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Reliability, Validity, and Responsiveness of Myotonometric
Measurement of Muscle Tone, Elasticity, and Stiffness in
Patients With Stroke
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ABSTRACT. Chuang L-L, Wu C-Y, Lin K-C. Reliability,
validity, and responsiveness of myotonometric measurement of
muscle tone, elasticity, and stiffness in patients with stroke.
Arch Phys Med Rehabil 2012;xx:xxx.

Objective: To assess the metric properties of a myoto-
ometer.

Design: Metric study.
Setting: Three medical centers.
Participants: Stroke patients (N�67).
Intervention: Upper-extremity rehabilitation programs.
Main Outcome Measures: The tone, elasticity, and stiffness

f relaxed extensor digitorum, flexor carpi radialis, and
exor carpi ulnaris were measured using the myotonometer.
ifty-eight patients completed the myotonometer measures

wice at pretreatment. The myotonometric measurement and the
riteria measures, including hand strength (grip, lateral pinch, and
almar pinch strength) and Action Research Arm Test (ARAT)
ere administered at pretreatment and posttreatment.
Results: The myotonometer showed high test-retest reliabil-

ty for muscle properties in 3 muscles. Significant correlations
xisted between the tone and stiffness of the 3 muscles and
almar pinch strength, between those of the flexor carpi mus-
les and lateral pinch strength, and between those of the flexor
arpi radialis and the ARAT at posttreatment. The posttreat-
ent elasticity of the 2 flexor carpi muscles was significantly

orrelated with grip strength. The pretreatment elasticity of the
exor carpi ulnaris was significantly correlated with posttreat-
ent grip strength, and the pretreatment muscle tone and

tiffness of the flexor carpi radialis were significantly corre-
ated with palmar pinch strength and the ARAT. The respon-
iveness of the extensor digitorum was higher than that of the
exor carpi radialis and ulnaris. Muscle stiffness was more
esponsive than tone and elasticity in 3 muscles.

Conclusions: Myotonometry can be a reliable, valid, and
responsive outcome measure for assessing muscle properties
after stroke rehabilitation.
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SPASTICITY and hypertonia (ie, increased stiffness and
viscosity) are common impairments after stroke that may

nterfere with function and lead to functional disability.1,2

Spasticity is the most common condition of increased muscle
tone, characterized by velocity-dependent resistance to passive
stretch and exaggerated tonic stretch reflexes in the muscle.3

Mechanisms that contribute to muscle tone include reflex ex-
citability, the viscoelastic properties of the musculotendinous
unit, and the intrinsic properties of the contractile elements.2,4-6

Understanding the properties of the muscles may lead to the
development of more rational interventions to treat patients
with spasticity. In recent decades, new methods have been used
in stroke patients to treat increased muscle tone; thus, adequate
tools that are reliable, valid, and responsive to measure the
progression and success of interventions become important.7

The most widely accepted clinical measures of muscle tone
are the Ashworth Scale (AS) and the Modified Ashworth Scale
(MAS), where the resistance perceived to passive stretch of the
muscle is categorized on a 5- or 6-point ordinal scale, respec-
tively.5,8,9 However, these measures have been criticized for
ot standardizing stretch velocity in manual testing,1 not quan-
ifying resistance in absolute units,5 not providing an assess-

ment of activated muscle tone,10 subjectively grading and
clustering of scores,2,5 only being applicable for the extremi-
ies,11 and lacking sensitivity for detecting smaller degrees of

changes in spasticity.3

The reliability and validity of both scales have also been
questioned.2,5,12-14 The MAS is reliable for measuring muscle
tone in certain muscle groups in stroke patients such as the
elbow, wrist, and knee flexors.15 The AS has only been vali-
ated for measuring spasticity around the elbow after stroke.16

These limitations, combined with poor discrimination between
increased muscle tone and soft-tissue stiffness,1,17 as well as
he lack of correlation with functional changes after treat-
ent,18 reaffirm the need for suitable clinical tools that reliably

nd accurately assess the biomechanical properties of muscle,
ncluding tone, elasticity, and stiffness.5

List of Abbreviations

ARAT Action Research Arm Test
AS Ashworth Scale
CI confidence interval
ICC intraclass correlation coefficient
MAS Modified Ashworth Scale
SRM standardized response mean

UE upper extremity
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2 METRIC PROPERTIES OF A MYOTONOMETER, Chuang
A hand-held myotonometer, uses painless and noninvasive
means to provide quantitative and objective assessments of
muscle properties. Mechanical characterization of the skeletal
muscle, as measured by the myotonometer, may provide new
insights into muscle function and help to diagnose the stage of
pathologic processes taking place in the muscles.19 Previous
studies have indicated that the myotonometer is highly reliable
for measuring skeletal muscle viscoelastic parameters in
healthy individuals,13,20-24 children with cerebral palsy,12,25

and patients with Parkinson’s disease.21,26 However, the reli-
bility of the myotonometer has yet to be investigated in stroke
atients. Reliability should be established for all patient pop-
lations for which the instrument is intended.27

