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The effect of extracorporeal shock wave therapy on neural and non-neural
contributors to ankle joint resistance to imposed movement in patients with

chronic muscle hypertonia

G. van der Jagta,∗

aFaculty of Mechanical Engineering, Delft University of Technology, Delft, The Netherlands

Abstract

Introduction. Increased joint resistance to imposed movement (“muscle hypertonia”) is a common finding in patients
with an upper motor neuron syndrome, following stroke. Contributors to muscle hypertonia are of neural (increased
reflex activity) and non-neural (altered visco-elastic properties) nature. Extracorporeal shock wave therapy (ESWT),
a new noninvasive treatment modality, appears to be beneficial as hypertonia relieving therapy. However, clinical
assessment such as the Ashworth test are unable to discriminate between underlying intrinsic and neural properties.
Therefore, the effect of ESWT on the underlying neuromechanical components of muscle hypertonia remains un-
known. The effect of ESWT on the contributors to joint resistance can be quantified using motorized ramp-and-hold
movements and neuromuscular modeling of the musculoskeletal system of the ankle joint.

Methods. Patients with chronic muscle hypertonia (MAS > 1) were measured using ramp-and-hold rotations applied
by a robotic manipulator, using slow (15 ◦/s) and fast (100 ◦/s) movement velocities. Ankle angle, torque and EMG of
the tibialis anterior, soleus, gastrocnemius medialis and lateralis were measured and used to fit a neuromuscular model
to the measured joint resistance. The neuromuscular model contains 15 optimizable parameters which represent the
intrinsic and active muscle components. Outcome measures were the estimated model parameters, the range of motion
(ROM), and modified Ashworth scale (MAS) of the ankle joint.

Results. No effect of ESWT treatment was observed on the estimated model parameters and the passive ROM. The
MAS was significantly lower after ESWT treatment (Z = −2.121, p = 0.034). Movement velocity introduced changes
in the estimated model parameters.

Conclusion. Conflicting results between the biomechanical assessment (estimated model parameters, ROM) and clin-
ical assessment (Ashworth test), raises questions about the validity of the Ashworth test. Furthermore, since no effect
was observed on the neuromuscular model parameters, no conclusion can be drawn on the effect of ESWT on the
neural and non-neural contributors to ankle joint resistance in patients with chronic muscle hypertonia.

Keywords: Stroke, Muscle hypertonia, Spasticity, Neuromuscular modeling, Biomechanical assessment

1. Introduction

Movement disorders—resulting from lesions to the
central nervous system, as in stroke, multiple sclero-
sis, spinal cord injury, and traumatic brain injury—
are characterized by increased joint resistance to im-
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posed movement [1]. This increase in resistance is clin-
ically referred to as “hypertonia”, or “muscle hyper-
tonia” and is the cause of both neural and non-neural
components, as a result of the upper motor neuron syn-
drome (UMNS). One of the main components con-
tributing to hypertonia is spasticity which is defined by
Lance (1980) as a neurological disorder characterized
by a velocity-dependent increase in resistance to passive
stretch and exaggerated tendon jerks, resulting from hy-
perexcitability of the stretch reflex, as one component of



the UMNS [2]. Other symptoms of the UMNS include
flexor spasms and loss of muscle strength and motor
control. Together, these aspects of the UMNS may lead
to intrinsic changes (altered tissue visco-elastic proper-
ties, i.e. contractures, fibrosis, atrophy) to the underly-
ing muscle and joint tissue which reflect the non-neural
components of hypertonia [1]. Besides the increased re-
sistance, joints may also suffer from a reduced passive
range of motion (ROM) [3]. Together, these impair-
ments may introduce abnormal posture of the patient
and seriously interfere with patients’ function in mobil-
ity, comfort and many activities of daily living, and may
include pain [3, 4]. It is therefore important that proper
assessment and treatment be provided to patients with
muscle hypertonia.

Current hypertonia reducing treatment consists of
physical therapy, oral medication using agents such as
baclofen, tizanidine, benzodiazepines, dantrolene and
gabapentin, and chemical nerve blocks using phenol and
botulinum toxin injection [5]. However, physical ther-
apy is partially ineffective due to the reoccurring effect
of spasticity during the chronic phase. Antispasticity
drugs are partially ineffective since they only affect the
neural components of muscle hypertonia. Furthermore,
pharmacological treatment may show side effects, and
the regrowth of nerve connections may reduce the effi-
cacy of chemical nerve blocks [5]. For these reasons,
it may be beneficial for future treatment to take other
noninvasive methods into considerations.

Extracorporeal shock wave therapy (ESWT) is a
widely used noninvasive treatment modality in vari-
ous musculoskeletal disorders including proximal plan-
tar fasciitis of the heel, lateral epicondylitis of the el-
bow, calcific tendinitis of the shoulder and non-union
of long bone fracture [6]. ESWT makes use of high-
energy shock waves which are generated outside the
body, and are then directed into biological tissue using
an ultrasound gel as a coupling agent. Shock waves can
be represented by a pressure wave consisting of a re-
peating pattern of high- and low-pressure regions mov-
ing through a compressible medium. Clinically applied
shock waves move through biological tissue by alternat-
ing expansion and compression of the tissue, causing
changes in the local tissue pressure (relative to the am-
bient pressure) along the direction of propagation [7].
These changes in local pressure result in two types of
mechanical forces acting on the biological tissue. One
represents the direct generation of mechanical forces
onto the biological tissue. The second represents sec-
ondary forces due to the formation of cavitation bubbles
during the low tensile pressure phase of the shock wave
[7].

