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Abstract
Objective: To evaluate a method for objectively quantifying elbow muscle tone in a clinical setting using an instrumented manual stretch-reflex test.

Methods: Seventy-nine participants with upper motor neuron syndrome (stroke, spinal cord injury, cerebral palsy and multiple sclerosis) were evaluated for elbow 
flexor and extensor tone using a wearable sensor system. Modified Ashworth Scale (MAS) scores of elbow flexors and extensors, and spasticity metrics derived from 
a uniform-jerk model during manual stretch-reflex test, were used in a linear discriminant analysis (LDA) to generate a probability based 0-10 score (.1 increment) 
that maps onto the MAS continuum.

Results: Sensor derived metrics correlated significantly with EMG (onset time: r2=.7, p<.001; duration: r2=.9, p<.001) and explained as much as 50% of the variance 
in therapist-rated MAS score. The LDA resulted in 73% classification accuracy, although the “gold standard” MAS rating was a considerable source of error.

Conclusions: The study demonstrates that a simple wearable sensor system in combination with a routine manual stretch-reflex test can be used to objectively quantify 
elbow flexor and extensor tone. These findings offer new hope of achieving objective measurement of muscle tone in the clinic.
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Introduction
Upper motor neuron syndrome (UMNS) is a life-long chronic 

condition affecting people with brain and spinal cord injury or disease 
[1]. A hallmark of UMNS is muscle spasticity which interferes with 
residual function and may lead to painful muscle contractures if 
not treated appropriately [2]. Spasticity management often includes 
pharmacologic treatment (injections, orals, pumps, etc.) which 
are costly [3], and have questionable efficacy [4]. Regardless of the 
approach, management of UMNS relies on muscle tone assessment 
for correct treatment prescription [5], which should be objective, 
repeatable and precise. 

Spasticity assessment in the clinic is currently limited to subjective 
rating scales such as the Modified Ashworth Scale (MAS) [6]. The 
MAS is based on a manual stretch-reflex test (SRT) where the patient 
is positioned supine, arm is relaxed, and the clinician moves the limb 
from extension to flexion (or vice versa) over a “one second” count. 
Based on the definition of spasticity as a velocity-dependent hyper-
excitability of the stretch-reflex [7], spastic muscle will involuntarily 
contract during the passive stretch. To apply the MAS, the degree of 
muscle catch and prolonged resistance are subjectively rated by the 
clinician and reported on a 6-point scale, as shown in Table 1.

Although the SRT is easy to reproduce, the MAS rating lacks 
sensitivity to change and reliability is moderate to low in some studies 
[8,9]. MAS scores have been compared to objective assessment using 
mechanical devices that induce SRT motion and measure torque 
response (isokinetic dynamometers or other custom motorized 
machines) but results vary from showing very little association [10-12] 
to relatively good association [13-15] with stiffness measures. In studies 

employing EMG the reflexive component correlates with MAS score 
[16,17] or its variants [18].

Wearable kinematic sensors in combination with EMG have been 
studied during a manual stretch-reflex test (SRT) and have been shown 
to be feasible for use in a clinical environment [19-21] but results of 
these studies are difficult to compare due to different experimental 
approaches. Calota et al. [19] use multiple SRTs at varying velocity 
to derive the tonic stretch-reflex threshold (TSRT) [22] and found 
no relationship with MAS scores. Our preliminary study [20] found a 
positive relationship between clinical MAS rating and the magnitude of 
“trajectory departure” (via jerk response) during instrumented elbow 
SRT, that also corresponded with EMG responses, suggesting that 
some aspect of spasticity may be quantifiable from a single SRT at a 
typical testing velocity.

The present paper explores a simple framework for interpreting 
and analyzing kinematic signals from the instrumented SRT when the 
therapist is the mechanism that delivers the impulsive dynamic motion, 
and demonstrates how such a framework could be implemented as a 
potential solution to the problem of objective spasticity measurement 
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in the clinic or home. Although the approach could be applied to any 
clinical rating based on the SRT, we focus in this paper on the MAS due 
to its wide use in practice and clinical trials [23] and a general need to 
better understand what it measures [13].

