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Abstract
Background: Spasticity is a common impairment that follows stroke, and it results typically in
functional loss. For this reason, accurate quantification of spasticity has both diagnostic and
therapeutic significance. The most widely used clinical assessment of spasticity is the modified
Ashworth scale (MAS), an ordinal scale, but its validity, reliability and sensitivity have often been
challenged. The present study addresses this deficit by examining whether quantitative measures of
neural and muscular components of spasticity are valid, and whether they are strongly correlated
with the MAS.

Methods: We applied abrupt small amplitude joint stretches and Pseudorandom Binary Sequence
(PRBS) perturbations to both paretic and non-paretic elbow and ankle joints of stroke survivors.
Using advanced system identification techniques, we quantified the dynamic stiffness of these joints,
and separated its muscular (intrinsic) and reflex components. The correlations between these
quantitative measures and the MAS were investigated.

Results: We showed that our system identification technique is valid in characterizing the intrinsic
and reflex stiffness and predicting the overall net torque. Conversely, our results reveal that there
is no significant correlation between muscular and reflex torque/stiffness and the MAS magnitude.
We also demonstrate that the slope and intercept of reflex and intrinsic stiffnesses plotted against
the joint angle are not correlated with the MAS.

Conclusion: Lack of significant correlation between our quantitative measures of stroke effects
on spastic joints and the clinical assessment of muscle tone, as reflected in the MAS suggests that
the MAS does not provide reliable information about the origins of the torque change associated
with spasticity, or about its contributing components.

Introduction
Spasticity, a complex phenomenon, is one of the major
sources of disability in neurological impairment includ-

ing stroke. Spasticity is routinely defined as a motor disor-
der characterized by velocity-dependent increase in tonic
stretch reflexes (muscle tone) with exaggerated tendon
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jerks, resulting from hyper excitability of the stretch reflex
as one component of the upper motor neuron syndrome
[1].

However, spasticity may involve complex changes in both
neural and muscular systems, beyond a velocity depend-
ent reflex resistance alone. Various alterations in musculo-
tendinous structure such as alterations in muscle fiber size
and fiber type distributions and probably fiber length,
together with changes in mechanical and morphological
properties of intra- and extra-cellular materials may also
contribute to spasticity [2-5]. In the current study, we
explore whether our objective measurements of neurome-
chanical abnormalities in the presence of spasticity are
well-correlated with clinical assessments of spasticity
(Modified Ashworth).

Despite spasticity being an important clinical problem,
there is no universally accepted clinical measure of spas-
ticity. Rating scales like the Ashworth scale (AS) and the
Modified Ashworth scale (MAS) are the most commonly
used clinical measures of spasticity but have clear limita-
tions. For example, earlier studies have shown that these
scales (Ashworth and Modified Ashworth) have a measur-
able but weak association with results from reflex-related
EMG parameters (Ashworth scale:[6-11]; Modified Ashworth
scale: [12-15]). But their association with objective meas-
ures of resistance to passive movement is stronger (Ash-
worth scale:[6,16-23]; Modified Ashworth scale:[23-31]).
Therefore, the Ashworth scale may be regarded as a poten-
tially useful clinical assessment of resistance to passive
motion.

One potential problem of both the AS and the MAS is that
these scales do not indicate if the resistance is due to a
hyperactive stretch reflex, or whether it results from
increased visco-elasticity of other tissues surrounding the
joint. The Ashworth scales are unable to separate the con-
tribution of different components of the neuromuscular
system, or to determine which factors contribute under
different functional conditions (such as different joint
angles and different joint movement velocities). This dif-
ferentiation is important, since it helps us to characterize
the nature and origins of mechanical abnormalities asso-
ciated with spasticity – these remain fundamental issues
in our field. This information is also valuable for diagno-
sis and therapy, as these components arise from different
physiological mechanisms.

Recently, we have developed a novel system identification
technique [32-35] that enables us to characterize joint
dynamic stiffness, and to separate the relative contribu-
tions of muscle, passive tissues and reflex action to overall
joint stiffness. This study sought to determine whether
there was a systematic relation between clinical measures

of spasticity, notably the MAS, and quantitative measures
of neuromuscular response to broad band position per-
turbations delivered to the ankle and elbow joints of the
hemiparetic subjects (in both paretic and non-paretic
limbs).

Methods
This investigation was part of a cohort study designed to
investigate the nature and origins of neural and mechani-
cal abnormalities following a hemispheric stroke.