The construct validity of the myotonometer has been estab-
lished in healthy individuals,28 in patients with upper motor-
neuronal disorders,11 and in stroke survivors.6 Myotonometric

easures of rectus femoris muscle compliance (displacement
er unit force, inverse of stiffness) were highly correlated to
uscle strength and activation levels during a voluntary iso-
etric knee extension task.28 Tissue compliance of the ankle

lantarflexor muscle was related to total ankle stiffness in
troke patients.6 Muscle stiffness increased with increasing

contractile force and levels of muscle activation, indicating that
tissue displacement during contracted conditions provided an
indirect measure of muscle strength.6,11,12,22,28 Moreover, Katz
and Rymer2 demonstrated that extending a limb against passive
resistance may be more related to the viscoelastic properties of
the soft tissues than to spasticity, indicating that biomechanical
measures correlate most closely with motor function. These
findings provide the theoretic basis for use of muscle strength
and motor function to further validate myotonometric mea-
sures.

Proper evaluation of muscle properties is important in mon-
itoring the progression of individuals during rehabilitation ther-
apy, in making appropriate clinical decisions, for planning
optimal treatment, and for assessing the efficacy of therapeutic
interventions.5,29 The responsiveness of the myotonometer has
not yet been reported, and the sensitivity of the myotonometric
measurement in detecting small changes in muscle properties
associated with stroke rehabilitation remains unknown. Gain-
ing knowledge about the metric properties of the myotonom-
eter after stroke rehabilitation is crucial for clinicians and
researchers. The myotonometer was primarily developed for
testing the superficial skeletal muscles,30 and previous reliabil-
ty and validity studies applied the myotonometer on large
uscles of the trunk and extremities.
Given that wrist and finger control is the motor function
ost likely to be impaired after stroke and is a key precursor

or prehensile activity, loss of this capability is a primary
isabler for hand function. Proper hand function is vital for
anual exploration and manipulation of the environment. The

im of this study was to investigate the test-retest reliability,
alidity, and responsiveness of the myotonometer for measur-
ng muscle tone, elasticity, and stiffness of the forearm muscles
nder a relaxed state in stroke rehabilitation.

METHODS

articipants
We recruited 67 participants from 3 medical centers who

ere enrolled in ongoing research projects investigating the
fficacy of robot-assisted training and mirror therapy. The
nclusion criteria were (1) onset of a first-ever stroke, (2)
emonstration of Brunnstrom stage III or above for the prox-
mal and distal upper extremity (UE),31 (3) no excessive spas-

icity in the UE (MAS�2 in any joint) that might preclude the p

Arch Phys Med Rehabil Vol xx, Month 2012
unctional movements,9 (4) no cognitive impairment (Mini-
ental State Examination score�24),32 (5) no UE fracture

within 3 months, (6) no participation in any experimental
rehabilitation or drug studies and no use of antispasticity drugs
for UE musculature (eg, botulinum toxin type A) during the
study period, (7) able to follow instructions to self-rate the
measures included and perform therapeutic activities, and (8)
willing to provide written informed consent. Institutional re-
view board approval was obtained from the study sites, and
written informed consent was obtained from each patient be-
fore inclusion.

Interventions
Eligible participants received 1 of the 4 UE rehabilitation

therapies: robot-assisted training, mirror therapy, mirror ther-
apy with mesh-glove electrical stimulation, or conventional
rehabilitation.33 All participants received a 1.5-hour therapy
session 5 times per week for 4 weeks. The interventions were
provided at the participating hospitals under the supervision of
3 certified occupational therapists. Trained raters, whose com-
petence was assessed by a senior certified occupational thera-
pist, administered the outcome assessment to all participants at
baseline and after the 4-week intervention. The raters were
blinded to the individual’s group.

Instrument and Procedure
Myoton-3 myometer. The functional state of skeletal mus-

cle was assessed by using myotonometric measurements with
the Myoton-3a device, created at the University of Tartu in
Estonia.34 The working principles of the Myoton-3 were as
ollows: the testing end of the Myoton-3 was placed perpen-
icular to the skin surface above the muscle to be measured, a
rief mechanical impulse was applied, shortly followed by a
uick release to the muscle through an acceleration probe, and
he damped oscillations of the muscle response were recorded
y the acceleration transducer at the testing end of the device.
he oscillation graph created during the measurement ex-

