94) 86.23 (64.41) 30.06† (37.54) 33.93† (39.89) 36.46 (41.40)
Electromyography (mV)
 Gastrocnemius muscle 0.025 (0.051) 0.043 (0.053) 0.069 (0.084) 0.009 (0.008) 0.014 (0.017) 0.019 (0.019)
 Soleus muscle 0.058 (0.103) 0.086 (0.186) 0.128 (0.224) 0.013 (0.025) 0.017 (0.026) 0.024 (0.031)

*Statistically significant difference between stroke patients and healthy subjects groups (p < 0.05).
†Statistically significant difference between male and female sex groups (p < 0.05).
NeuroFlexor neural component (NC), elastic component (EC), viscous component (VC) and total resistance (in Newton, N), and amplitude of electromyography 
signal (in mV) in stroke patients (N = 15, n = 11 male and n = 4 female) and sub-group of healthy subjects (n = 18, n = 13 male and n = 5 female).
IQR: interquartile range.
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NeuroFlexor foot module measurement characteristics p. 5 of 10

in stroke patients’ NC depending on stretch velocities, 
χ2(2) = 12.00, p = 0.002. Dunn-Bonferroni post hoc tests 
were carried out and there were significant differences 
between NC at 120°/s and NC at 240°/s (p = 0.002) 
after Bonferroni adjustments.

In healthy subjects, NC differed significantly across 
all velocities (p < 0.035), and the EMG amplitude of 
gastrocnemius muscle was significantly higher at 
240°/s compared with 120°/s (p = 0.024).

Validity of the NeuroFlexor foot module: correlation 
between neural component and electromyography 
response
In stroke patients, NC correlated positively with the 
EMG amplitude of the soleus muscle at the 3 diffe-
rent velocities of muscle stretch: rs = 0.82, p < 0.001 
at 120°/s; rs = 0.76, p < 0.001 at 180°/s and rs = 0.76, 
p < 0.001 at 240°/s, and with the gastrocnemius signal 
at 120°/s (rs = 0.70, p = 0.005). No EMG responses 
were visually detected during passive stretches at 5°/s.

In addition, there was a strong positive correlation 
between the clinically scored muscle tone according 
to MAS in the gastrocnemius muscle (mean 2.47 
(SD 0.92), min 1 – max 4) and soleus muscle (2.47 
(0 .99), 1 – 4) and NC at 240°/s (rs = 0.58, p = 0.022 
and rs = 0.64, p = 0.010, respectively). EC correla-
ted negatively with MAS in gastrocnemius muscle 
(rs = – 0.53, p = 0.041). Total resistance did not cor-
relate significantly with MAS, but high values of 
total resistance were measured in patients with high 
MAS scores.

Intra-rater reliability of the NeuroFlexor foot 
module
A 2-way random effects model single measure 
indicated a high intra-rater reliability for NC: 
ICC2,1 = 0.903, 95% CI 0.71 – 0.97; a good relia-
bility for EC: ICC2,1 = 0.898, 95% CI 0.69 – 0.97; 
and a poor reliability for VC: ICC2,1 = 0.61, 95% 
CI 0.05 – 0.87.

Fig. 1. Velocity dependent response of NeuroFlexor neural component and of electromyography activity. (A) Example resistance profiles (in Newton, 
N) at 3 different velocities of muscle stretch (120, 180 and 240°/s) in a stroke patient. Blue lines show the angle of ankle movement and red lines 
show resisting force. The first force peak occurring at about 35 ms after movement onset is composed of inertia and viscosity forces. The later 
force peak at the end of the movement consists of late viscosity (VC), elasticity (EC) and end-range stiffness, and the neural component (NC) 
elicited by the stretch reflex. (B) Electromyography (EMG) signal (in mV) of gastrocnemius and soleus muscles recorded synchronized with the 
NeuroFlexor assessment. An increased NC across velocities, in agreement with Lance’s definition of spasticity, was accompanied by increased EMG 
amplitudes (i.e. higher bursts in EMG signals).
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NeuroFlexor foot module measurement characteristics p. 6 of 10

The test-retest repeatability coefficients were 32.84 
for NC, 46.19 for EC and 5.08 for VC.