Subjects
For our ankle study, twenty individuals with a single hem-
ispheric stroke (59.2 ± 9.9 years) and for the elbow study,
fourteen individuals with stroke (56 ± 12.7 years) with the
similar inclusion criteria were recruited from the clinical
outpatient department at the Rehabilitation Institute of
Chicago (RIC). All the subjects gave informed consent to
the experimental procedures, which had been reviewed
and approved by the Institutional Review Board of North-
western University. The experiments were performed on
both the paretic and non-paretic side of a total number of
34 stroke survivors.

The following inclusion criteria were applied: stable med-
ical condition, absence of aphasia or significant cognitive
impairment, absence of motor or sensory deficits in the
non-paretic side, absence of severe muscle wasting or
major sensory deficits in the paretic limb, and spasticity in
the involved ankle or elbow muscles for duration of at
least 1 year.

Clinical assessment
All stroke subjects were evaluated clinically using the MAS
to assess muscle spasticity (range 1 to 5) [36] prior to each
experiment by the same physical therapist, who had been
well trained and had several years experience in MAS
measurement.

The MAS was applied to the paretic joints of both the
ankle and elbow.

Ashworth and Modified Ashworth scores are generated by
manually manipulating the joint through its available
range of motion and clinically recording the resistance to
passive movements. In other words, the examiner seeks to
assess how joint stiffness changes with joint position and
velocity.

Apparatus
For the elbow study, subjects were seated on an adjusta-
ble, chair with their forearm attached to the beam of a
stiff, position controlled motor by a custom fitted fiber-
glass cast (Fig. 1A). For the ankle study, subjects were
seated with the ankle strapped to the footrest and the
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Experimental ApparatusFigure 1
Experimental Apparatus. The upper (panel A) and lower (panel B) extremity apparatuses including the joint stretching 
motor device, the height adjustable chair, and force and position sensors.
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thigh and trunk strapped to the chair. The seat was
adjusted to provide shoulder abduction of 80°, or knee
flexion of 60°, and align the joint axis of the rotation with
axis of the torque sensor and the motor shaft (Fig. 1B).

Recordings
The joint stretching motor device operated as a position
control servo driving elbow or ankle position to follow a
command input. Joint position was recorded with a preci-
sion potentiometer. Torque was recorded using a 6-degree
of freedom load cell and velocity was recorded by a
tachometer for both experiments.

In ankle joint studies, displacements in the plantar-flex-
ion direction were taken as negative and those in the
dorsi-flexion direction as positive, while in elbow joint,
displacements in the flexion direction were taken as nega-
tive and those in the extension direction as positive. Also,
a 90° angle of the elbow and ankle joint was considered
to be the neutral position (NP) and defined as zero.

Electromyograms (EMGs) from tibialis anterior and lat-
eral gastrocnemius for ankle joint and from biceps,  bra-
chioradialis, and triceps for the elbow were recorded using
bipolar surface electrodes (Delsys, Inc. Boston, MA). Posi-
tion, torque, and EMGs were filtered at 230 Hz to prevent
aliasing, and sampled at 1 kHz by a 16 bit A/D.

Experimental procedures
Ankle and elbow passive Range of Motion (ROMs) were
measured with the subjects attached to the motor, but
with the motor turned off. Their ankle and elbow joints
were manually taken through maximum range (plantar
and dorsi-flexion, and flexion and extension, respec-
tively). The typical angular range was from 50° plantar-
flexion to 20° dorsi-flexion for ankle joint and from 45°
flexion to 75° extension for the elbow joint.

To evaluate the stretch reflex response and to measure
reflex torque magnitude, a series of 10 pulses was applied
to the elbow/ankle joint with displacement amplitude of
5 deg and width of 40 ms. Pulses were applied with the
joint placed in the neutral position and the responses
ensembled-averaged.

To identify overall stiffness properties and to separate the
reflex and intrinsic components, we used Pseudorandom
Binary Sequence (PRBS) inputs with amplitude of 0.03
rad and a switching interval of 150 ms. Our previously
published results demonstrated that these perturbations
are appropriate to characterize the joint dynamic stiffness
at each functional condition and to separate its intrinsic
and reflex components [33]. Also, they are well tolerated
by the people with spasticity [32-35,37].

Trials were conducted at different joint positions from full
plantar-flexion to maximum tolerable dorsi-flexion, with
5 degree intervals for ankle joint and from full flexion to
maximum extension, with 15 degree intervals for elbow
joint. Each position was examined under passive condi-
tions, where subjects were instructed to remain relaxed.
Following each trial, the torque and EMG signals were
examined for evidence of non-stationarities or co-activa-
tion of other muscles. If there was evidence of either, the
data were discarded and the trial was repeated.

Analysis procedures
We used a parallel cascade system identification tech-
nique to identify reflex and intrinsic contributions to
elbow/ankle dynamic stiffness. This technique, described
in detail in earlier publications [33,38], is explained fur-
ther in Figure 2.