Fig 1. Oscillation graphs show the acceleration (a), velocity (v), and
displacement (s) produced in the process of damped natural oscil-
lation performed by the testing end of the myometer.
resses the acceleration of the testing end (fig 1).
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3METRIC PROPERTIES OF A MYOTONOMETER, Chuang
The myotonometric measurements assess oscillation fre-
quency, decrement, and stiffness. The acceleration value of the
first period of oscillations characterizes the deformation of the
muscle and that of the next oscillation period provides the basis
for calculating the oscillation frequency (Hz). The frequency of
the damped oscillations characterizes the muscle tone, which
was calculated as: Frequency (Hz) � 1/(t5 – t3) � 1/T, where
5 and t3 indicate the duration of the impact of the testing end
n the muscle, and T is the oscillation period in seconds (see fig
). The oscillation frequency is usually 11 to 16Hz in the
unctional state of relaxation and 18 to 40Hz in contraction,
epending on the muscle.30

The logarithmic decrement of the damping oscillations char-
acterizes muscle elasticity, which is the ability of the muscle to
restore its initial shape after contraction. The logarithmic dec-
rement of damping was calculated as: Decrement � ln(amax/
a4), where amax is the maximal amplitude of oscillation and a4
is the oscillation amplitude. Elasticity is inversely proportional
to the decrement (see fig 1). If the decrement of trained muscles
decreases, the muscle elasticity increases. Decreased elasticity
brings on quicker muscle fatigue, and the speed of a movement
is limited if the muscle is less elastic.30 The decrement values
re usually 1.0 to 1.2, depending on the muscle.

Stiffness (newton per meter [N/m]) reflects the resistance of
he muscle to the force deforming the muscle.19 Stiffness was

calculated as: Stiffness � amax � m/�l, where m is the mass
of the testing end of myometer, amax is the maximal ampli-
tude of oscillation, and �l is the deepest tissue displacement
of the testing end (see fig 1). Greater effort is required from
the antagonist to stretch a stiff muscle, which leads to worse
economy of movement.30 The usual range of stiffness values is
150 to 300N/m for resting muscle and may exceed 1000N/m
for contracted muscles.30

The Myoton-2 myometera has good to excellent test-retest
eliability for measuring viscoelastic stiffness of resting leg
uscles (ie, rectus femoris, biceps femoris, and gastrocnemius
uscle) in healthy individuals.22

Myotonometric testing of the bilateral extensor digitorum,
the flexor carpi radialis, and the flexor carpi ulnaris was con-
ducted before and after interventions. Before measurement,
subjects were informed about standard measurement proce-
dure. The UE was bent at the elbow joint, at 30° to 45° from the
longitudinal axis of the upper arm, with the palm downward for
measurement of the extensor digitorum and palm upward for
flexor carpi and ulnaris measurements.30

The location of the measured muscles was first determined
on the left side, thereafter on the right side. The subject was
requested to make an effort with the individual muscle (apply-
ing resistance to the investigator’s hand), and at the same time,
the investigator established the location of the muscle belly by
the visual-palpatory test. After the muscle had relaxed, the
particular measuring point was marked with a marker; for
example, the measuring point for the extensor digitorum was at
the line of the proximal one-third of the UE, in the middle of
the muscle belly. The muscles of the left side of the body were
measured first. The subjects were instructed to lie supine and
relax the muscles maximally. Three trials were recorded with a
1-second interval, and the average value was used for analysis.
To investigate test-retest reliability, 58 of the 67 individuals
were tested twice on both sides with the same procedure, 30
minutes apart, on the same day.

Outcome Measures
The outcome measures of the Myoton-3 and criterion mea-

sures, including hand strength—grip strength, lateral pinch

strength, and palmar pinch strength—and the Action Research
Arm Test (ARAT) were performed before and after interven-
tions.

Hand strength. The Baseline digital hydraulic hand dyna-
mometer and pinch gaugeb were used for measurement of grip
and pinch strength. Participants were evaluated in the standard
testing position suggested by the American Society of Hand
Therapists35 and Mathiowetz et al.36,37 Participants were seated
with their shoulder adducted and neutrally rotated, elbow
flexed to 90°, and forearm and wrist in a neutral position.

For the grip strength measurement, participants were in-
structed to squeeze the dynamometer with their hand as hard as
they could. For the lateral pinch strength measurement, the
pinch gauge was positioned between the pad of the thumb and
the radial side of the middle phalanx of the index finger. For
palmar pinch strength measurement, the pinch gauge was
grasped between the pad of the thumb and the pad of the index
finger. Participants were told to pinch as hard as they could.
Three consecutive measurements with 2- to 3-minute intervals
were performed for each assessment, and the arithmetic mean
value of the 3 trials was used for statistical analysis. This
method shows high repeatability, according to Haidar et al.38