There was no significant difference for NC and EC 
between sessions (p = 0.54 and p = 0.14, respectively). 
However, VC differed slightly between sessions 
(p = 0.02). The difference in NC and VC between the 
second and the first sessions did not correlate signifi-
cantly with the values of NC and VC measured during 
the first test. However, variation in EC between mea-
surements was higher in patients with low EC values 
at first test (rs = –0.69, p = 0.014), perhaps reflecting a 
response to repetitive stretch.

Cut-off values of NeuroFlexor components
The cut-off values established for the NeuroFlexor 
components after excluding outliers (n = 5 and n = 6 
for 30 and 40° stretch, respectively) and by adding 3 
SD to the mean, are reported in Table III. According 
to the EC limit of 99.98 N, only 1 patient presented 
pathological elasticity.

For a total range of ankle movement of 40°, a limit 
of 0.059 mV for gastrocnemius muscle (according to 
mean + 3 SD in healthy subjects) and a limit of 0.1044 
mV for soleus muscle were identified to discriminate 
between pathological and non-pathological stretch-
induced EMG amplitude. A cut-off value of 31.46 N 
was established for NC. Six out of 10 stroke patients 
presented pathological NC above this cut-off limit 
and also had abnormal EMG amplitude recorded from 
the gastrocnemius and/or soleus muscle, as shown in 
Fig. 2, according to ROC analysis (AUC = 1.00, sen-
sitivity = 100%, specificity = 100%).

In addition, for a total range of ankle movement of 
30°, a limit of normality of 0.0197 mV for gastroc-
nemius muscle and a limit of 0.0271 mV for soleus 
muscle were identified. A normative data cut-off value 
of 18.94 N was established for detection of patholo-
gical NC. All the 5 stroke patients tested with 30° 
stretch presented abnormal EMG amplitude recorded 
from the gastrocnemius and soleus muscle, and NC 
above the cut-off value. Again this showed complete 
correspondence between pathological NC and EMG 
activity according to ROC analysis (AUC = 1.00, sen-
sitivity = 100%, specificity = 100%).

DISCUSSION

This study evaluated the novel NeuroFlexor foot mo-
dule and provided evidence of validity, reliability and 
potential clinical utility of this biomechanical method 
for the objective measurement of spasticity and of 
viscous-elastic components of passive resistance in 
the lower limb.

Validity of the NeuroFlexor foot module
The NeuroFlexor neural component increased at 
augmenting velocity of the passive muscle stretch, 
in accordance with the velocity-dependent response 
of the stretch-induced electromyography activity of 
medial gastrocnemius and soleus muscles. The NC 
thus reflected the stretch-reflex-mediated resistance 
during passive muscle stretch, in agreement with 
Lance’s definition of spasticity (7). The validity of the 
model was further supported by the strong correlation 
between NC and the electromyography amplitude at 
the different velocities of muscle stretch. In addition, 
NC correlated strongly with the clinically scored 
muscle tone according to MAS. Notably, this strong 
positive relation between NC and the clinical score is 
in line with previous findings in the upper extremity 
(28, 32) and with the characteristic of MAS to be 
more suitable in a later phase after stroke, which is 
in agreement with the time since onset (mean 29.13 
months after onset (SD 28.64)) of the current cohort 
of patients. Taken together, these findings provide 
evidence supporting the validity of the NeuroFlexor 
neural component.