Recently, ESWT is also reported to be beneficial
as hypertonia relieving therapy in patients affected by
stroke [8–15] and cerebral palsy [16–18]. During clin-
ical practises, the severity of muscle hypertonia is as-
sessed using the Modified Ashworth Scale (MAS). The
MAS is a clinical score that measures the resistance to
passive stretch as felt by the examiner during a passive,
one second joint rotation over its full ROM [19, 20].
The MAS grades muscle hypertonia according to six or-
dinal levels:

0 Normal 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 through-
out the remainder (less than half) of the ROM

2 More marked increase in muscle tone through
most of the ROM, but affected part(s) easily
moved

3 Considerable increase in muscle tone, passive
movement difficult

4 Affected part(s) rigid in flexion or extension

For example, Manganotti et al. (2005) studied the
effect of a single ESWT session compared to placebo
in patients with upper limb hypertonia. They found a
significant effect of ESWT on the MAS directly after
treatment, which lasted up to 4 weeks [8]. Alongside
the positive effects on the MAS, some studies reported
that ESWT had no significant effect on spinal excitabil-
ity and nerve damage [8, 10, 21]. Another common
measure that is used to assess the severity of muscle
hypertonia is the ROM. The ROM is defined as differ-
ence between the maximum flexion and extension an-
gles that the joint in question is able to reach, while
the patient is in rest (that is, no voluntary muscle con-
traction). In clinical practises, the ROM is expressed
in degrees and is often measured by the examiner us-
ing a goniometer. Several studies studied the effect of
ESWT on the ROM in patients with chronic muscle hy-
pertonia. They found a significant increase of the ROM
directly after ESWT, which sometimes lasted up to 4
weeks [8, 9, 11, 15, 16, 18, 21].

However, despite being the golden standard for as-
sessing muscle hypertonia, the MAS has some major
flaws: it is a subjective tool that grades hypertonia on
an ordinal scale, which limits its accuracy and reliabil-
ity. Furthermore, the MAS is unable to discriminate be-
tween the neural and non-neural contributors to muscle
hypertonia. Therefore, despite the positive results on the
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MAS, the effect of ESWT on the underlying biomechan-
ical properties of muscle hypertonia remains unknown.

In recent studies, a new method was developed to suc-
cessfully estimate neural and non-neural contributors to
muscle hypertonia in patients with stroke [22, 23] and
cerebral palsy (CP) [24, 25]. The method makes use of
motorized assessment in combination with neuromus-
cular modeling to investigate the individual components
of the total joint resistance. First, a robotic manipula-
tor was used to experimentally obtain the total joint re-
sistance (mechanically represented by torque about the
joint) during imposed ramp-and-hold (RaH) movement
over the full ROM. Measured data was then used to ob-
tain physiological interpretable parameters by fitting a
nonlinear neuromuscular model to the measured joint
torque. The validated model yielded quantitative pa-
rameters that represent the intrinsic (non-neural) and ac-
tive (neural) muscle components of the total joint torque
[22–25].

The main goal of this study was to objectively quan-
tify the effects of a single ESWT session on neural and
non-neural contributors to ankle joint resistance in pa-
tients with chronic muscle hypertonia, using motorized
assessment in combination with neuromuscular mod-
eling of the ankle joint. Since spasticity—one of the
components of muscle hypertonia—is said to be veloc-
ity dependent [2], the effect of movement velocity on
the physiological parameters was also tested. The sec-
ondary objective of this study was to evaluate if we can
replicate the positive outcomes from literature of the ef-
ficacy of ESWT on the ROM and MAS. It was hypothe-
sized that ESWT lowers joint resistance by directly act-
ing on the intrinsic components (i.e. fibrosis) of chronic
muscle hypertonia [8, 15, 17]. In the current study, this
would be reflected in the outcome measures as a signif-
icant change in the estimated parameters that describe
the intrinsic part of the neuromuscular model. Further-
more, we hypothesized an increase in ROM and a de-
crease on the MAS grade directly after a single ESWT
session in patients with chronic muscle hypertonia.

Increased knowledge of the effects of ESWT on the
underlying neuromechanical parameters of muscle hy-
pertonia may help design patient-specific treatment pro-
tocols.

2. Methods

2.1. Subjects

Nine patients with chronic muscle hypertonia with
MAS > 1 (mean age 45.2 years, SD 16.2 years) were re-
cruited from the Department of Rehabilitation Medicine

of the Erasmus University Medical Center and the Rijn-
dam Rehabilitation Center, Rotterdam, the Netherlands.
Inclusion criteria were patients with stable spasticity (no
variability on the MAS within two months before re-
cruitment) in the lower extremity (at least grade 1+ mea-
sured by the MAS) at least nine months after the onset of
the cerebral vascular incident or traumatic brain injury
to reduce the confounding effect of natural recovery. Pa-
tients with fixed contractures of the ankle, or prior bo-
tulinum toxin treatment within the six months preced-
ing the study were excluded. The study was approved
by the local ethics committee of the Erasmus University
Medical Center. All participants gave their written in-
formed consent prior to the experiment. An overview of
the patient demographics is shown in Table 1.

2.2. Instrumentation
Subjects were comfortably seated with their hip and

knee positioned both in approximately 70◦ flexion, de-
termined by goniometry. The foot of the most affected
leg was fixed in a footplate using Velcro straps. An-
kle rotations were applied by the Achilles Rehabilita-
tion Device (MOOG, Nieuw Vennep, The Netherlands),
a single horizontal axis powered footplate (Figure 1).
Axes of the ankle and motor were aligned by visually
minimizing knee translation in the sagittal plane while
rotating the ankle.

Muscle activity of the ankle dorsiflexor, tibialis ante-
rior (TA); and plantar flexors, soleus (SOL), gastrocne-
mius medialis (GM) and gastrocnemius lateralis (GL)
were measured by bipolar surface electromyography
(EMG) using a Porti system (TMSi B.V., The Nether-
lands). Inter electrode distance was 20 mm. A ground
electrode was placed on the patella of the subject, and
served to keep subject potential and amplifier potential
at the same level. The EMG signals were pre-amplified
(gain = 20), and filtered with a 1st order low-pass filter
(signal anti-aliasing), before being sampled at 1000 Hz.
Each recorded signal was then high-pass filtered (bi-
directional 3rd order Butterworth at 20 Hz), rectified
and low-pass filtered (uni-directional 4th order Bessel
filter at 20 Hz) to obtain the envelope. Due to techni-
cal difficulties of the Porti system, a second Porti sys-
tem (TMSi B.V., The Netherlands) was used as backup,
which measured the muscle activity at a sample rate of
1024 Hz. The minimal EMG value (determined over a
125 samples window (125 ms) and moved with steps of
8 samples (8 ms) over the whole signal) was subtracted
from the total EMG to eliminate any background mus-
cle activity. Ankle torque and joint angle were recorded
by the Achilles at a sample frequency of 1024 Hz. To
prevent amplification of the noise due to differentiation,
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Table 1: Subject demographics

ID Age Gender Diagnosis Post incident Affected side MAS
(years) (months)

1 45 M CVA 16 Left 2
2 54 M CVA 22 Right 3
3 32 F TBI 103 Right 2
4 21 F CVA 17 Left 1+a

5 34 F CP 410b Right 3
6 70 F CVA 56 Right 3
7 35 F CVA 25 Right 3
8 65 M CVA 151 Left 2
9 51 M CVA 134 Left 3

Note.—MAS = Modified Ashworth Scale; CVA = cerebrovascular accident; TBI = traumatic brain injury; CP = cerebral palsy.
a Value on the modified Ashworth scale, between 1 and 2.
b Incident at birth.