Action Research Arm Test. The ARAT assesses the hemi-
legic arm function of handling objects differing in size,
eight, and shape, with 19 items divided into 4 domains of
rasp, grip, pinch, and gross movement. A 4-level ordinal scale
anging from 0 (no movement) to 3 (normal movement)39 is
sed, and a maximum total score of 57 points indicates normal
erformance. The ARAT has excellent clinimetric properties in
troke patients.40-44

Data Analysis
Statistical analyses were performed using SPSS 16.0 soft-

ware.c For all analyses except the paired t test, the significance
evel was set at P less than .05. Mean data are presented with
he SD. The 9 paired t tests were performed to test the differ-
nces in muscle tone, elasticity, and stiffness of the 3 muscles
etween the affected and unaffected limbs at pretreatment and
osttreatment, respectively. The other 9 paired t tests were used
o analyze the change of muscle tone, elasticity, and stiffness of
he 3 muscles between pretreatment and posttreatment for the
ffected and unaffected limbs, respectively. Therefore, the
onferroni correction was applied to set the significance level
t P�.006 (.05/9) for the paired t test. Test-retest reliability of
he myotonometer was determined by using the intraclass cor-
elation coefficient (ICC) with 95% confidence intervals (CIs).
he ICC was calculated using a 2-way mixed-effect model,
ith an agreement coefficient. ICC values vary from 0 (no

elationship) to 1 (perfect relationship). For test-retest reliabil-
ty, an ICC value exceeding .80 indicated high reliability.45

Concurrent and predictive validity of the Myoton was deter-
mined using the Pearson correlation (r) test to establish rela-
tionships with hand strength and the Spearman rho (�) test to
calculate the degree of correlations with the ARAT. For con-
current validity, the pretreatment and posttreatment values of
the muscle tone, elasticity, and stiffness were correlated with
their respective pretreatment and posttreatment scores on the
criterion measures. To assess the predictive validity of the
Myoton, the pretreatment values of muscle properties were
correlated with the posttreatment scores on the criterion mea-
sures. The strength of correlations was interpreted as low
(.00–.25), fair (.25–.50), moderate to good (.50–.75), and good
to excellent (�.75).46

The standardized response mean (SRM) was used as the
index of the responsiveness of the Myoton according to
changes of the affected and unaffected limbs from pretreatment

to posttreatment. The SRM was estimated as the ratio of the
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4 METRIC PROPERTIES OF A MYOTONOMETER, Chuang
mean change scores to the SD of the change scores from
patients whose myotonometric measures improved after inter-
ventions (ie, the change score from pretreatment to posttreat-
ment was negative in muscle properties), and the values were
categorized as large (�.80), moderate (.50–.80), and small
.20–.50).47 Patients who did not benefit from the treatment (ie,

change score�0) were excluded from the estimation of respon-
iveness. It was recommended to calculate responsiveness only
or the improved patients48 because a measure that has negative
nd positive change scores will have a small mean change score
hat results in a higher level of variability in change score and a
mall SRM value. The bootstrap resampling procedure was used
o estimate 95% CIs for the SRMs and to examine the level of
ignificance of the SRM differences among the 3 muscles.49 A
ignificant SRM difference among the 3 muscles was determined
f the value 0 was not included between the 25th and the 975th
bservations taken from the 1000 paired bootstrap samples of the
paired muscles.50

RESULTS
The study comprised 67 stroke patients (40 men and 27

omen) who were a mean age � SD of 54.67�10.90 years.
he mean time since stroke onset � SD was 21.12�13.63

months, and 31 patients had left hemiplegia. Table 1 reports the
demographic and clinical characteristics of the participants.
Table 2 summarizes the mean � SD myotonometric measure-
ments for muscle tone, elasticity, and stiffness in the affected
and unaffected forearm muscles. The paired t tests showed
significant differences between the affected and unaffected side
in pretreatment and posttreatment muscle elasticity of the ex-
tensor digitorum (P�.001, P�.001, respectively) and post-
treatment elasticity of flexor carpi ulnaris (P�.001), and in
retreatment muscle tone and stiffness of the flexor carpi
adialis (P�.004, P�.001, respectively). The posttreatment
uscle tone and stiffness of the flexor carpi radialis in the

ffected limb was not significantly different from that of the
naffected limb (P�.327, P�.256, respectively), indicating
uscle tone and stiffness of the affected flexor carpi radialis
ere close to that of the unaffected limb after interventions.
Multiple paired t tests were performed to confirm if statis-

ically significant differences in mean scores had occurred from

Table 1: Demographic and Clinical Characteristics of the
Participants (N�67)

Characteristic Value

Sex, men/women (n) 40/27
Age, mean � SD (y) 54.67�10.90
Side of stroke, right/left (n) 36/31
Months after stroke, mean � SD 21.12�13.63
Brunnstrom stage of upper limb, median (range)

Proximal part 4 (3–5.5)
Distal part 4 (3–5.5)