Intrinsic stiffness (top pathway) was estimated in terms of
a linear Impulse Response Function (IRF), which is a
curve relating position and torque. The IRF characterizes
the behavior of the system over its entire range of frequen-
cies. The reflex pathway (bottom pathway) was modeled
as a differentiator in series with a delay, a half-wave recti-
fier (indicating the direction of stretch), and a dynamic
linear element. Reflex stiffness was estimated by deter-
mining the IRF between half-waved rectified velocity as
the input and reflex torque as the output. The intrinsic and
reflex stiffness IRFs were convolved with the experimental
input to predict the intrinsic and reflex torque, respec-
tively.

IRFs were assessed in terms of the percentage of the output
(torque) variance accounted for (%VAF), defined as:

where, N: the number of points, TQ: the observed torque,

: the torque predicted by the IRF

Intrinsic and reflex stiffness gains were calculated by fit-
ting linear models to their IRF curves.

Statistical analysis
Standard t-tests procedures were used to test for signifi-
cant changes in intrinsic and reflex stiffness between
paretic and non-paretic joints. Results with p values less
than 0.05 were considered significant.

Spearman correlation coefficients were computed to test
the relationship between the stroke effects on intrinsic
and reflex stiffness gains and Ashworth scores in the spas-
tic, paretic elbow and ankles.
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Results
Joint reflex torque and Ashworth
Figure 3 shows a typical position pulse trial with displace-
ment amplitude of 5 deg and width of 40 ms, which
stretched the ankle joint around the neutral position. The
ankle torque induced by this stretch is shown for the
paretic limbs of two people with stroke, each with differ-
ent degree of spasticity (Fig. 3).

There are two distinct components to the torque response;
a torque increase correlated with ankle position and its
derivatives, beginning with no delay attributed to intrinsic
mechanics, and a transient component associated with

dorsiflexion displacements only, likely representing the
contribution of stretch reflex mechanisms. The colored
area reflects the integral of the torque response elicited by
the rising edge of the pulse perturbation-it's a good (if
indirect) estimate of reflex gain. Unexpectedly, both peak-
reflex torque and reflex gain were larger in the subject with
MAS score of 1 than in the subject with the MAS score of 3.

Correlations between stroke effects on neuromuscular 
properties and Ashworth score
Beginning a short time after measuring the MAS, we quan-
tified intrinsic stiffness (K) and reflex stiffness (GR)at the
neutral positions (the joint angle of 90°) around which

Parallel Cascade System Identification ModelFigure 2
Parallel Cascade System Identification Model. The parallel cascade structure used to identify intrinsic and reflex stiff-
ness. Intrinsic dynamic stiffness is represented in the upper pathway by the intrinsic stiffness impulse response function. Reflex 
dynamic stiffness is represented by the lower pathway as a differentiator, followed by a static nonlinear element and then a lin-
ear impulse response function. The nonlinear element is a half wave rectifier which shows the direction of stretch. Filled areas 
show reflex torque. V represents perturbation velocity. V+ represents half wave rectified velocity.
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elbow flexor reflexes, and ankle plantarflexor reflexes are
expected to have their maximum relative contributions to
overall stiffness [35].

We then looked for correlations between our objective
measures of dynamic joint stiffness and clinical assess-
ment of muscle tone, the MAS.

The stroke effects on each neuromuscular property (i.e., K
and GR) were then estimated as the difference in each
property between the paretic and non-paretic joints.

Figure 4 shows scatter plots for stroke effects on GR (top
row) and on K (left row) versus the values of MAS for the
elbow (left column) and ankle (right column). The scatter
of the points and the low values of the correlation coeffi-
cient (r2 < 0.23) indicate that there was no significant rela-
tion between our objective quantitative measures of

stroke effects on joint neuromuscular properties and the
clinical assessment of muscle tone (via the MAS).

Position dependency of neuromuscular abnormalities
To further explore the possible correlation between our
neuromuscular measures and the MAS, we also investi-
gated the overall position-dependency of stroke effects;
i.e. the differences between paretic and non-paretic sides
as the starting joint angle were changed systematically.

To ensure that the amplitudes of the reflex EMG and
torque responses did not change with time, or as a result
of the perturbation stimuli, pulse trials were injected
before and after PRBS trials and the responses were com-
pared. Torque and EMGs were recorded and ensemble-
averaged. Changes in reflex torque of more than 20%
before and after trials were taken as evidence of a change
in the subject's state, due to fatigue or other factors, and

Joint TorqueFigure 3
Joint Torque. Ankle joint torque for two different hemiparetic spastic subjects with different Ashworth-scores. 
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trial was discarded. This occurred rarely and in most
experiments no trials were discarded.