Methods
Model framework

As introduced previously [20], the trajectory of the passively moved 
limb segment (forearm in this case) of the patient by the therapist 
during a manual SRT follows a uniform jerk profile. Jerk is the fourth 
kinematic or third derivative of position, and therefore represents the 
rate of change of acceleration. It is well established in the literature (see 
seminal work by Flash and Hogan [24]) that in healthy individuals 
voluntary movement of body segments naturally attempt to minimize 
jerk in order to produce a smooth velocity profile of the end-effector 
(hand or foot) [25]. It was therefore postulated that in order to rapidly 
extend the forearm through its range of motion the therapist would 
naturally select a uniform jerk profile to produce a rapid but smooth 
trajectory of the patient’s limb.

A uniform jerk displacement curve fits almost perfectly the 
measured elbow trajectory in arms with normal tone, as shown 

in Figure 1 (left). However, the uniform jerk profile during passive 
movement of the limb will only hold true if the movement is not 
obstructed or resisted by the passively stretched muscles; i.e., there is 
no sudden or progressive force generated in response to the motion 
trajectory. Of course, muscle spasticity does exactly this – the stretching 
muscle will involuntarily contract during the trajectory causing a 
sudden opposing force (catch), which may release but and in some 
individuals the muscle activity persists throughout most if not all of the 
remaining movement range (prolonged resistance).

Figure 1 illustrates SRT data from an asymptomatic elbow (left 
panel, MAS=0) and symptomatic elbow (right panel, MAS=1+). The 
model input is the measured angular trajectory of the patient’s joint, 
which is used to generate a uniform jerk profile of the therapists 
intended trajectory of the joint. The model’s jerk profile represents 
two sequential uniformly positive and negative steps (not shown), thus 
forming the linear acceleration curve, quadratic velocity (bell shaped) 
curve, and cubic displacement curve, shown in Figure 1 by the dashed 
lines. The working hypothesis is that spasticity explains, at least in part, 
the difference between measured and modelled curves during the SRT.

Figure 2 shows the kinematic metrics that describe the observed 
departure from the model curve, which include the peak departure 

Figure 1. Elbow kinematic profiles measured during a stretch-reflex test of elbow extensors (solid line) and uniform jerk model (dashed line) for angular displacement (top), angular 
velocity (middle), and angular acceleration (bottom). Left panels show trajectories for asymptomatic extensor with MAS=0, and right panels show trajectories for symptomatic extensor 
with MAS=1+. Start time (f1) and end time (f2) of the motion, and a “seed” time (fs) of the impulse, are used to compute the constant-jerk curve and its integrals, and the modeled impulse 
end time (f3).

Score Presentation
0 No increase in muscle tone
1 Slight increase in muscle tone, manifested by a catch and release, or by minimal resistance at the end of the range of motion when the affected part(s) is moved in flexion 

or extension
1+ Slight increase in muscle tone, manifested by a catch, followed by minimal resistance throughout the remainder (less than half) of the range of movement (ROM)
2 More marked increase in muscle tone through most of ROM, but affected part(s) easily moved
3 Considerable increase in muscle tone, passive movement difficult
4 Affected part(s) rigid in flexion and extension

Table 1. Modified Ashworth Scale rating criteria (Bohannon and Smith, 1987).
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values in angular displacement, velocity and acceleration [20] as well 
as the area under the curve during the impulse portion (f1 to f3) and 
the recovery portion (f3 to f2). EMG of biceps (flexors) and triceps 
(extensors) was acquired simultaneously with kinematic measurement 
and various metrics extracted as illustrated in Figure 3 and summarized 

in Table 2. To reduce variability of the SRT, waveform, the measured 
impulse time (f1-f3) and amplitude (θmax-θmin) was used to scale the 
measured trajectory to a unit trajectory, as shown in Figure 4. This also 
enabled ensemble averaging of patient trajectories which was useful for 
displaying model results.

Figure 2. Elbow kinematic departure from uniform jerk model (shaded area); Left panels show departures for asymptomatic extensor with MAS=0; Right panels show departures for 
symptomatic extensor with MAS=1+. Spasticity onset time (fK) was found as the first peak in acceleration (δA) prior to the first peak in velocity (δV) that precedes the peak angular 
displacement departure (δD). Area under curve was also evaluated for the impulse (Ds, Vs, As) and the recovery (Dr, Vr, Ar) periods of the motion. A departure of δD≥5o was required for 
onset.