MAS, mean � SD
Pretest 0.53�0.31
Posttest 0.43�0.25

Mini Mental-State Examination scores, mean � SD 28.20�2.11
Intervention (n)

Robot-assisted training 38
Mirror therapy 8
Mirror therapy with mesh-glove electrical

stimulation 7
Conventional rehabilitation 14
retreatment to posttreatment among muscle properties. We

Arch Phys Med Rehabil Vol xx, Month 2012
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5METRIC PROPERTIES OF A MYOTONOMETER, Chuang
found significant changes in muscle stiffness of the flexor carpi
ulnaris on the affected side (P�.001). The P values for muscle
stiffness of all 3 muscles on the affected side were smaller than
those for tone and elasticity.

Table 3 lists the reliability coefficients for measurements of
the affected and unaffected forearm muscles. The test-retest
reliability was performed on a subset of 58 participants who
underwent 2 pretreatment measurements. The Myoton-3 myo-
meter showed high to very high test-retest reliability for muscle
properties in affected and unaffected extensor digitorum, flexor
carpi radialis, and flexor carpi ulnaris (ICCs, .75–.96).

Table 4 reports concurrent validity of outcome measures at
pretreatment and posttreatment. A significant correlation was
found between the grip strength and elasticity of the flexor
carpi radialis (r�–.30) and ulnaris (r�–.35) at posttreatment.

ignificant correlations existed between the elasticity of the
xtensor digitorum and lateral pinch strength (r�–.24) and
etween the tone (r�.37) and stiffness (r�.35) of the extensor
igitorum and palmar pinch strength at posttreatment. Signif-
cant correlations existed between the elasticity of the flexor
arpi radialis (r�–.30) and ulnaris (r�–.35) and grip strength
t posttreatment. The tone and stiffness of the flexor carpi
adialis were significantly correlated with lateral pinch strength
t posttreatment (r�.27, r�.27, respectively), palmar pinch
trength at pretreatment (r�.48, r�.48, respectively) and post-
reatment (r�.42, r�.48, respectively), and the ARAT at pre-
reatment (��.27, ��.30, respectively) and posttreatment
��.29, ��.36, respectively). The tone and stiffness of the
exor carpi ulnaris were significantly correlated with lateral

Table 3: Test-Retest Reliability of Myotonometric Properties of
the 3 Muscles of the UEs

Muscle Variable Affected (95% CI) Unaffected (95% CI)

Extensor
digitorum Tone 0.93 (0.89–0.96) 0.86 (0.78–0.92)

Elasticity 0.86 (0.77–0.91) 0.75 (0.62–0.85)
Stiffness 0.92 (0.87–0.95) 0.86 (0.77–0.91)

Flexor carpi
radialis Tone 0.96 (0.93–0.97) 0.93 (0.88–0.96)

Elasticity 0.92 (0.87–0.95) 0.93 (0.88–0.96)
Stiffness 0.94 (0.90–0.97) 0.92 (0.86–0.95)

Flexor carpi
ulnaris Tone 0.93 (0.88–0.96) 0.89 (0.82–0.93)

Elasticity 0.90 (0.83–0.94) 0.89 (0.82–0.93)
Stiffness 0.90 (0.84–0.94) 0.87 (0.80–0.92)

Table 4: Concurrent Validity of the Myoton-3 Measurements an
ARA

Muscle Variable

Grip Strength

Pretest Posttest

Extensor digitorum Tone �.07 �.05
Elasticity �.24 �.23
Stiffness �.04 �.06

Flexor carpi radialis Tone �.05 .02
Elasticity �.16 �.30*
Stiffness .12 .10

Flexor carpi ulnaris Tone �.17 .06
Elasticity �.32† �.35†

Stiffness �.12 �.03
P�.05; †P�.01.
inch strength at posttreatment (r�.28, r�.25, respectively)
nd palmar pinch strength at pretreatment (r�.28, r�.52, re-
pectively) and posttreatment (r�.57, r�.52, respectively).

As summarized in table 5, the elasticity of the flexor carpi
lnaris at pretest significantly correlated with grip strength at
osttest (r��.32). Muscle tone and stiffness of the flexor carpi
adialis at pretest were significantly correlated with palmar
inch strength (r�.45, r�.40, respectively) and the ARAT
��.25, ��.32, respectively) at posttest.