Figure 1: Measurement setup of the Achilles Rehabilitation Device (MOOG, Nieuw Vennep, The Netherlands).

torque and angle signals were filtered with the same 4th
order low-pass filter at 20 Hz. All data was re-sampled
by a factor 8 (125 Hz and 128 Hz respectively).

2.3. Treatment protocol

ESWT was performed while the subject remained
seated in the measurement setup. ESWT was performed
by an ESWT-certified physical therapist using the Swiss
DolorClast R© Master (EMS, Nyon, Switzerland) using
a 15 mm applicator attached to the EvoBlue handpiece.
The point of the ESWT site is placed at the muscle belly
of the plantar flexor muscles. Each subject received one
session of ESWT that comprises 3000 pulses (1000 per

muscle belly: SOL, GM, and GL) at a frequency of
8 Hz. The energy level was set at 2.0 bar. The probe
was oriented perpendicular to the subject’s calf muscles,
using ultrasound gel as coupling agent.

2.4. Measurement protocol

Measurements were performed on the most affected
leg of each patient. Before the measurement, the foot
was manually rotated until the subjects noted their limit
of comfort in both dorsiflexion and plantar flexion. As
a safety measure, two physical pins were inserted in the
motor to physically block the motor from rotating out
of this comfort range. Subsequently, the foot was po-
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sitioned at an initial angle of 15◦ plantar flexion, deter-
mined by goniometry. The ankle angle was defined as
the position of the foot with respect to the lower leg,
where the perpendicular (neutral) position was defined
as zero degrees. Rotation in dorsiflexion was defined
to be positive. Maximum dorsiflexion angle was deter-
mined by a gradually increasing torque imposed by the
manipulator from zero to a maximum of 15 Nm (dor-
siflexion torque). Maximum plantar flexion angle was
determined in a similar fashion, with a gradually de-
creasing torque from zero to a minimum of −7.5 Nm
(plantar flexion torque). These boundaries were chosen
such that they stayed within the comfort region of pa-
tients with chronic muscle hypertonia. Torques higher
than 15 Nm or lower than −7.5 Nm typically resulted in
discomfort of the patients. The ROM was defined as the
difference between the maximum dorsiflexion and plan-
tar flexion angle and was used as the boundary for the
subsequent RaH rotations.

RaH rotations were performed by the Achilles ma-
nipulator through the full ROM at angular velocities of
15 ◦/s and 100 ◦/s, referred to as slow and fast trials re-
spectively. Prior to each RaH rotation, the foot was
rotated from its initial position to the maximum plan-
tar flexion angle in 2 s time. After a random delay of
4 s to 5 s, the foot was rotated to the maximum dorsi-
flexion angle with a constant velocity. The hold phase
had a random duration of 4 s to 5 s, after which the foot
was rotated back to the maximum plantar flexion angle
with the same constant velocity. After each RaH ro-
tation, the foot was moved back to its initial position.
Time to cover a complete RaH rotation did not exceed
25 s. Rest periods of about 30 s were introduced be-
tween each RaH rotation to reduce possible thixotropic
effects. Each RaH rotation was performed twice to test
for repeatability of the estimation procedure, resulting
in a total of 1 ROM and 4 RaH (two slow and two fast)
trials per measurement session. RaH rotation profiles
were provided in a pseudo-random order (with a total of
six possibilities; e.g. slow-slow-fast-fast, or slow-fast-
fast-slow, with each possibility occurring once for every
six subjects) to eliminate possible effects of trial order.
Each subject received two measurement sessions; one
before (pre) and one directly after (post) ESWT was ap-
plied, resulting in a total of 2 ROM and 8 RaH rotations
per subject. Subjects were instructed to remain relaxed
and not actively resist any motions during the entire ex-
periment.

For clinical testing, the MAS was used to assess mus-
cle hypertonia of the ankle plantar flexor: triceps surae
(TS: SOL, GM, GL). The MAS was measured directly
before (pre) and directly after (post) ESWT was ap-

plied. To limit the interference with the biomechani-
cal measurements, the clinical measurements were per-
formed directly before and directly after all biomechani-
cal measurements, resulting in the following order of as-
sessment: pre-MAS, pre-biomechanical, ESWT, post-
biomechanical and post-MAS. Clinical testing was per-
formed by an experienced physical therapist who was
instructed to perform the Ashworth test as he would per-
form normally in clinic, to avoid obtaining biased and
study-specific results.

2.5. Neuromuscular model
Measured signals of the RaH rotations were used to

obtain physiological interpretable parameters by fitting
a nonlinear neuromusculoskeletal model of the ankle
joint to the measured ankle torque. The model was pre-
viously described by de Vlugt et al. [22], and has had a
few alterations over the years [23–25]. The model takes
measured ankle angle and muscle EMG as input and es-
timates the total ankle torque by optimizing 15 physi-
ological interpretable parameters: 7 that represent the
intrinsic muscle (non-neural) components, and 8 that
represent the active muscle (neural) components. The
intrinsic parameters describe the passive forces around
the ankle joint. Here, the mass of the foot and foot-
plate are lumped together into one mass m, and is used
to compute the inertial and gravitational forces around
the ankle joint. Visco-elastic properties of the muscles
are represented by a spring system which describes the
resistance of the parallel connective tissue (stiffness co-
efficients kts and kta) as a result of stretching the muscles
beyond their slack lengths (x0,ts and x0,ta). When muscle
connective tissue is under continuous tension, its elastic
force will decrease over time. This decrease in elastic
muscle force is attributed to muscle relaxation dynamics
[26–28], which is modeled by a first order filter (relax-
ation time constant τrel, relaxation factor krel). The ac-
tive muscle parameters describe the force of the muscles
during active contraction, based on the Hill-type mus-
cle model, including: EMG weighting factors (g1 − g4
for the TA, SOL, GM and GL respectively), optimal
muscle lengths (l0,ts and l0,ta), and second-order activa-
tion dynamics (cut-off frequency f0, damping factor β).
The muscle tendons were assumed to be infinitely stiff.
Model parameters were defined on the linear muscle
level. An overview of the model parameters is shown
in Table 2.