Figure 3. Elbow kinematic profile and predicted spasticity onset time from kinematic data (blue line) and from extensor muscle EMG. The stretched (antagonist) muscle determines 
spasticity onset (red line). Agonist (co-contraction) activity was also measured (magenta line). EMG onset was time registered (fE) when the magnitude exceeded 2 standard deviations 
from the pre-movement “quiet” EMG signal, and co-contractive muscle (agonist) onset (fC) was similarly detected if fE was detected.
Time duration of the spastic contraction was measured by duration of the kinematic departure (δK), and EMG activity (δE and δC).
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Model evaluation

Participants: The BioTone™ system (Figure 5) was deployed at 
three rehabilitation hospitals from Sept 2011 to May 2014, acquiring 
data for a total of 103 patients with UMNS due to various etiology. 
All participants provided informed consent according to multi-
institutional ethics approval.

Inclusion criteria were: Male or female active inpatient or 
outpatient sixteen years of age or older and currently receiving services 
at study site for one or more of the following diagnoses: acquired brain 
injury (ABI: strokes, trauma, etc.), spinal cord injury (SCI: incomplete 
any level or complete C7 and below), multiple sclerosis (MS: meeting 
MacDonald criteria), and cerebral palsy (CP: hemiplegic or diplegic); 
medically stable; and exhibits some degree of abnormal tone in either 
upper or lower limbs, specifically at the elbow and/or knee joint(s).

Exclusion criteria were: Joint arthopathy (osteoarthritis, 
rheumatoid arthritis, etc.) that would prohibit objective measure of 
spasticity; bariatric or with little measureable surface EMG signal; 
viral or bacterial infection; open skin lesions, and; not capable of 
autonomous consent.

Measurements

Physical therapists and occupational therapists at each site (2-4 per 
site) were trained to use the BioTone™ system by a research clinician 
(M.J.) and biomedical engineer (A.S.). Access to an on-line training tool 

Metric Description
Flexor and extensor SRT kinematic parameters (normalized to unit trajectory)
δD, Ds, Dr Angle departure peak, and area under curve for impulse and recovery portions, respectively
δV, Vs, Vr Velocity departure peak, and area under curve for impulse and recovery portions, respectively
δA, As, Ar Acceleration departure peak, and area under curve for impulse and recovery portions, respectively
δK Kinematic departure duration
δE EMG activity duration of antagonist (stretching) muscle
δC Co-contraction duration of agonist (shortening) muscle
Flexor and extensor strength & ROM parameters
Se Strength of elbow flexors and extensors from LSMD and

normalized to body-weight)
Pe Passive-active limit angle (passive limit angle minus active limit

angle in extension or flexion)

Table 2. SRT kinematic parameters and elbow strength and ROM measures.

Figure 4. Time and magnitude normalization of stretch-reflex induced kinematics to define the impulse as 1 unit of time to achieve 1 unit of displacement, as shown thick blue arrows, and 
the response periods for impulse and recovery shown by the green arrows.

Figure 5. BioToneTM tools used in the study. A. Fibre-optic goniometer (FOG) was used 
to measure elbow angle; B. Grip strength measurement device (GSMD); C. Limb strength 
measurement device (LSMD); D. EMG and FOG set-up for stretch-reflex testing of elbow 
flexors and extensors.
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with professional-grade training videos of the testing procedures was 
also provided to participating sites. All the BioTone™ test protocols 
used were previously configured to guide therapists through the testing 
procedures.

Enrolled patients underwent clinical assessment as regularly 
scheduled, which included the Modified Ashworth Scale (MAS) 
assessment of elbow and/or knee flexors and extensors. Age, height, 
weight, hand dominance, diagnosis (ABI/SCI/MS/CP), affected 
extremities (left /right arm and/or leg), and year and month of injury 
or onset, were also recorded. Only data and procedures for the elbow 
are discussed here.

BioTone™ tools were then used to acquire measurements of grip 
strength, elbow flexor and extensor [20]. BioTone™ sensors had a 
sampling rate of 1000Hz. Measures used in the analysis are summarized 
in Table 2.

Strength measurement: Custom devices for grip strength 
(GSMD), and elbow flexor and extensor strength (LSMD) [26] were 
used as shown in Figures 5b and 5c, respectively. The GSMD was 
specifically designed to measure grip strength of hands with limited 
dexterity. The LSMD has a fixed moment arm, can be configured to 
measure elbow extensor strength and flexor strength, slides onto the 
arm to accommodate contracture, and is easily removed if spasms 
occur. Patients were instructed to “push their forearm (or squeeze 
hand) as hard as possible”. Maximal grip and elbow flexor and 
extensor forces were each measured and automatically recorded three 
times in succession. Mean values were used in the data analysis after 
normalizing to the patient’s body-weight in Newtons.