Table 6 demonstrates the responsiveness of the muscle tone,
elasticity, and stiffness measurements by the Myoton in the
affected and unaffected extensor digitorum, flexor carpi radia-
lis, and ulnaris for the patients who demonstrated beneficial
effects after stroke interventions. The responsiveness of the
Myoton-3 was moderate to high for the affected extensor
digitorum and small to moderate for the affected flexor carpi
radialis and ulnaris. The responsiveness of the muscle tone and
elasticity was moderate for the affected extensor digitorum and
small for the affected flexor carpi radialis and ulnaris (tone:
�.57 vs �.39 vs �.35; elasticity: �.75 vs �.44 vs �.31). The
esponsiveness of the elasticity of the affected extensor digi-
orum was significantly higher than that of the affected flexor
arpi ulnaris (difference in SRM, .44; 95% CI, �.78 to �.11).
he responsiveness of muscle stiffness was high for the af-

ected extensor digitorum (�.83) and moderate for the affected
exor carpi radialis (�.71) and ulnaris (�.77). The responsive-
ess of the muscle tone, elasticity, and stiffness of the unaf-
ected extensor digitorum, flexor carpi radialis, and flexor carpi
lnaris was small (�.26 to �.48).

DISCUSSION
The present study was primarily an investigation of the

eliability, validity, and responsiveness of the Myoton-3 in
troke rehabilitation. The Myoton-3 represents a new technol-
gy to quantify mechanical properties of resting and contractile
uscles. To our knowledge, this is the first report that the
yoton-3 myometer can be reliable, valid, and responsive for

ssessing muscle tone, elasticity, and stiffness of the extensor
igitorum, flexor carpi radialis, and flexor carpi ulnaris muscles
n patients with stroke. Myotonometric measurements with
ound metric properties may have diagnostic as well as thera-
eutic significance.
Our study indicated that the Myoton-3 is a highly reliable
easurement tool with high test-retest reliability under relaxed

onditions in measurements of affected and unaffected forearm
uscles of stroke patients. These findings are similar to those

eported of myotonometers for different muscles and study

p Strength, Lateral Pinch Strength, Palmar Pinch Strength, and
ore

ateral Pinch
Strength

Palmar Pinch
Strength ARAT Score

st Posttest Pretest Posttest Pretest Posttest

.14 .01 .37* �.03 �.19
�.24* .06 �.01 �.03 �.11

.18 .03 .35* �.01 �.07

.27* .48* .42* .27* .29*
�.01 �.20 .10 .02 .03

* .27* .48† .48† .30* .36†

.28* .28* .57† .01 .11
�.18 �.24 �.23 �.07 �.18

.25* .52† .52† .10 .07
d Gri
T Sc

L

Prete

.02
�.21

.00

.24

.10

.27

.05
�.19

.12
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populations. The reliability of the myotonometer was high in
the biceps brachii, rectus femoris, biceps femoris, and gastroc-
nemius in healthy individuals13,21,22; the biceps brachii in pa-
ients with Parkinson’s disease21; and in the brachii, gastroc-
emius, and rectus femoris in children with cerebral palsy.12,25

In general, the Myoton-3 myometer is reliable for measure-
ments in healthy individuals as well as for various patient
populations.

The results of the concurrent validity showed partly signif-
icant associations between forearm muscle properties and hand
strength and UE motor function, especially at posttreatment,
which indicates that they might measure similar constructs.
Our present findings were compatible with those from a pre-
vious study reporting a correlation between muscle stiffness
and muscle strength of the quadriceps.22 In this study, the
elasticity of the 2 wrist flexors tended to increase with greater
grip strength after interventions. At posttreatment, the elasticity
of the extensor digitorum and muscle tone and stiffness of the
2 wrist flexors tended to increase with greater lateral pinch
strength. The muscle tone and stiffness of the extensor digito-
rum and the 2 wrist flexors appeared to increase with greater
palmar pinch strength. The pretreatment and posttreatment
muscle tone and stiffness of the flexor carpi radialis were
correlated to palmar pinch strength and ARAT.

A possible reason for the lack of consistency in concur-
rent validity of measures across muscles might be that the
grip and pinch strength and ARAT were tested under muscle
contraction but the myotonometric properties were mea-
sured in a relaxed condition. A power grip is the result of
forceful flexion of all finger joints with the maximum vol-
untary force that the subject is able to exert. A strong pinch
requires contractions of the abductor pollicis brevis and
opponent pollicis muscles of the thumb. The synergistic
action of flexor and extensor muscles might also be an

Table 5: Predictive Validity

Muscle Variable Grip Strength

Extensor digitorum Tone �.03
Elasticity �.20
Stiffness �.02

Flexor carpi radialis Tone �.02
Elasticity �.10
Stiffness .15

Flexor carpi ulnaris Tone �.20
Elasticity �.32†

Stiffness �.12

*P�.05; †P�.01.

Table 6: Responsiveness of Myoton-3 Measurements of the 3
Improved Af

Muscle Variable

Extensor digitorum Tone
Elasticity
Stiffness

Flexor carpi radialis Tone
Elasticity
Stiffness

Flexor carpi ulnaris Tone
Elasticity

Stiffness �0

Arch Phys Med Rehabil Vol xx, Month 2012
important factor in grip and pinch strength, resulting in less
correlation with myotonometric measurements. The ARAT,
consisting of 4 subscales of grasp, grip, pinch, and gross
movement, requires coordination between the distal and
proximal parts of muscles. This might contribute to the low
correlations between the ARAT scores and myotonometric
measurements of the forearm muscles.