The total modeled joint torque is described as a sum-
mation of the inertial torque, gravitational torque, and
muscle torques, described as:

Tmod(t) = Iθ̈(t) + Tgrav(θ) + Tts(t) − Tta(t) (1)
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Table 2: Model parameters, including their initial and boundary values for parameter estimation

Parameter Unit Description Initial LB UB

Non-neural
m kg Mass (foot + footplate) 1.5 1.2 3.0
kts 1/m Stiffness coefficient TS 200 10 600
kta 1/m Stiffness coefficient TA 200 10 600
x0,ts m Muscle slack length TS 0.05 0.01 0.09
x0,ta m Muscle slack length TA 0.05 0.01 0.11
τrel s Tissue relaxation time constant 2 0.1 6
krel - Tissue relaxation factor 0.1 0.05 3

Neural
g1 1/V EMG weighting factor TA 1 × 104 1 1 × 1010

g2 1/V EMG weighting factor SOL 1 × 104 1 1 × 1010

g3 1/V EMG weighting factor GM 1 × 104 1 1 × 1010

g4 1/V EMG weighting factor GL 1 × 104 1 1 × 1010

l0,ts m Optimal muscle length TS 0.048 0.02 0.09
l0,ta m Optimal muscle length TA 0.068 0.02 0.11
f0 Hz Activation cut-off frequency 2 0.05 4
β - Activation damping factor 1 0.1 1.5

Note.—LB = lower bound; UB = upper bound; TS = triceps surae; TA = tibialis anterior; SOL = soleus; GM = gastrocnemius medialis; GL
= gastrocnemius lateralis.

where t represents the independent time variable,
Tmod(t) the modeled ankle reaction torque, θ(t) the mea-
sured ankle joint angle, θ̈(t) the ankle joint angular
acceleration, I the inertia of the ankle plus footplate,
Tgrav(θ) the torque due to gravitation, Tts(t) the torque
generated by the TS, and Tta(t) the torque generated by
the TA. Note that the torque generated by the TA is sub-
tracted from the total, as its forces result in a torque
around the ankle joint in opposite direction (compared
to those of the TS). Muscle torques for the plantar flex-
ion and dorsiflexion muscles can be broken down in
passive-elastic (non-neural) and active (neural) compo-
nents, described as:

Tm(t) =
(
Felas,m(t) + Fact,m(t)

)
rm(θ)

= Telas,m(t) + Tact,m
(2)

where m represents the muscle group (TS and TA),
Felas,m(t) the elastic force of the parallel connective tis-
sue, Fact,m(t) the active muscle force according to the
Hill-type muscle model, rm(θ) the angle dependent mo-
ment arm of the muscle tendon, Telas,m(t) the elastic
torque, and Tact,m(t) the active muscle torque. Combin-

ing Equation (1) and Equation (2) together gives:

Tmod(t) = Iθ̈(t) + Tgrav(θ) + Telas,ts(t) − Telas,ta(t)︸                                           ︷︷                                           ︸
non-neural

+ Tact,ts(t) − Tact,ta(t)︸                 ︷︷                 ︸
neural

(3)

A full description of the model and its derivation is
shown in Appendix A.

2.6. Parameter estimation
Parameter estimation was done in time domain by fit-

ting the model from Equation (3) on top of the measured
ankle torque. Recorded signals were cut to start 2 s be-
fore the start of the first ramp to eliminate possible start-
up effects. As fit criterion, the sum of the quadratic dif-
ference between the measured and modeled torque was
minimized over all time samples and all trials, fitting all
parameters in one optimization per subject, described
as:

e(t) = Tmeas(t) − Tmod(t) (4)

E =

k∑
j=1

N∑
i=1

e2
i, j(t) (5)

where e(t) represents the error vector between the mea-
sured torque Tmeas(t) and the modeled torque Tmod(t),
E the total value of the fit criterion, i indexes the time
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vector (with N total samples), and j indexes the trial
number (with k total trials). The parameter estimation
process is visualized in Figure 2. The model consists
of fifteen model parameters which were estimated for
each RaH trial, guided by parameter boundaries to pre-
vent unrealistic parameter values and bad convergence
(see Table 2). Ten of these parameters were estimated
for each trial separately (condition dependent parame-
ters), whereas the mass m and EMG weighting factors
g1−g4 were shared between trials of the same subject, as
they were not expected to change between different RaH
rotations (condition independent parameters). The error
vector e(t) was summed over all time samples and all tri-
als for each subject. Ten parameters were estimated for
each of the eight trials and five parameters were shared
between trials of the same subject, resulting in a total
of 85 parameters for each subject. Estimated model pa-
rameters were then averaged over each repeated trial,
resulting in a total of four sets of parameters per sub-
ject under the following conditions: pre-ESWT: slow
and fast; post-ESWT: slow and fast. Parameter and
model estimation and analysis were performed in Mat-
lab R2016b (The Mathworks Inc., Natick MA).

2.7. Model validity and parameter accuracy

Model internal validity was assessed by computing
the Variance Accounted For (VAF, “goodness of the fit”)
[22–25]. The VAF relates how much of the variance
in the measured data can be explained by the model,
described as:

VAF =

(
1 −

∑
(Tmeas(t) − Tmod(t))2∑

(Tmeas(t))2

)
100% (6)

where Tmeas(t) represents the measured torque, and
Tmod(t) the modeled torque. However, the VAF as de-
scribed in Equation (6) is defined only for signals with
a mean value of zero. In order to account for this draw-
back, the VAF was computed by subtracting the mean
from the signals, described as:

VAF =

1 −
∑(

T ∗meas(t) − T ∗mod(t)
)2∑

(T ∗meas(t))2

 100% (7)

where T ∗meas(t) and T ∗mod(t) represent the measured and
modeled torque, corrected by their mean values, accord-
ing to:

T ∗meas(t) = Tmeas(t) − Tmean(t) (8)

T ∗mod(t) = Tmod(t) − Tmean(t) (9)

Tmean(t) =
Tmeas(t) + Tmod(t)

2
(10)

The VAF for the modeled torque was calculated for each
trial. A VAF of 100 % means that the measured data is
perfectly described by the model.