ROM testing: Participants donned a low-profile fibre-optic 
goniometer (FOG, Figure 5a) (ShapeSensor™, Measurand Inc. NB) in 
an upright seated position during passive and active ROM testing. For 
passive ROM the therapist moved the limb through its full, unrestricted 
range where the minimum (extension) and maximum (flexion) angles 
were recorded. For active ROM the patient was instructed to move their 
own limb through its full range, where again the minimum (extension) 
and maximum (flexion) angles were recorded. Tests were repeated 
three times each. Passive-active limit angles were then calculated as 
the mean passive minus mean active range limits (i.e., in flexion and 
extension).

Stretch-reflex testing: During the SRT (Figure 5d), the FOG was 
used in combination with a custom 2-channel EMG system (Ag/
AgCL duotrode electrode) during a manual SRT using the same 
testing protocol as used for the MAS grading prior to BioTone™ 
measurements. EMG was recorded from biceps and triceps during all 
tests. SRTs were performed three times on elbow extensors (fast passive 
flexion) and three times for elbow flexors (fast passive extension). Only 
the rapid trials are analyzed here. SRT parameters (described above and 
listed in Table 2) were then calculated and averaged across the repeated 

tests for extensors and flexors separately.

Model validation and translation

Validation of the model framework was tested by: 1) Evaluating the 
correlation and time-delay between the kinematic model’s prediction 
of spasticity onset and duration, with measured EMG onset time and 
duration, during the SRT, and; 2) Evaluating the bivariate correlation 
between BioTone™ SRT metrics (kinematic and EMG) with therapist-
rated MAS scores measured prior to BioTone™ assessments.

Parameters in Table 2 were entered into a linear discriminant 
analysis (LDA) as predictors and the therapist rated MAS score for the 
corresponding muscle (flexor or extensor) was entered as the criterion 
variable. Predictors were entered all at once with prior probabilities 
computed from group size and within-groups covariance matrix. 
Participants were classified into predicted MAS categories (BT-MAS) 
and a cross-tabulation analysis was then conducted to evaluate the 
classification accuracy.

Probability of membership in each MAS category was then used as 
weighting factors of the weighted sum of the five indexed categories, 
which produces a continuous scale score that spans the 0-4 range of 
MAS scoring. Due to the complication of the “1+” category, it was 
decided not to use a 0-4 scale for the BT-MAS score, but rather to use 
a 0-10 scale with precision of .1 unit (101 points). Regression analysis 
R2 values were used to evaluate the extent to which the BT-MAS could 
explain therapists’ MAS ratings. A custom report (in Matlab) was 
designed to present the BT-MAS score as a mapping of predicted score 
onto therapist-rated MAS scores.

SPSS Version 20 (SPSS-PAS, IBM Corp.) was used for all statistical 
analysis, with significance level of α=.05.

Results
Participant demographics and clinical presentation by diagnostic 

cohort is shown in Table 3. Of the 103 participants in the larger study, 
79 were examined unilaterally (most involved side) for upper- extremity 
involvement consisting of ABI (n=53), SCI (n=12), CP (n=8), and MS 
(n=6). Fifty-three of the 79 participants were male and age ranged from 
16 to 93 years (𝑥̅=52.2 ± 16.9 year). Elbow flexor and extensor MAS 
scores spanned the scale from 0 to 3 and varied by diagnostic group, 
where ABI and CP had the highest level of spasticity (1+ to 3) while MS 
and SCI had lower levels of spasticity (0 to 1+). 

BioTone™ measures of passive and active ROM and upper 
extremity strength measures are summarized by diagnostic cohort in 
Table 4. ABI patients had the lowest passive ROM and correspondingly 
the lowest active ROM, and SCI patients the highest passive ROM and 
active ROM. Strength measures were quite low for sample as a whole. 
Although strength measures were normalized by body weight for the 
data analysis that follows, the parameters shown in Table 4 are in 

Dx Gender Age, years Time since Dx., years MAS* Flexors MAS* Extensor
M F Total Mean (CI95) Mean (CI95) Mean (CI95) Mean (CI95)
n n n