The reason the relationships in the concurrent validity test
were more significant at posttreatment than at pretreatment
might be because of significant changes in muscle stiffness
of the affected flexor carpi ulnaris and normalization of
muscle tone and stiffness of the affected flexor carpi radialis
after interventions. Normalization of muscle tone and/or
stiffness of the affected flexor carpi radialis at posttreatment
occurred along with the appearance of lateral and palmar
pinch and control over voluntary movement. This agrees
with Vain,34 who proposed that muscle tone was one of the

etermining factors regarding the functional state of the
uscle.
Not surprisingly, a similar tendency existed between muscle

one and stiffness. Muscle tone depends on intrinsic stiffness
nd is related to the mechanical properties in the muscle.3

Resistance to a change in length is primarily because of pas-
sive/active stiffness and neutrally mediated reflex stiffness.51

The increase in passive mechanical stiffness explains most of
the increased joint stiffness that presents clinically in spastic
hemiparetic patients51: a muscle with high tone is stiffer than
usual and is more difficult to stretch.

The trend of predictive validity was similar to the concurrent
validity at pretreatment. If pretest myotonometric measure-
ments were significantly correlated to pretest criteria measures,
then they showed better ability to predict posttest criteria
measures. Individuals with higher pretest muscle tone and/or
stiffness of the flexor carpi radialis appeared to have greater

e Myoton-3 Measurements

Lateral Pinch
Strength

Palmar Pinch
Strength ARAT Score

.11 .32 �.13
�.22 .05 �.03

.07 .27 �.12

.20 .45† .25*

.19 .13 .06

.18 .40* .32†

.04 .26 .02
�.12 �.16 �.05

.09 .45† .04

les of the Affected and Unaffected Limbs in Participants Who
terventions

RM (95% CI) Affected SRM (95% CI) Unaffected

.57 (�0.82 to �0.38) �0.27 (�0.50 to �0.03)

.75 (�1.01 to �0.54) �0.41 (�0.63 to �0.20)

.83 (�1.08 to �0.64) �0.44 (�0.67 to �0.25)

.39 (�0.66 to �0.12) �0.30 (�0.54 to �0.09)

.44 (�0.65 to �0.22) �0.26 (�0.47 to �0.03)

.71 (�0.99 to �0.48) �0.48 (�0.69 to �0.26)

.35 (�0.55 to �0.15) �0.26 (�0.51 to �0.01)

.31 (�0.53 to �0.09) �0.25 (�0.52 to �0.03)
of th
Musc
ter In

S

�0
�0
�0
�0
�0
�0
�0
�0
.77 (�1.03 to �0.57) �0.42 (�0.62 to �0.26)
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palmar pinch strength and a higher ARAT score after stroke
interventions. Individuals with better pretest elasticity of the
flexor carpi ulnaris tended to have greater posttreatment grip
strength, and better pretest stiffness of the flexor carpi ulnaris
tended to have greater posttreatment palmar pinch strength.
These results point out the significant importance of the flexor
carpi radialis with palmar pinch strength and UE function and
that of the flexor carpi ulnaris with progression of grip and
palmar pinch strength. Wrist flexors are essential to perform
testing movements of the hand dynamometer and the ARAT.
Muscle tone and muscle stiffness have also shown a similar
trend of correlations with criteria measures. The validity results
provide the strongest direct evidence that the intrinsic stiffness
of skeletal muscles was altered with changed muscle tone and
that increased stiffness can reflect excessive muscle tone.

The responsiveness of the Myoton-3 is an important out-
come measure after interventions as the foundation for therapy
guidance and evaluation. The change of myotonometric mea-
surements after interventions can be calculated through nu-
meric data, provide a basis for estimates of whether the
changes of muscle parameters over time are in the desired
direction, and thus permit rehabilitation therapies to be ad-
justed accordingly. Our SRM calculations showed the affected
extensor digitorum appears to be more responsive than the
affected flexor carpi radialis and ulnaris in muscle tone, elas-
ticity, and stiffness, and especially elasticity (�.75 vs �.44 vs

.31). This result may arise from an emphasis on activation of
rist and finger extensor muscles elicited by robot-assisted

raining and mirror therapy with or without mesh-glove elec-
rical stimulation, because flexor synergy of the UE is domi-
ant after stroke. Thus, the extensor digitorum was much better
fter interventions, and the flexor carpi muscles were not as
ensitive as the extensor digitorum. Given that the ability to
ustain finger extension is necessary in most functional hand
ctivities, active finger extension is an important prognostic
eterminant and an early valid indicator of favorable UE func-
ion after stroke.52,53 Stroke patients with early finger extension
fter onset had a 98% probability of regaining some dexterity
nd a 60% probability of achieving full functional recovery of
he hemiplegic arm at 6 months after stroke.52