Regarding the NeuroFlexor passive components 
reflecting changes in mechanical properties, elasticity 
represented the major contributor to the resistance to 
the passive movement, both in stroke patients and in 
healthy subjects, probably due to the postural role of 
calf muscles and thus their great muscle mass. This 
is also supported by the finding that EC strongly 
correlated with the calf area measured in all partici-
pants. EC also correlated with the MAS score in the 
gastrocnemius muscle, confirming the limitation of 
this clinical scale in discriminating between active 
and passive components of muscle tone, as described 

Table III. Cut-off values of NeuroFlexor components according to mean + 3 standard deviations (SD) obtained in N = 73 healthy subjects, 
after removing outliers

NeuroFlexor
foot module (Newton)

30° of ankle movement 40° of ankle movement

Median (IQR) Mean (SD) Cut-off Median (IQR) Mean (SD) Cut-off

NC 7.30 (6.41) 8.30 (4.50) 21.80 13.37 (7.97) 13.20 (6.59) 32.97
EC 28.13 (15.31) 28.87 (10.24) 59.60 47.13 (26.16) 48.03 (17.32) 99.98
VC 3.53 (1.24) 3.55 (0.98) 6.49 3.57 (1.29) 3.47 (0.95) 6.33
Total resistance 38.45 (18.14) 40.72 (13.21) 80.35 64.45 (33.98) 64.70 (20.99) 127.68

NC: NeuroFlexor neural component; EC: elastic component; VC: viscous component.
IQR: interquartile range; SD: standard deviation.
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previously in the upper limb (31). In general, stroke 
patients presented higher values of EC compared with 
healthy subjects and thus a greater passive muscle 
stiffness, as discussed previously (36). Furthermore, 
Table II shows the velocity dependence of VC, while 
EC, which is length dependent, remained almost stable 
across velocities in accordance with the expectation 
and consistent with the biomechanical model of the 
NeuroFlexor hand module, based on Koo and Mak’s 
model (37) and previously described by Lindberg 
et al. (28).

Intra-rater reliability of the NeuroFlexor foot 
module
The current findings provided evidence of high test-
retest reliability of NC, good reliability of EC and poor 
reliability of VC. Unfortunately, the number of stroke 
patients properly evaluated with the NeuroFlexor foot 
module was low, and therefore further studies with a 

higher number of participants are needed to confirm 
the good intra-rater reliability of the method. The 
relatively high repeatability coefficients can be also 
explained by the low number of patients included as 
well as by the heterogeneity of the study population. 
Further evidence of reliability is required to support 
the application of the NeuroFlexor foot module in 
clinical practice at the individual level, to evaluate, 
for example, post-treatment outcome after injection 
of botulinum toxin in patients with clinical signs of 
spasticity.

Clinical implications
There are challenges in developing methods to ob-
jectively and simply quantify the degree of spasticity 
in the lower limb (38, 39). Different electrophysio-
logical and biomechanical techniques have been 
developed in recent years to complement clinical 
scales in order to enhance measurement accuracy 

Fig. 2. Scatterplot of the NeuroFlexor 
neural component. Values of neural 
component (NC) in Newton (N) in stroke 
patients (squares) and healthy subjects 
(circles), after removing outliers, for a 
total range of ankle dorsiflexion of (A) 
40° and (B) 30°. Dashed line indicates 
the cut-off values established according 
to the receiver operating characteristic 
(ROC) curve analyses. Solid squares 
represent patients with pathological 
electromyography amplitude (beyond 
the mean + 3 standard deviations (SD) 
limit defined for gastrocnemius and 
soleus muscles in the healthy subjects).
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of muscle resistance assessments both in clinics and 
research (40, 41). The technologies described in these 
reviews, proved sensitive and reliable; however, they 
are technically demanding and time-consuming, 
making them difficult to implement for routine 
clinical use. To our knowledge, the NeuroFlexor 
foot module is one of the first EMG-free instruments 
to objectively quantify lower limb spasticity and 
thus holds great potential for future applications in 
clinical practice. A recent comparison between the 
NeuroFlexor and an experimental EMG-based device 
(31) has, in fact, shown the comparableness of the 
2 methods in quantifying the neural and non-neural 
components of resistance to passive stretch in pa-
tients with chronic stroke, and no clear added value 
of EMG. Nevertheless, all NeuroFlexor components 
are sensitive to measurement errors, and care is 
needed to standardize the position of the subject to 
ensure similar biomechanical contributions at each 
assessment. In order to obtain reliable data, it is ne-
cessary to position the foot correctly with its centre 
of the mass above the NeuroFlexor force sensors, 
and to properly align the ankle joint with the axis of 
rotation of the apparatus. Even the angle of the knee 
joint and the patient’s position may induce errors and 
thus affect the results. As a biarticular muscle, the 
fascicle length of medial gastrocnemius muscle both 
increases with the dorsiflexion of ankle and decreases 
with the flexion of knee, and thus may influence the 
elastic contributor to the resistance.