ABI 39 14 53 55.1 (50.7-59.5) 4.5 (3.2-5.8) 2.0 (1.7-2.3) 1.6 (1.3-1.9)
MS 2 4 6 59.3 (50.7-67.9) 15.4 (8.1-22.7) 1.0 (-0.4-2.4) .2 (-0.1-0.5)
CP 3 5 8 30.6 (23.3-37.9) 30.6 (23.3-37.9) 2.4 (1.6-3.2) 1.9 (1.1-2.7)
SCI 9 3 12 50.3 (41.6-59.0) 3.6 (-1.0-8.2) .9 (0.3-1.5) .8 (0.2-1.4)
Total 53 26 79 52.2 (48.5-55.9) 8.1 (5.8-10.4) 1.8 (1.5-2.1) 1.4 (1.1-1.7)

Dx = Diagnostic cohort: ABI = Acquired brain injury (stroke, trauma); MS = Multiple sclerosis; CP = Cerebral palsy; SCI = Spinal cord injury. Numeric MAS used for averaging (0=”0”, 
1=”1”, 2=”1+”, 3=”2”,4=”3”). CI95 = 95% confidence interval (lower bound – upper bound).

Table 3. Patient demographics and Modified Ashworth Scale (MAS) scores of elbow spasticity. The table shows means and 95% confidence intervals.
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Newtons. Grip strength and elbow flexor strength was lowest in the ABI 
group. MS patients had the most elbow flexor and extensor strength, 
and CP and SCI patients had equally low flexor and extensor strength, 
but SCI patients had better grip strength than the other groups.

Sixty-three of the participants had complete kinematic and EMG 
records for both flexor and extensor testing. As the goal was to address 
spasticity assessment across the spectrum of UMNS (including age, 
gender and circumstance) the results focus on pooled sample of n=63.

Validation of the model

Figure 6 shows a compilation of normalized angle-time histories 
for low tone (MAS=0) elbows and moderate tone (MAS=1+) and 
corresponding histograms of spastic duration from kinematic model 
and EMG activity. Muscle onset was detected in 81% of patients with 
symptoms (MAS>0), and no onset was detected in 75% of patients with 
MAS=0. Chi-square analysis showed a significant relationship between 
onset detection and symptoms of spasticity (χ2(df=1)=35.0, p<.001). 

In order to validate the kinematic model parameters as reflecting 
physical manifestation of muscle activation, first the kinematic onset 
time fK was compared to the antagonist EMG onset time fE. Figure 7a 
shows the strong correlation between the kinematic and EMG onset 
time estimates; fK explained approximately 70% of the variance in 
fE. Correlation between EMG measured duration of muscle activity 
(δE) and kinematic estimation of spasticity duration (δK) was very 
high for both flexors (ρ = .91, p<.001) and extensors (ρ=.96, p<.001). 
For those with muscle onset detected, a within-subjects ANOVA 
revealed that the difference between fK and fE was significant for 
muscles (F(df=1,97)=239.8, p<.001) with a mean of 120 ms (95% CI: 
136-105 ms), but was not different between muscles (interaction, 

Figure 6. Examples of time and range normalized signals for generating the model 
parameters. Left: Asymptomatic flexors (MAS=0) for 29 trials of 10 subjects; Right: 
Symptomatic (MAS=1+) flexors for 66 trials of 22 subjects. Bottom: Histograms of spastic 
duration for kinematic (blue), antagonist EMG (red) and co-contraction (magenta).

Figure 7. Spasticity onset prediction from the kinematic model and EMG. Top: The 
scatter plot between EMG and kinematic onset predictions demonstrates a high degree 
of correlation, strongly suggesting they are measuring the same phenomena. Bottom: Bar 
charts with 95% confidence intervals on EMG measured (light) and kinematic predicted 
(dark) onset time. Not surprisingly the EMG onset preceded the external torque response of 
therapist by ~120ms which is consistent with expected delays in haptic feedback.

F(df=1,97)=3.19, p=.077). Onset time results are shown as the bar chart 
in Figure 7b.

Next, normalized kinematic and EMG parameters extracted 
from the model were explored for their relevance to therapist-rated 
muscle spasticity. Top and middle plots of Figure 8 shows bar charts 
of means and 95% confidence intervals of model parameters derived 
from angular displacement departure, across MAS categories. Time 
normalized antagonist EMG activity duration and kinematic departure 
duration are shown in the bottom of Figure 8.