Figure 5 shows group average results for modulation of GR
and K as a function of elbow position over the ROM for
both paretic and non-paretic limbs. GR was significantly
larger in the paretic than non-paretic elbow at most posi-
tions (p < 0.0001) and the difference increased as the
elbow was extended (Fig. 5A). Position dependence was

similar in both groups; the reflex stiffness gain continu-
ously increased from full flexion to full extension. How-
ever, the rate of change was larger in the paretic than in the
non-paretic limb.

Similar to GR, K was significantly larger in the paretic than
in the non-paretic limb at extended joint positions (p <
0.001). K was strongly position dependent although this
dependency was different for both sides. K increased

Intrinsic and Reflex Stiffness vs Modified Ashworth ScaleFigure 4
Intrinsic and Reflex Stiffness vs Modified Ashworth Scale. Scatter plots of stroke effects on reflex (GR) and intrinsic 
stiffness (K) for both elbow (left column) and ankle (right column) versus the values of the Modified Ashworth Scale (MAS).
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Intrinsic and Reflex Stiffness vs Joint AngleFigure 5
Intrinsic and Reflex Stiffness vs Joint Angle. Modulation of reflex and intrinsic stiffness as a function of elbow position for 
paretic and non-paretic groups. Group results ± SD.
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sharply in the paretic limb as the elbow was moved from
mid-flexion to full extension, whereas it decreased slowly
and remained invariant in the contralateral limb.

The position-dependency of both GR and K is well
described by a first-order model as indicated by the super-
imposed solid lines (r2 > 0.81, p < 0.001). The stroke
effects on reflex and intrinsic mechanical properties were
estimated using the difference between the slope/inter-
cepts of the paretic and the slope/intercepts of the non-
paretic side. Since abnormalities in the GR and K of the
ankle joint in people with stroke were basically similar to
those of the elbow joint [35], the stroke effects on these
mechanisms were estimated similarly, but the related
plots are not shown for the ankle.

Correlations between position dependency of mechanical 
abnormalities and Ashworth score
We examined the position-dependent data for each of
reflex and intrinsic mechanisms at each elbow and ankle
joint separately. To correlate our results with this scale, we
estimated the stroke effect on these joint mechanical
properties (as shown in Figure 5) and calculated the linear
relationships between the calculated slopes and intercepts
with the Modified Ashworth scores.

Figures 6 and 7 show scatter plots of the slope and inter-
cepts for GR (left column) and K (right column) versus the
values of MAS for the elbow (Fig. 6) and ankle (Fig. 7),
respectively. The scatter of the points and the low values
of the correlation coefficient (r2 < 0.31, p < 0.01) indicate
that there was no significant relation between these varia-
bles, and consequently between our quantitative meas-
ures of stroke effects on joint mechanics and the MAS.

Validity of the parallel-cascade model
In our earlier studies, we demonstrated that the parallel-
cascade model is valid and reliable for both upper and
lower extremity and for normal and spastic subjects
including SCI and stroke subjects [32-35,37]. However, to
further validate our technique in this paper, we applied
two PRBS sequences in succession with the same initial
conditions to a stroke subject. Using the parallel cascade
model, we estimated intrinsic and reflex IRFs and pre-
dicted the overall torque. Fig. 8-A2 shows the predicted
torque (red lines) superimposed on the recorded torque
(blue lines). The %VAF of fit was 92.6% indicating a very
good match.

To further assess validity we convolved the intrinsic and
reflex stiffness IRFs (obtained from trial 1) with the PRBS
input of trial 2 (Fig. 8-B1) to estimate the overall torque.
Again, the overall predicted torque (Fig. 8-B2, red lines)
describes accurately the actual recorded torque (blue
lines). The %VAF of fit was 88.9%, which was about 4%

smaller than that of trial 1 demonstrating the validity of
this model for this data set. Similar results were obtained
in a randomly selected group of 5 subjects.

Discussion
Our earlier studies demonstrated that both neural and
muscular systems are altered in spastic limbs, but the
changes were complex and depended on multiple factors.
In the current study, we compared the changes in intrinsic
and reflex stiffness at different joint angles in both upper
and lower extremities with a standard clinical manual
assessment of spasticity (Modified Ashworth). Our main
result was that there was no significant relation between
our quantitative measures of stroke effects on spastic
joints and the clinical assessment of muscle tone, as
reflected in the Ashworth scores.

Although the Ashworth scales have often been used clini-
cally, the question of its utility as a prognostic measure
has not been fully addressed. This issue is important when
these assessments are used to choose the appropriate
treatment or as outcome measures following intervention,
both clinically and for research.