Cut-off values of NeuroFlexor components
Two different methods were applied in order to obtain 
cut-off values for neural, elastic and viscous compo-
nents. The mean + 3 SD approach was found to be 
more conservative, particularly for EC in case of 40° of 
passive movement, and therefore it may be not suitable 
in clinical practice. Only 1 stroke patient actually pre-
sented pathological EC, equal to 106.43 N. Clinically, 
he/she had a mildly limited range of ankle joint (5° of 
passive dorsiflexion with knee fully extended and 10° 
of passive dorsiflexion with knee flexed to 90°) and a 
MAS score of 2 in the assessment of gastrocnemius and 
soleus muscles. Significantly, all the patients included 
in the study were able to walk, at least short distances, 
with or without assistive mobility aids, which might 
explain the general low values of elasticity.

The second approach applied ROC curve analysis 
by discriminating between pathological and non-
pathological EMG amplitude, and thus may be consi-
dered more consistent. Indeed, all the stroke patients 
with EMG amplitude above the pathological limits 
for gastrocnemius and/or soleus muscles (6 patients 
tested with 40° stretch and 5 with 30° stretch), were 
found to have NC above the cut-off. Whilst NC was 

well validated using EMG data, no further valida-
tion of the NeuroFlexor passive components and, in 
particular, of EC, was possible, and this validation 
should be considered in future studies. In addition, the 
biomechanical algorithm applied to the foot module 
might not be sufficiently accurate in case of severe 
resistance to passive movement after stroke (due to 
both hyperexcitability of the stretch reflex, soft tissue 
changes and critical contractures), and would need to 
be optimized for that application.

Study limitations and future directions
The low number of chronic stroke patients represents a 
main limitation of this study. Moreover, it is important 
to note the greater proportion of females compared with 
males in the group of healthy subjects. Since EC was 
significantly lower in female subjects across passive 
stretch velocities, future studies should also consider 
a more homogeneous sex ratio to obtain more accurate 
cut-off values.

An inhibition of stretch reflexes with local nerve 
block would have been a valuable addition in the vali-
dity of the NeuroFlexor foot module. An examination 
of changes in NC and EMG amplitude, as well as an 
independence of the mechanical components before 
and after a local nerve block achieved by intraneural 
injection of anaesthetics to the posterior tibial nerve 
might be worth further investigation. Finally, future 
research could describe the relative contributors to 
the passive movement resistance produced by the 
NeuroFlexor in patients with spastic co-contraction 
and spastic dystonia (42).

CONCLUSION

Increased muscle tone commonly occurs after injury 
to the central nervous system and may present as 
spasticity and/or contracture in the involved joints. 
An accurate diagnosis is essential in clinical practice 
to design and evaluate specific treatment approaches. 

This study found preliminary evidence to support 
validity and reliability of the novel NeuroFlexor foot 
module for quantification of the neural spasticity 
and mechanical components of lower limb hyper-
resistance after stroke. The NeuroFlexor foot module 
may offer an easy and non-invasive way to objectively 
assess spasticity without additional electrophysiolo-
gical recording.
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