Spearman correlation between model parameters and MAS scores 
for flexors and extensors separately are shown in Table 5. Correlation 
coefficients were slightly stronger for extensors compared to flexors, 
but almost all of the derived parameters had strong positive correlations 

Table 4. BioTone™ measures for upper-extremity passive and active ROM, grip strength and elbow flexor and extensor strength. The table shows means and 95% confidence intervals.

Dx Range of Motion, deg Strength, N
Passive Active Grip Elbow Flexor Elbow Extensor

Mean (CI95) Mean (CI95) Mean (CI95) Mean (CI95) Mean (CI95)
ABI 121.5 (114.3-128.7) 86.1 (76.0-96.3) 86.4 (68.1-104.7) 63.8 (48.9-78.6) 102.1 (84.2-120.0)
MS 134.8 (111.8-157.7) 101.3 (56.1-146.6) 143.4 (45.8-240.9) 85.7 (34.2-137.2) 122.0 (51.5-192.5)
CP 131.3 (118.7-143.9) 106.7 (94.0-119.5) 124.7 (66.8-182.7) 78.3 (45.0-111.6) 81.9 (54.8-109.1)
SCI 133.5 (126.0-141.1) 121.5 (113.5-129.5) 152.9 (19.8-286.0) 83.0 (40.9-125.1) 92.6 (28.8-156.4)
Total 124.9 (119.3-130.5) 93.8 (85.4-102.2) 101.2 (79.1-123.4) 69.1 (56.3-81.9) 100.6 (84.5-116.6)

Dx = Diagnostic cohort: ABI = Acquired brain injury (stroke, trauma); MS = Multiple sclerosis; CP = Cerebral palsy; SCI = Spinal cord injury. CI95 = 95% confidence interval (lower bound 
– upper bound).
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with therapist-rated MAS score. Normalized angular departure 
metrics (δD, Ds, Dr) and spasticity duration (δE, δK) had the highest 
correlations, ranging between ρ=.63 and .79 (all significant at p<.001), 
followed by velocity parameters (δV, Vs, Vr) with correlations between 
ρ=.43 and .69 (p<.001). Correlations were lower for acceleration 
parameters, especially for recovery phase kinematics which were 
non-significant. There were weak to non-significant correlations with 
duration of agonist (co-contractive) EMG.

Translation of the model results

The first step was transforming the set of metrics into MAS 
categories using a supervised LDA. The LDA produced classification 
accuracy of 74% for elbow extensors and 71% for elbow flexors. 
However, 93% and 95% of cases, respectively, were classified within 
+/- 1 MAS category, which is not surprising given that MAS ratings are 
subjective (ie. not an ideal “gold standard”). Interestingly, a drop-one-
out analysis yielded poor classification accuracy (<50%) indicating the 
robustness of the LDA likely suffered from insufficient power, given the 
moderately high variability of model parameters within higher MAS 
score groups. The cross-tabulation results are shown in Table 6.

Then the probability scores from the LDA were used as described 
above to generate the BT-MAS score on a 0-10 scale. The derived score 
correlated significantly with the therapist-rated MAS scores, explaining 
almost 76% of the variance, and the predicted MAS score, explaining 
92% of the variance. These data are shown in Figure 9. This allowed 
the display of any participant’s BT-MAS score mapped onto the 
probability of belonging to each MAS category, presented as a color 
coded visual analog. Figure 10a shows an example of a clear consensus 
between therapist-rated score and BT-MAS score for flexor muscle, 
but incorrectly classified for extensor in Figure 10b. This illustrates that 
misclassification was often characterized by a test result that straddled 
the boundary between adjacent MAS categories.

Discussion
The need for objective and sensitive clinical assessment of spasticity 

is made clear by the number of studies that have questioned the use 
of clinical rating scales [8,9,27,28] and their validity as a measure of 
spasticity [10,11,29]. Although the latter studies used motorized 
solutions for objective and precise testing, there are barriers to their 
adoption into the clinic [30]. EMG [19,20,31] and kinematic sensors 
[19,20,21] are more feasible for objective measurement in the clinic, but 
without a framework for analyzing and translating this data the added 
value of this solution may too not be realized, and thus not get adopted 
by practitioners and researchers who need it. The motivation of this 
work was to test a conceptually simple model for analyzing the sensor 
signals during the manual SRT and translating results into information 
that can be used by the therapist. The much maligned but ubiquitously 
employed MAS was explored in this work to better understand the SRT 
response from a neuro-biomechanical perspective and to demonstrate 
the feasibility and added value of a wearable sensor system during a 
commonly used elbow SRT protocol in the clinic.