Neuromuscular abnormalities
Our findings in people with chronic hemiparetic stroke
demonstrate that both reflex and intrinsic stiffnesses in
elbow and ankle joints are strongly dependent on posi-
tion, similar to our previous findings in SCI subjects [34].
Furthermore, reflex stiffness (GR) was significantly larger
in paretic than in the non-paretic side at most positions.
However the position-dependence of reflex stiffness was
broadly similar in both groups. Although the rate of
change was a distinguishable feature between paretic and
non-paretic sides, it was significantly greater in the paretic
than in the non-paretic limb.

Given these observations, the question arises as to how an
ordinal scale like MAS can distinguish the rate of changes
at different joint positions. While Ashworth scales give us
one ordinal score to define joint spasticity, they certainly
can't represent the joint dynamic stiffness and position-
and velocity dependency of both intrinsic and reflex com-
ponents.

Neuromuscular abnormalities and modified Ashworth 
scale (MAS)
In our present study, we have investigated the biomechan-
ical parameters of stretch reflex responses and their corre-
lation with available spasticity scales. The Ashworth Scale
produces a global assessment of the resistance to passive
movement of an extremity, not just stretch-reflex hyperex-
citability. Specifically, the Ashworth score is likely to be
influenced by non-contractile soft-tissue properties, by
persistent muscle activity (dystonia), by intrinsic joint
Page 9 of 14
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stiffness, and by stretch reflex responses [39]. Our results
reveal that there is no significant correlation between
reflex torque at joint and MAS scores by measuring peak
torque and area under the reflex torque curve.

Others have reported different results in broadly similar
studies. Starsky et al. (2005) showed that biomechanical
parameters, especially peak reflex torque at the highest
speed, had a strong correlation with the AS. They sug-
gested that the Ashworth measurements of spastic hyper-
tonia are influenced strongly by stretch reflex
hyperexcitability [40]. The differences between our results

and Starsky et al. group can potentially be explained by
different techniques that we have applied. They used sev-
eral assumptions and simplifications that may result in
over- or under- estimation of reflex torque. For example,
Starsky et al. (2005) assumed that slow angular velocities
effectively eliminate viscous contributions to joint torque.
We believe this assumption to be inaccurate, because
muscle and passive tissues will each show viscous behav-
ior, independent of added reflex action. In addition, these
authors assumed linearity for the angular relation
between reflex torque and joint angle, whereas we (and
others) have shown that these relations are highly non-

Intrinsic and Reflex Slopes and Intercepts vs Modified Ashworth Scale for ElbowFigure 6
Intrinsic and Reflex Slopes and Intercepts vs Modified Ashworth Scale for Elbow. Scatter plots of the slope (top 
row) and intercepts (bottom row) for GR and K versus the values of the Modified Ashworth Scale (MAS) for the elbow.
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linear [33,38]. Thus, reflex stiffness, which is a dynamic
relation between reflex torque and velocity [33,38], can-
not be simply estimated by taking the derivative of reflex
torque with respect to joint angle, as was done by these
authors.

Given the known velocity dependence of the spastic reflex
response, the control of the stretching velocity for the
MAS in clinical practice is another controversial problem.
Indeed, different investigators recommend different
velocities to determine MAS or AS score but there is not
consistency in these recommendations to date. To over-

come this problem, recently, it has been suggested that
other clinical scales like the Tardieu Scale which involves
the use of two speeds of passive movement (one very
slow, the other as fast as possible) could be superior than
MAS in identifying the neural component of spasticity
[41].

A groundwork study of upper-limb reflex responses per-
formed by Wolf et al. (1996) suggested that the reflex
response onset threshold might also depend on speed.
They demonstrated that the most consistent reflex
responses were obtained at the faster speeds (1.0 radian/

Intrinsic and Reflex Slopes and Intercepts vs Modified Ashworth Scale for AnkleFigure 7
Intrinsic and Reflex Slopes and Intercepts vs Modified Ashworth Scale for Ankle. Scatter plots of the slope (top 
row) and intercepts (bottom row) for GR and K versus the values of the Modified Ashworth Scale (MAS) for the ankle.
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Validation of the Parallel Cascade System Identification ModelFigure 8
Validation of the Parallel Cascade System Identification Model. Data used for system identification modeling (panel 
A), data used for testing the validity of the model (panel B). In panel A2, the actual torque response (in blue) to PRBS input 
(Panel A1), and the predicted torque (in red), are superimposed. This prediction was derived by convolving the impulse 
response with the position input. A different PRBS input (panel B1) was used, and convolved with the first IRF. The predicted 
torque (Panel B2 – red) matches closely to the actual torque (Panel B2 – blue) recorded in this series.
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s) when starting at the more flexed position (90 degree)
[42]. The speed-dependence of the reflex response for all
reflex-EMG parameters and the torque variable is consist-
ent with previous studies utilizing ramp-and-hold exten-
sions at the elbow [43,44]. It follows that angular velocity
is an important parameter, which requires rather precise
control.