Parameter accuracy was examined by computing the
standard error of the mean (SEM) of the estimated
model parameters. The SEM is described as:

SEM =

√
1
N

diag
(
JT J

)−1 e(t)T e(t) (11)

where N is the number of time samples, J the Jaco-
bian matrix, and e(t) the error vector between the mea-
sured and modeled torque. Low SEM values (compared
to their corresponding parameter value) indicate high
sensitivity of the modeled parameter. High sensitivity
means that the parameter has a considerable contribu-
tion to the modeled output torque, and therefor indicates
that the parameter is not redundant [22, 29]. For visual
analysis, SEM values were normalized to their corre-
sponding parameter values.

2.8. Statistical analysis
To test the effect of ESWT on the ROM within-

subjects, a paired-samples t-test was used. To test the
effects of ESWT and movement velocity on the model
parameters within-subjects, a two-way repeated mea-
sures ANOVA was used with Bonferroni correction.
For the two independent factors, ESWT (two levels:
pre and post) and velocity (two levels: slow and fast)
were used. Inter-trial repeatability of the parameter es-
timates between repeated trials with the same condi-
tions was examined using the intraclass correlation co-
efficients (ICC, 2-way mixed model). To test the ef-
fect of ESWT on the MAS within-subjects, a Wilcoxon
signed rank test was used. This test was used to de-
termine whether there is a median difference in rank of
the MAS after ESWT. For statistical purposes, a MAS
score of 0 was linked to rank 0; a MAS score of 1+ to
rank 1; a MAS score of 2 to rank 3; and so on (simi-
lar to [10, 13, 21]). Statistical analysis was performed
using IBM SPSS Statistics 24.0 (IBM Corp., Armonk
NY) with an alpha value of 0.05.

3. Results

3.1. Measured data
All subjects were able to comply with the protocol.

Figure 3 shows an example of measured data, includ-
ing imposed RaH movement profiles (Figure 3: A-B),
corresponding joint torques (Figure 3: C-D) and muscle
activity (Figure 3: E-L) for a typical subject with MAS
grade of 3. The example shows data for one slow (left
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Figure 2: Schematic representation of the parameter estimation process. The Achilles Rehabilitation Device imposes RaH rotations (position) to
the subject’s ankle. As a result, the subject exerts a resisting torque which is measured by the Achilles. Simultaneously, subject’s muscle activity
is recorded by bipolar surface EMG. Position and EMG signals are then used as input to a neuromuscular model of the ankle, which simulates
the ankle resistance as described in Appendix A. The error between the modeled and measured torque is then minimized by estimating 15 model
parameters (see Table 2), using a least-squares algorithm.

column) and one fast (right column) trial, both mea-
sured before ESWT was performed. A typical torque
profile consists of a quick increase in torque at the start
of the ramp phase. When the torque approaches 0 Nm,
the rate with which the torque increases slows down.
This is shown as a “flattening” in the torque profile dur-
ing the ramp phase. At this point, the ankle reaches
its neutral angle: the angle for which the resulting joint
torque equals zero. After the neutral angle has been
passed, the torque increases exponentially, reaching a
peak value near the end of the first ramp phase. This is
shown in the example data at a time instant of ∼5 s for
the slow trial (see Figure 3: C), and at ∼2.5 s for the fast
trial (see Figure 3: D). During the fast trials, this peak is
often assisted by an increase in muscle activity, which
further increases the peak value. Muscle activity is most
dominant for the SOL muscle during the fast trials (see
Figure 3: H). When the movement has stopped at the
maximum dorsiflexion angle, the torque slowly decays
to a value that is independent of time. During this phase,
the TS muscles are under continued tension, resulting in
a relaxation or force decrease from these muscles [26–
28]. This phenomenon is modeled by a first order fil-
ter as described in Appendix A. After the hold phase,
the movement goes back to the maximum plantar flex-
ion angle. During this rotation, the TA muscle is being
stretched, whereas the TS muscles are being shortened.
The movement passes through the neutral angle again,

after which it comes to a full stop at the maximum plan-
tar flexion angle. The torque reaches a negative peak
at the end of the second ramp phase, resulting from the
maximally stretched TA muscle.

Typical EMG profiles show larger muscle activity
(higher magnitude) during the fast trials, compared to
the slow trials (see Figure 3: E-L). This is to be ex-
pected since reflex activity is known to be velocity de-
pendent: faster movement results in a stronger reflex
activity. Muscle activity for the TS muscles is larger
compared to the activity of the TA (see Figure 3: F, H,
J, L). Among all muscles, the SOL showed the largest
activity in response to the RaH movement. It was shown
by Sloot et al. (2015) that the joint resistance in the
70◦ knee flexion position was almost fully described by
the SOL muscle, since the two gastrocnemii GM and
GL are in a shortened state, compared to a stretched leg
with knee flexion of 20◦ [25]. As a result, contributions
of the SOL are expected to be larger than contributions
of the GM and GL in a position with knee flexion of 70◦.
The muscle activity of the TS muscles emerged in brief
bursts, which slowly decayed in magnitude over time,
possibly representing the occurrence of a clonus in the
calf muscles.