Although a primary goal was to address the need for more objective 
and sensitive measures of spasticity, the proposed approach could also 
enable the development of a large repository of spasticity assessments, 
made possible by the normalization scheme (Figure 4), and the 
supporting infrastructure of the BioToneTM system. Such a system 
could have significant benefits for conducting multi-site clinical trials 
that include elbow MAS as a primary outcome.

Translation of instrumented muscle tone assessment

For wearable sensors to be of value to therapist and other end-users 
the information they generate must be translatable, conform to current 
reporting practices, and add considerable value to what already can be 
done. We demonstrated using a supervised LDA that the probability 
of MAS category membership for each patient’s SRT of flexors or 
extensors could be used to assign scores on much refined scale.

Figure 10 shows examples that help demonstrate how such a 

Figure 8. Kinematic metrics by therapist-rated MAS score (pooled 126 muscles): Bars are 
mean normalized metrics with 95% confidence limits on the MAS category mean. Top: 
Normalized peak angular displacement; Middle: Normalized departure “density” (area 
under curve) or angular displacement * time. Bottom: Kinematic and EMG metrics of 
spastic response duration (normalized time) by therapist-rated MAS score, where EMG 
duration is shown for both the stretched antagonist muscle (muscle being tested) and the 
shortened agonist represents the contracting muscle. Across all metrics the variability was 
higher for MAS scores 2 and 3, nevertheless the metric increase linearly in magnitude with 
therapist-rated MAS scores.
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metric can be presented in a way that can be interpreted. Figure 10a 
shows the calculated BT-MAS score for a muscle where there was 
agreement between therapist-rated and LDA predicted MAS score 
(92% probability); both rated the flexor muscle spasticity at MAS=1+. 
The corresponding BT-MAS score was 4.8/10. Figure 10b shows 
the result for the same patient’s elbow extensor, showing this time a 
disagreement between therapist-rated MAS=1+ and the LDA predicted 
MAS=2, reporting a 83% probability of being correct, but also a 16% 
probability the extensor was indeed MAS=1+.

The example in Figure 10b illustrates the added value of using 
wearable sensors during routine SRT with the proposed framework 
and scale generation; patients whose muscles are straddling the 
transition between MAS categories could have a more precise rating 
and potentially avoid inappropriate treatment prescription. Given the 
tremendous economic burden being placed on the health care system 
due to the high prevalence of stroke and the life-long effects in younger 
adults with spinal cord and brain injury, the ability to assess muscle 
spasticity in the clinic with a higher degree of objectively and more 
precise level of measurement is greatly needed. The work presented 
here provides hope this goal may be within reach.

Although we focused on explaining the MAS rating, there are other 
clinical rating tools available to clinicians. The Modified Tardieu scale 

(MTS) is based on a slow and fast SRT, where the slow stretch motion 
is used to define the passive range, and fast trial is used to define the 
catch angle. The difference between these two angles is reported to be 
a measure of the hyper-excitability of the stretch-reflex and therefore 
is better differentiated from contracture [32]. However, this test also 
suffers from reliability and repeatability issues [27,28], particularly 
due to the need to reposition the limb at the catch angle to acquire the 
measurement. However, better repeatability has been achieved using 
inertial sensors [21]. Although we do not report Tardieu scores here, 
the SRT protocol we used and the analysis (detection of the onset time 
from kinematics) could also be used to quantify Tardieu index scores 
(catch angle / passive range).

Our study also supports the notion that the clinical MAS rates two 
phenomena simultaneously. The SRT may induce two components 
of spastic muscle contraction: the catch/release, a highly prominent 
feature of MAS score categories 1 and 1+ where the muscle suddenly 
contracts and relaxes during passive motion, and; the progressive 
resistance to passive movement that becomes a more prominent 
feature of MAS score categories 2 and 3, where the muscle stays active 
for a prolonged duration. The data in Figure 8 suggest that both of 
these characteristics, as indicated by the peak departure (catch) and 
departure duration (prolonged resistance) increase in a linear fashion 
with increasing therapist-rated MAS score. Although peak departure 

Figure 9. Probability-based BT-MAS metric versus therapist-rated (left) and LDA predicted (right) MAS score for all muscles tested (n=126). The horizontal axis was recoded for display 
purposes (internally the MAS score represented as an integer from 0 to 4). Because of the 1+ category, coding the continuous BT-MAS between 0 and 3 could lead to confusion, so the new 
metric was scaled from 0-10.