While the position dependence of stretch reflex is one of
the defining characteristics of spastic hypertonia, the
question about which angular range should be used to
distinguish the reflex effects from intrinsic effects has not
been identified. With our approach, we were unable to
detect a correlation between spasticity measures and MAS
scores. Taken together we strongly believe that the MAS
score doesn't give us any information about spasticity pro-
ducing factors or contributing components.

Conclusion
Our findings revealed that there was no significant corre-
lation between the quantitative measures of neural and
muscular components of joint dynamic stiffness and MAS
scores, for either the upper extremity or the lower extrem-
ity. These findings indicate that Modified Ashworth scores
are quite inconsistent with more objective measures of
spasticity. Consequently, although the MAS seems to be a
quick and easy clinical test to assess spasticity, and it
remains widely accepted, it neither can characterize the
contributions of neuromuscular components to spasticity
nor their modulation with position and velocity of the
joint stretch.

If the purpose of a clinical assessment is to measure
response to an intervention, it is important to distinguish
the mechanical and neurogenic components of spasticity.
Accordingly, the MAS might be used as a clinical measure-
ment of muscle tone alongside other precise measures but
it is not sufficient alone for monitoring the development
of spasticity or progress of treatment.

Abbreviations
ROM: Range of Motion; MAS: Modified Ashworth Scale;
EMGs: Electormygrams; PRBS: Pseudorandom Binary
Sequence; IRF: Impulse Response Function; VAF: Variance
Accounted for; GR: Reflex stiffness gain; K: Intrinsic stiff-
ness gain; NP: Neutral Position.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
LA participated in performing the experiments, interpret-
ing data and writing the paper. WZR participated in inter-
preting data and writing the manuscript, RLH participated
in interpreting data and writing the manuscript, and

MMM designed the study, supervised data collection and
analysis, and participated in interpreting and writing the
manuscript. All authors read and approved the final man-
uscript.

Acknowledgements
We greatly acknowledge the contributions of Cheng-Chi Tsao, PhD, Krista 
Settle, DPT, Montakan Thajchayapong, MSc, Thanan Lilaonitkul, BSc, and 
Elisa Pelosin, PT. This research was supported by the National Institutes of 
Health (NIH-R21), the National Science Foundation (NSF), and the Amer-
ican Heart Association (AHA-SDG).

References
1. Lance JW, Feldman RG, Young RR, Koeller C: Spasticity: disor-

dered motor control.   Chicago, IL: Yearbook Medical 1980:485-494.
2. Booth CM, Cortina-Borja MJ, Theologis TN: Collagen accumula-

tion in muscles of children with cerebral palsy and correla-
tion with severity of spasticity.  Dev Med Child Neurol 2001,
43(5):314-320.

3. Foran JRH, Steinman S, Barash I, Chambers H, Lieber RL: Structural
and mechanical alterations in spastic skeletal muscle.  Dev
Med Child Neurol 2005, 47:713-717.

4. Lieber RL, Steinman S, Barash IA, Chambers H: Structural and
functional changes in spastic skeletal muscle.  Muscle Nerve
2004, 29:615-627.

5. Romanini L, Villani C, Meloni C, Calvisi V: Histological and mor-
phological aspects of muscle in infantile cerebral palsy.  Ital J
Orthop Traumatol 1989, 15(1):87-93.

6. Damiano DL, Quinlivan JM, Owen BF, Payne P, Nelson KC, Abel MF:
What does the Ashworth scale really measure and are
instrumented measures more valid and precise?   Dev Med
Child Neurol 2002, 44:112 -8.

7. Marque P, Simonetta-Moreau M, Maupas E, Roques CF: Facilitation
of transmission in heteronymous group II pathways in spas-
tic hemiplegic patients.  J Neurol Neurosurg Psychiatry 2001, 70:36
-42.

8. Milanov I: Examination of the segmental pathophysiological
mechanisms of spasticity .  Electromyogr Clin Neurophysiol 1994,
34:73 -79.

9. Milanov I: Clinical and neurophysiological correlations of spas-
ticity.  Funct Neurol 1999, 14:193 -201.

10. Nielsen JF, Sinkjaer T: A comparison of clinical and laboratory
measures of spasticity .  Multiple Sclerosis 1996, 1:296 -301.

11. Zhang LQ, Wang G, Nishida T, Xu D, Sliwa JA, Rymer WZ: Hyper-
active tendon reflexes in spastic multiple sclerosis: measures
and mechanisms of action .  Arch Phys Med Rehabil 2000, 81:901
-9.