Measured data for each subject is shown in Ap-
pendix B.
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Figure 3: Example of imposed ramp-and-hold (RaH) movement profiles, joint torques and muscle EMG, for a typical subject with MAS grade of 3
(measured before ESWT). Left column: slow trial. Right column: fast trial. A-B: imposed RaH rotation on the ankle; C-D: measured joint torque;
E-F: EMG from the tibialis anterior (TA); G-H: EMG from the soleus (SOL); I-J: EMG from the gastrocnemius medialis (GM); K-L: EMG from
the gastrocnemius laterals (GL).
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3.2. Modeled data

All RaH trials were used to simulate the model
torque, and estimate model parameters. Figure 4 shows
an example of measured torque (grey traces) together
with modeled torque fits (black traces) for a typical sub-
ject with MAS grade of 3. The data shown in Figure 4
are from the same subject and same trials as in Figure 3.
Rows from top to bottom show imposed RaH movement
profiles (Figure 4: A-B), corresponding measured (grey)
and modeled (black) torque (Figure 4: C-D), passive-
elastic muscle torques (Figure 4: E-F), active muscle
torques (Figure 4: G-H), and inertial and gravitational
torques (Figure 4: I-J). VAF values for these model fits
were 99.9 % and 99.4 % for the slow and fast trial re-
spectively.

Typically at the start of each trial, when the foot is
in its maximum plantar flexion angle, the elastic torque
of the TS equals zero and increases exponentially during
the first ramp phase (see Figure 4: E-F). After the move-
ment has come to a full stop at the maximum dorsiflex-
ion angle, the elastic torque of the TS slowly decreases
due to relaxation of the muscles. This takes less than
half a second, after which the elastic torque is sustained
at a constant level. During the second ramp phase, the
elastic torque decreases rapidly until it reaches zero,
which completes the trial. The TA shows similar behav-
ior, but in opposite direction: when the elastic torque of
the TS increases, the elastic torque of the TA decreases,
and vice verse (see Figure 4: E-F).

EMG activity was typically observed in the TS during
the first ramp phase of the fast trials, generally consist-
ing of one or several peaks (see Figure 3: H, J, L). This
EMG activity resulted in active muscle torques, which
persisted for about 1 s to 2 s due to the activation dy-
namics of the muscles (see Figure 4: H). EMG during
the slow trials was generally absent, resulting in mini-
mal to no active muscle torques during the slow trials
(see Figure 4: G).

3.3. Parameter estimates

The ten condition-dependent parameters (stiffness
coefficients kts and kta, muscle slack lengths x0,ts and
x0,ta, tissue relaxation time constant τrel and factor krel,
optimal muscle lengths l0,ts and l0,ta, and activation
cut-off frequency f0 and damping factor β) were esti-
mated for each trial separately and are shown in Table 3
(mean ± SD). The five condition-independent parame-
ters (mass foot and footplate m, and EMG weighting
factors g1 − g4 for the TA, SOL, GM, and GL) were
shared between trials within the same subject and are
shown in Table 4 (mean ± SD).

3.4. Model validity and parameter accuracy

The VAFs between the measured and modeled torque
were above 98 % for all RaH trials, with a total aver-
age of 99.7 % ± 0.4 % (mean ± SD). The slow trials had
an average VAF of 99.9 % ± 0.1 %. The fast trials had
an average VAF of 99.5 % ± 0.5 %. These high VAFs
indicate that the measured ankle torque could be well
described by the neuromuscular model. Model fits for
each subject are shown in Appendix C.

Figure 5 shows the normalized SEM values for the
ten condition-dependent parameters, separated for the
slow and fast trials. Figure 6 shows the normalized
SEM values for the five condition-independent parame-
ters. On average, all SEM values were less than 35 %,
except for the weighting factors for the soleus (g2) and
gastrocnemius medialis (g3). Extreme values in these
weighting factors may be the result of redundancy in
these parameters. For example, torque generated from
active muscle contraction in the triceps surae is com-
puted from its corresponding neural input. This neural
input is a linear combination of the weighting factors
and corresponding muscle EMG of the soleus and both
gastrocnemii (see Equation (A.13)). As a result, only
one of these weighting factors (g2−g4) may be sufficient
to describe the active torque from the triceps surae. This
goes paired with the fact that all three muscles of the TS
show similar EMG behavior when they are being con-
tracted (simultaneous contraction, see Figure 3: H, J, L).

Parameters of the muscle visco-elastic components
(stiffness coefficients kts and kta, muscle slack lengths
x0,ts and x0,ta, and tissue relaxation time constant τrel and
factor krel) had a high accuracy for both the slow (me-
dian SEM < 5 %) and fast trials (median SEM < 4 %).
Parameters of the neural components (optimal muscle
lengths l0,ts and l0,ta, and activation cut-off frequency f0
and damping factor β) were more accurate for the fast
trials (median SEM < 8 %) compared to the slow trials
(median SEM < 24 %). The inaccuracy of these param-
eters during slow trials may be the result of a lack of
muscle activity (see Figure 3: E, G, I, K). With minimal
to no muscle activity, contributions of the active muscle
torques to the total modeled output torque is minimal,
and may result in badly scaled parameters.

3.5. Repeatability

Inter-trial repeatability of the parameter estimates be-
tween repeated trials with the same conditions was mod-
erate to good (ICC: 0.615 to 0.953), except for the opti-
mal muscle length of the TA (l0,ta) (ICC: 0.357).
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Figure 4: Example of model fit on top of measured torque data, for a typical subject with MAS grade of 3 (measured before ESWT). Left column:
slow trial. Right column: fast trial. A-B: imposed RaH rotation on the ankle; C-D: measured joint torque (grey) and modeled torque (black); E-F:
elastic muscle torques from the triceps surae (TS, solid) and tibialis anterior (TA, dashed); G-H: active muscle torques from the triceps surae (TS,
solid) and tibialis anterior (TA, dashed); I-J: inertial (solid) and gravitational (dashed) torques.