A.  Flexor MAS δD δV δA Ds Vs As Dr Vr Ar δE δC δK
Spearman ρ .626 .524 .303 .670 .468 .325 .673 .425 .012 .792 .184 .690
p-value <.001 <.001 .016 <.001 <.001 .009 <.001 .001 .926 <.001 .149 <.001
N 63 63 63 63 63 63 63 63 63 63 63 63
B.  Extensor MAS δD δV δA Ds Vs As Dr Vr Ar δE δC δK
Spearman ρ .724 .666 .451 .765 .685 .536 .690 .523 .294 .700 .379 .721
p-value <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 .019 <.001 .002 <.001
N 63 63 63 63 63 63 63 63 63 63 63 63

Table 5. Spearman correlations between model output parameters and MAS score. There were a total of n=63 patients with complete SRT records (joint kinematics and EMG).
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Figure 10.  A representative patient with symptomatic flexors and extensors, where the therapist rated both muscles as MAS=1+, which was correctly classified for flexors (a), but for 
extensor the predicted category was MAS=2 (b). Plots on the left show the patient’s normalized angular profile against all others assigned to the same category with a correct classification; 
each also shows the kinematic departure and EMG durations (solid lines) against the group histogram. The right side shows a mock report describing the patient (59 y.o. male with stroke) 
and the calculated BT-MAS score; it can be seen that the extensor muscle had more spasticity than the flexor muscle, but to the therapist had similar presentation.

effects appear to tail-off at higher MAS categories, there were too few 
patients in the MAS=3 category to make any firm conclusions about 
this behavior. Nevertheless, this finding is consistent with observations 
that the MAS may be confounded by contracture and becomes a less 
reliable tool for clinical assessment in patients with high tone [23].

Limitations and outstanding issues
Several important limitations of the study are worthy of discussion. 

One of these limitations is that we only examined elbow flexor and 
extensor spasticity and measured only EMG from biceps brachii and 
triceps brachii. Stroke and higher-level spinal cord injury often affects 

brachialis and brachioradialis as well as muscles of the shoulder, wrist 
and hand. Although it is unknown if the kinematic profile of passive 
wrist (or ankle, etc.) SRT would obey the uniform jerk assumption, it is 
possible the proposed approach may be applicable to tone assessment 
of other joint muscles.

A significant limitation is that there is no true gold standard 
by which to conduct a robust classification of spasticity using the 
framework metrics. Therapists participating in the study were trained 
to use the BioTone™ system and all therapists were familiar and 
qualified to administer the MAS. A thorough review of every muscle 
testing record observed very few trials where the kinematic profile 
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suggested a deviation from protocol, and indeed the LDA provided 
some convincing evidence that some MAS scores (~20%) could have 
been off by +/- 1 category.

Another factor potentially causing misclassification was if the 
therapist “drove through” the spasticity, resulting in little kinematic 
departure and subsequently misclassified as a lower MAS score 
than what the therapist-rated. It is important to note that therapists 
were only instructed to use the standard SRT protocol used for the 
MAS (Bohannon and Smith 1987). Furthermore, MAS rating were 
performed as part of the patient’s routine clinical examination – the 
instrumented SRTs were conducted after the regular examination with 
other BioTone™ measurements. In this light, it was encouraging that 
126 muscle tests at three different rehab hospitals by several different 
therapists on four different patient populations resulted in such 
uniform and sensible results.

Although complete records were available for 126 elbow muscle 
SRTs (63 elbows), the patient distribution was not uniform across 
MAS categories, with 27% MAS=0, 18% MAS=1, 28% MAS=1+, 18% 
MAS=2 and 9% MAS=3. Future studies are needed to increase sample 
sizes and distribution across categories. Larger samples would allow 
study of other factors, such as gender, age, time since injury, and other 
factors relevant to managing spasticity in UMNS patients.

Finally, although we used a LDA to classify patients by their 
probability of belonging to a MAS category, there are many choices 
available for such a task. Support vector machines and hidden Markov 
models are other examples whereby a classifier could be trained to 
identify and assign objective spasticity scores. Although there are 
clearly limitations to machine learning methods when the quality of 
gold standard used is itself questionable, the approach shows some 
promise for delivering objective spasticity measurement to research 
and practice.
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