12. Bakheit AMO, Maynard VA, Curnow J, Hudson N, Kodapala S: The
relation between Ashworth scale scores and the excitability
of the a motor neurones in patients with post-stroke muscle
spasticity .  J Neurol Neurosurg Psychiatry 2003, 74:646 – 648.

13. Lin FM, Sabbahi M: Correlation of spasticity with hyperactive
stretch reflexes and motor dysfunction in hemiplegia .  Arch
Phys Med Rehabil 1999, 80:526 -30.

14. Pisano F, Miscio G, Del Conte C, Pianca D, Candeloro E, Colombo R:
Quantitative measures of spasticity in poststroke patients.
Clin Neurophysiol 2000, 111:1015 – 1022.

15. Skold C, Harms-Ringdahl K, Hultling C, Levi R, Seiger A: Simultane-
ous Ashworth measurements and electromyographic
recordings in tetraplegic patients.  Arch Phys Med Rehabil 1998,
79:959 -65.

16. Brar SP, Smith MB, Nelson LM, Franklin GM, Cobbe ND: Evaluation
of treatment protocols on minimal to moderate spasticity in
multiple sclerosis .  Arch Phys Med Rehabil 1991, 72:186 – 189.

17. Emre M, Leslie GC, Muir C, Part NJ, Pokorny R, Roberts RC: Corre-
lations Between Dose, Plasma-Concentrations, and Anti-
spastic Action of Tizanidine (Sirdalud(R)).   J Neurol Neurosurg
Psychiatry 1994, 57:1355 – 1359.

18. Mngoma NF, Culham EG, Bagg SD: Resistance to passive shoul-
der external rotation in persons with hemiplegia: evaluation
of an assessment system.  Arch Phys Med Rehabil 1999,
80(5):531-535.
Page 13 of 14
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11368484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11368484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11368484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16174321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16174321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15116365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15116365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2737897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2737897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11848107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11848107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11848107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11118245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11118245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11118245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8187681
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8187681
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10713892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10713892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9345432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9345432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10896002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10896002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10896002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10326915
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10326915
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9710170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9710170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9710170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10326916
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10326916
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10326916


Journal of NeuroEngineering and Rehabilitation 2008, 5:18 http://www.jneuroengrehab.com/content/5/1/18
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

19. Nance PW, Bugaresti J, Shellenberger K: Efficacy and Safety of
Tizanidine in the Treatment of Spasticity in Patients with
Spinal-Cord Injury .  Neurology 1994, 44:S44 -51.

20. Sheremata WA, Nance P, Shellenberger K: Correlation of Ash-
worth score with automated Wartenberg pendulum meas-
urement of quadriceps spasticity in multiple sclerosis.  Ann
Neurol 1997, 42:T286.

21. Vattanasilp W, Ada L: The relationship between clinical and lab-
oratory measures of spasticity .  Aust J Physiother 1999, 45:135
-139.

22. Vattanasilp W, Ada L, Crosbie J: Contribution of thixotropy,
spasticity, and contracture to ankle stiffness after stroke .  J
Neurol Neurosurg Psychiatry 2000, 69:34 -9.

23. Pandyan AD, Johnson GR, Price CI, Curless RH, Barnes MP, Rodgers
H: A review of the properties and limitations of the Ash-
worth and modified Ashworth Scales as measures of spastic-
ity.  Clin Rehabil 1999, 13(5):373-383.

24. Fowler EG, Nwigwe AI, Ho TW: Sensitivity of the pendulum test
for assessing spasticity in persons with cerebral palsy .  Dev
Med Child Neurol 2000, 42:182 -9.

25. Katz RT, Rovai GP, Brait C, Rymer WZ: Objective quantification
of spastic hypertonia: correlation with clinical findings.  Arch
Phys Med Rehabil 1992, 73(4):339-347.

26. Leonard CT, Stephens JU, Stroppel SL: Assessing the spastic con-
dition of individuals with upper motoneuron involvement:
Validity of the myotonometer .  Arch Phys Med Rehabil 2001,
82:1416 -20.

27. McCrea PH, Eng JJ, Hodgson AJ: Linear spring-damper model of
the hypertonic elbow: reliability and validity.  J Neurosci Meth-
ods 2003, 128(1-2):121-128.

28. Nordmark E, Andersson G: Wartenberg pendulum test: objec-
tive quantification of muscle tone in children with spastic
diplegia undergoing selective dorsal rhizotomy.  Dev Med Child
Neurol 2002, 44:26 – 33.

29. Shaw J, Bially J, Deurvorst N, Macfie C, Brouwer B: Clinical and
physiological measures of tone in chronic stroke.  Neurology
Report 1999, 23(1):19 – 24.