11



Table 3: Condition-dependent model parameters

Parameter Pre-ESWT (mean ± SD) Post-ESWT (mean ± SD)

Slow Fast Slow Fast

Non-neural
Stiffness coefficient TS, kts [1/m] 299 ± 39 269 ± 40 301 ± 59 261 ± 35
Stiffness coefficient TA, kta [1/m] 198 ± 76 143 ± 64 180 ± 78 139 ± 66
Muscle slack length TS, x0,ts [m] 0.020 ± 0.003 0.018 ± 0.004 0.020 ± 0.003 0.017 ± 0.004
Muscle slack length TA, x0,ta [m] 0.064 ± 0.010 0.047 ± 0.020 0.060 ± 0.013 0.044 ± 0.024
Tissue relaxation time constant, τrel [s] 0.98 ± 0.82 1.67 ± 1.68 0.94 ± 0.89 1.39 ± 0.94
Tissue relaxation factor, krel [−] 0.41 ± 0.21 0.66 ± 0.57 0.49 ± 0.32 0.71 ± 0.65

Neural
Optimal muscle length TS, l0,ts [m] 0.083 ± 0.016 0.046 ± 0.016 0.081 ± 0.020 0.059 ± 0.023
Optimal muscle length TA, l0,ta [m] 0.074 ± 0.025 0.060 ± 0.035 0.065 ± 0.030 0.045 ± 0.022
Activation cut-off frequency, f0 [Hz] 0.87 ± 1.06 2.35 ± 1.20 0.36 ± 0.34 2.30 ± 1.14
Activation damping factor, β [−] 0.86 ± 0.59 1.18 ± 0.41 0.83 ± 0.61 1.22 ± 0.43

Note.—ESWT = extracorporeal shock wave therapy; SD = standard deviation; TS = triceps surae; TA = tibialis anterior. Mean and standard
deviation of the estimated condition-dependent model parameters. Condition-dependent parameters were estimated for each trial separately
and subsequently averaged over each condition and all subject.

102

104

106

108

1010

1012

S
E

M
 [%

 o
f e

st
im

at
ed

 v
al

ue
]

Slow trials

k_
ts

k_
ta

x0
_t

s

x0
_t

a

ta
u_

re
l

k_
re

l

l0
_t

s

l0
_t

a

f0 be
ta

102

104

106

108

1010

1012

S
E

M
 [%

 o
f e

st
im

at
ed

 v
al

ue
]

Fast trials

k_
ts

k_
ta

x0
_t

s

x0
_t

a

ta
u_

re
l

k_
re

l

l0
_t

s

l0
_t

a

f0 be
ta

Figure 5: Box plot showing the normalized SEM values for the ten condition-dependent parameters. The box plots are shown on a logarithmic
range of 102 % to 1012 %. Boxes (blue) indicate the first and third quartile, with the median shown as a horizontal bar (red) in between. Minimum
and maximum values are indicated by the whiskers (black), with crosses (red) indicating the outliers.

3.6. Effect on range of motion

Table 5 shows the measured ROM, including the
maximal plantar and dorsiflexion angles (θmax,plantar and
θmax,dorsal respectively). A paired-samples t-test showed
that there was no statistically significant difference in
the mean ROM of the ankle joint after ESWT was ap-
plied to patients with chronic muscle hypertonia (t(8) =

0.231, p = 0.823).

3.7. Effect on model parameters

Simple main effect analysis showed that none of the
estimated model parameters were significantly affected
by a single ESWT session in patients with chronic mus-
cle hypertonia (Table 6).

Simple main effects analysis showed that the stiff-
ness coefficients of the TS kts and TA kta decreased sig-
nificantly with movement velocity, (F(1, 8) = 6.316,
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Table 4: Condition-independent model parameters

Parameter Mean ± SD

Non-neural
Mass foot and footplate, m
[kg]

1.5 ± 0.6

Neural
EMG weighting factor TA, g1
[1/V]

(8.8 ± 9.5) × 107

EMG weighting factor SOL,
g2 [1/V]

(2.2 ± 2.9) × 107

EMG weighting factor GM,
g3 [1/V]

(2.7 ± 3.0) × 106

EMG weighting factor GL, g4
[1/V]

(2.2 ± 2.1) × 107

Note.—SD = standard deviation; TA = tibialis anterior; SOL =

soleus; GM = gastrocnemius medialis; GL = gastrocnemius lat-
eralis. Mean and standard deviation of the estimated condition-
independent model parameters over all subject. Condition-
independent parameters were shared between trials of the same
subject and therefore were estimated only once for each subject.
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Figure 6: Box plot showing the normalized SEM values for the five
condition-independent parameters. The box plots are shown on a log-
arithmic range of 0 % to 108 %. Boxes (blue) indicate the first and
third quartile, with the median shown as a horizontal bar (red) in be-
tween. Minimum and maximum values are indicated by the whiskers
(black), with crosses (red) indicating the outliers.

p = 0.036) and (F(1, 8) = 9.907, p = 0.014) re-
spectively. Muscle slack lengths of the TS x0,ts and
TA x0,ta decreased significantly with movement veloc-
ity, (F(1, 8) = 5.806, p = 0.043) and (F(1, 8) = 8.833,
p = 0.018) respectively. Tissue relaxation time con-
stant τrel increased significantly with movement velocity

Table 5: Measured range of motion

Measure Pre-ESWT Post-ESWT
(mean ± SD) (mean ± SD)

θmax,plantar [◦] −49.4 ± 7.6 −48.9 ± 9.9
θmax,dorsal [◦] 8.5 ± 9.5 8.6 ± 10.1
ROM [◦] 57.9 ± 8.6 57.5 ± 10.9

Note.—ESWT = extracorporeal shock wave therapy; SD = stan-
dard deviation; ROM = range of motion. Mean and standard
deviation of the measured ROM over all subjects, including the
maximal plantar and dorsiflexion angles.

(F(1, 8) = 6.019, p = 0.040). Optimal muscle lengths
of the TS l0,ts and TA l0,ta decreased significantly with
movement velocity, (F(1, 8) = 14.196, p = 0.005) and
(F(1, 8) = 5.911, p = 0.041) respectively. Activation
cut-off frequency f0 increased significantly with move-
ment velocity (F(1, 8) = 26.303, p = 0.002). The tis-
sue relaxation factor krel and activation damping factor
β were not significantly affected by movement velocity.

A two-way repeated measures ANOVA test indicated
that there was no statistically significant interaction be-
tween the effects of movement velocity and ESWT
treatment on the model parameters.

3.8. Effect on MAS

A Wilcoxon signed-rank test indicated that MAS
grades were significantly lower directly after ESWT
treatment in patients with chronic muscle hypertonia
(Z = −2.121, p = 0.034). Indeed, the mean MAS grade
was 3.4 pre-ESWT, compared to a mean MAS grade of
2.8 post-ESWT (Table 6).