In addition, an interesting finding of this present study was
that the muscle stiffness of all 3 muscles showed better respon-
siveness than the muscle tone and elasticity. Moreover, the
responsiveness of the Myoton-3 to changes in clinical end-
points from baseline to week 4 appeared to be higher for the
affected side than the unaffected side, especially in stiffness of
the extensor digitorum (�.83 vs �.44). The responsiveness of

uscle tone and elasticity of the flexor carpi radialis and
lnaris on the affected side and the unaffected side was small.
ur findings indicated that stiffness of the affected forearm
uscles was improved more than tone and elasticity after the

nterventions.
For clinical practice, the findings of the present study sug-

est that the Myoton-3 myometer is a valuable complementary
nstrument with good metric properties when assessing muscle
roperties. Tone and stiffness measurements can be obtained
ith the myotonometer without the muscle being moved,
hich might be helpful with patients who have limited range of
otion or pain with movement.13 The myotonometer has the

dvantages of being portable and relatively easy to administer
ver a wide range of postural or extremity musculature.12,28,30

The principal differences between myotonometry and tradi-
tional measures of muscle tone are that it can measure the tone,
elasticity, and stiffness simultaneously,30 it is not affected by
tester strength,13 and it is more sensitive to detect small

changes.11,12 Its application leads to more objective assessment
of numeric parameters of muscle tone, elasticity, and stiffness
within minutes.12 Therefore, the myotonometer appears to be
clinically applicable without compromising the precision re-
lated to more complex laboratory methods. Discerning muscu-
lar properties from Myoton-3 measurements would facilitate
the diagnosis of muscle functions and the subsequent indication
for treatment.

Study Limitations
A prerequisite for using any instrument is knowledge of its

performance characteristics and limitations because these are
important when analyzing and interpreting the data. This study
also needs to account for the limitations that may have affected
the experimental results. First, this study is a secondary anal-
ysis of the data from ongoing clinical investigations of the
efficacy of robot-assisted training and mirror therapy. If there
are different treatment effects across treatment groups, this
could be adversely affecting variability. Therefore, we per-
formed analysis of variance to examine if there was any sig-
nificant difference in mean change of myotonometric measure-
ments from pretreatment to posttreatment among treatment
groups. The results showed no significant difference in mean
change of muscle tone, elasticity, and stiffness of all 3 muscles
among the treatment groups (P�.05). Future studies with a
arger sample size may analyze changes after specific interven-
ion to clarify this issue.

Second, functional evaluation during dynamic conditions
annot be extrapolated from passive movements, as studied
ere. Resting muscle tone during the relaxed condition does not
ully quantify spasticity. Assessment of spasticity should be
dequately performed under a dynamic state because spasticity
s characterized by a velocity-dependent increase in tonic
tretch reflexes.3 This highlights the need for further studies

that compare biomechanical properties of the resting muscles
with the contracted muscle.

Third, our responsiveness estimates of the Myoton-3 were
derived from patients whose myotonometric measures im-
proved after interventions, and the results are only applicable
for patients who improved. With a sufficient sample size, a
comparison of change in the myotonometric measures between
patients who improved and those who did not should be ana-
lyzed separately.

Finally, the study included patients with a mild to moderate
stroke, without major cognitive impairment, and without ex-
cessive spasticity in the UE. This might limit the generalization
of the present findings to other patients. Further substantiation
of these findings in larger and more diverse samples is war-
ranted to determine clinical value of the Myoton-3.

We plan to use the Myoton-3 in a larger cohort of patients to
study the effect of different interventions on the biomechanical
properties of muscles. Use of the Myoton-3 in larger and more
divergent patient groups will demonstrate whether it can be
identified in abnormal system properties (eg, enhanced stiff-
ness and muscle tone) as the foundation for therapy guidance.

CONCLUSIONS
Findings from this study indicate that the Myoton-3 myo-

meter can be applied as a reliable, valid, and responsive device
for objectively quantifying muscle tone, elasticity, and stiffness
of resting forearm muscles in patients with stroke. Mechanical
characterization of the skeletal muscle measured by the Myo-
ton-3 myometer may provide new insights into muscle func-
tions to diagnose and treat muscle pathophysiology. Thus,
performance documented by the Myoton-3 might be a useful

indicator of biomechanical tissue changes in clinical practice

Arch Phys Med Rehabil Vol xx, Month 2012
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and research. Further research is needed to study the clinical
utility of the instrument based on a larger sample.
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