30. Pandyan AD, Price CI, Barnes MP, Johnson GR: A biomechanical
investigation into the validity of the modified Ashworth
Scale as a measure of elbow spasticity.  Clin Rehabil 2003,
17(3):290-293.

31. Pandyan AD, Price CI, Rodgers H, Barnes MP, Johnson GR: Biome-
chanical examination of a commonly used measure of spas-
ticity.  Clin Biomech 2001, 16:859-865.

32. Mirbagheri MM, Alibiglou L, Thajchayapong M, Rymer WZ: Muscle
and reflex changes with varying joint angle in hemiparetic
stroke.  J Neuro Eng Rehab 2008, 5:6.

33. Mirbagheri MM, Barbeau H, Kearney RE: Intrinsic and reflex con-
tributions to human ankle stiffness: Variation with activation
level and position.  Exp Brain Res 2000, 135:423-436.

34. Mirbagheri MM, Ladouceur M, Barbeau H, Kearney RE: Intrinsic and
reflex stiffness in normal and spastic spinal cord injured sub-
jects.  Exp Brain Res 2001, 141:446-459.

35. Mirbagheri MM, Settle K, Harvey R, Rymer WZ: Neuromuscular
abnormalities associated with spasticity of upper extremity
muscles in hemiparetic stroke.  J Neurophysiol 2007, 98:629-37.

36. Bohannon RW, Smith MB: Interrater reliability of a modified
Ashworth scale of muscle spasticity.  Phys Ther 1987,
67(2):206-207.

37. Mirbagheri MM, Ladouceur M, Barbeau H, Kearney RE: The effects
of long-term FES-assisted walking on intrinsic and reflex
dynamic stiffness in spastic spinal-cord injuried subjects.  IEEE
trans Neural System Rehabil Eng 2002, 10:280-289.

38. Kearney RE, Stein RB, Parameswaran L: Identification of intrinsic
and reflex contributions to human ankle stiffness dynamics.
IEEE Trans Biomed Eng 1997, 44:493-504.

39. Kamper DG, Schmit BD, Rymer WZ: Effect of muscle biome-
chanics on the quantification of spasticity.  Ann Biomed Eng
2001, 29:1122-1134.

40. Starsky AJ, Sangani SG, McGuire JR, Logan B, Schmit BD: Reliability
of biomechanical spasticity measurements at the elbow of
people poststroke.  Arch Phys Med Rehabil 2005, 86(8):1648-1654.

41. Mehrholz J, Wagner K, Meissner D, Grundmann K, Zange C, Koch R,
Pohl M: Reliability of the Modified Tardieu Scale and the Mod-
ified Ashworth Scale in adult patients with severe brain
injury: a comparison study.  Clin Rehabil 2005, 19(7):751-759.

42. Wolf SL, Segal RL, Catlin PA, Tschorn J, Raleigh T, Kontos H, Pate P:
Determining consistency of elbow joint threshold angle in
elbow flexor muscles with spastic hypertonia.  Phys Ther 1996,
76(6):586-600.

43. Powers RK, Campbell DL, Rymer WZ: Stretch reflex dynamics in
spastic elbow flexor muscles.  Ann Neurol 1989, 25(1):32-42.

44. Thilmann AF, Fellows SJ, Garms E: The mechanism of spastic
muscle hypertonus. Variation in reflex gain over the time
course of spasticity.  Brain 1991, 114(Pt 1A):233-244.
Page 14 of 14
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7970010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7970010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7970010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11676758
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11676758
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10864601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10864601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10498344
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10498344
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10498344
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10755458
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10755458
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1554307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1554307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11588747
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11588747
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11588747
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12948555
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12948555
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12735536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12735536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12735536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11733123
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11733123
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11733123
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18304313 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18304313 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18304313 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11156307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11156307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11156307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11810139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11810139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11810139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17537910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17537910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17537910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3809245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3809245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12611365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12611365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12611365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9151483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9151483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11853265
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11853265
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16084821
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16084821
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16084821
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16250194
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16250194
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16250194
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8650274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8650274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8650274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2913927
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2913927
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1998884
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1998884
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1998884
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Methods
	Subjects
	Clinical assessment
	Apparatus
	Recordings
	Experimental procedures
	Analysis procedures
	Statistical analysis

	Results
	Joint reflex torque and Ashworth
	Correlations between stroke effects on neuromuscular properties and Ashworth score
	Position dependency of neuromuscular abnormalities
	Correlations between position dependency of mechanical abnormalities and Ashworth score
	Validity of the parallel-cascade model

	Discussion
	Neuromuscular abnormalities
	Neuromuscular abnormalities and modified Ashworth scale (MAS)

	Conclusion
	Abbreviations
	Competing interests
	Authors' contributions
	Acknowledgements
	References