4. Discussion

The overall aim of the current study was to investigate
the effect of a single ESWT session on the neural and
non-neural contributors to ankle joint resistance in pa-
tients with chronic muscle hypertonia (MAS > 1), using
motorized RaH rotations with different movement ve-
locities and neuromuscular modeling of the ankle joint.
The secondary objective was to test the effect of ESWT
on the passive ROM and MAS. The validity and agree-
ment of the methods are discussed.

4.1. Effect of ESWT

Neither the ROM nor the estimated model parameters
were significantly affected by a single ESWT session in
patients with chronic muscle hypertonia (see Tables 5
and 6). The absence of an effect is supported by the
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Table 6: Main outcome measures

Measure Movement velocity (mean ± SD) ESWT treatment (mean ± SD)

Slow Fast Pre Post

Non-neural
Stiffness coefficient TS, kts [1/m] 300 ± 15 265 ± 12* 284 ± 10 281 ± 14
Stiffness coefficient TA, kta [1/m] 189 ± 24 141 ± 21* 170 ± 21 160 ± 22
Muscle slack length TS, x0,ts [m] 0.020 ± 0.001 0.011 ± 0.001* 0.019 ± 0.001 0.018 ± 0.001
Muscle slack length TA, x0,ta [m] 0.062 ± 0.003 0.045 ± 0.007* 0.055 ± 0.004 0.052 ± 0.006
Tissue relaxation time constant, τrel [s] 0.96 ± 0.21 1.53 ± 0.34* 1.33 ± 0.38 1.17 ± 0.18
Tissue relaxation factor, krel [−] 0.45 ± 0.06 0.69 ± 0.17 0.54 ± 0.11 0.60 ± 0.13

Neural
Optimal muscle length TS, l0,ts [m] 0.082 ± 0.003 0.053 ± 0.005* 0.065 ± 0.001 0.070 ± 0.004
Optimal muscle length TA, l0,ta [m] 0.070 ± 0.005 0.052 ± 0.007* 0.067 ± 0.007 0.055 ± 0.004
Activation cut-off frequency, f0 [Hz] 0.62 ± 0.15 2.33 ± 0.35* 1.61 ± 0.26 1.33 ± 0.19
Activation damping factor, β [−] 0.84 ± 0.14 1.20 ± 0.11 1.02 ± 0.11 1.02 ± 0.10

Clinical
MAS [−] - - 3.4 ± 0.7 2.8 ± 0.7*

Note.—ESWT = extracorporeal shock wave therapy; SD = standard deviation; TS = triceps surae; TA = tibialis anterior; MAS = Modified
Ashworth Scale. Values shown are the combined results of Table 3 for both test factors: movement velocity and ESWT treatment. For example,
values shown under the first column (slow movement velocity) are the combined results of slow trials for both pre- and post-ESWT treatment.
Similarly, values shown under the third column (pre-ESWT treatment) are the combined results of both the slow and fast trials, both pre-ESWT.
The same applies to the other columns.

* Statistically significant, p < 0.05.

measured torque data as shown in Appendix B. Here,
no strong visual difference is observed in the measured
torque profiles between pre-treatment (cyan/blue traces)
and post-treatment (purple/pink traces), for each move-
ment velocity (see Figures C.8 to C.16). In other words,
the resistance as measured by the robotic manipulator
was similar between RaH movements before and af-
ter ESWT treatment, with the same movement velocity.
Since no effect of ESWT on the model parameters and
ROM was found, the effect of ESWT on the neural and
non-neural contributors of joint resistance in patients
with chronic muscle hypertonia remains unknown.

In contrast to the results on the model parameters and
ROM, the MAS was significantly lower after ESWT
treatment, which is in line with previous studies [8–18].
One of these studies also found an effect of ESWT on
the MAS, whereas no change was observed in the mea-
sured ROM [13].

The disagreement between the results of the esti-
mated model parameters and ROM, and the MAS raises
some questions about the validity of the Ashworth test
to assess muscle hypertonia. As was discussed previ-
ously, the Ashworth test is a subjective test which grades
the severity of muscle hypertonia on an ordinal scale.
The result on the MAS should therefore be taken with
care.

4.2. Effect of movement velocity
Movement velocity showed a significant change in

model parameters of both the intrinsic (stiffness coeffi-
cients kts and kta, muscle slack lengths x0,ts and x0,ta, and
tissue relaxation time constant τrel) and neural part (op-
timal muscle lengths l0,ts and l0,ta, and activation cut-off

frequency f0) of the system. Since spasticity is known
to be velocity-dependent, a difference in the total mea-
sured torque between the slow and fast trials is to be ex-
pected. Indeed, as shown by the measured torque data
in Appendix B, the resistance reaches higher peaks dur-
ing the first ramp phase of the fast trials (see Figures C.8
to C.16). This increase in resistance is often due to
increased reflex activity (as shown in the EMG data),
which is present during the faster movements.

4.3. Model validity
The high VAF values for the optimized model fits in-

dicate that the observed ankle torque could be well de-
scribed by the neuromuscular model, which is in line
with previous versions of the model [22–25]. Model fits
for the slow trials (mean VAF 99.9 %) were better than
for the fast trials (mean VAF 99.5 %), although both
were generally very high.

The full model consists of 15 optimizable parame-
ters. Sensitivity and the absence of redundancy within
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the model parameters was tested using the standard er-
ror of the mean (SEM). The sensitivity was high (low
SEM values) for most parameters, except for the EMG
weighting factors of the soleus (g2) and gastrocnemius
medialis (g3). For these two parameters, extremely
large SEM values were found, which indicates that they
had little to no contribution to the total modeled out-
put torque, and therefore may be redundant. This result
is to be expected since the torque generated by the TS
is dependent on its neural input, which in turn is a lin-
ear combination of the weighting factors and their cor-
responding muscle EMG (SOL, GM, GL). Since simi-
lar EMG behavior is observed during contraction of the
TS muscles (simultaneous contraction), the optimiza-
tion process is free to select which muscles contributed
to the model torque, and to what extend. As a result,
only one of these three weighting factors (g2 − g4) may
be sufficient to describe the active torque from the TS.

Further observations of the SEM values showed that
the model parameters of the muscle visco-elastic com-
ponents (stiffness coefficients kts and kta, muscle slack
lengths x0,ts and x0,ta, and tissue relaxation time con-
stant τrel and factor krel) were estimated reliably for
both the slow (median SEM < 5 %) and fast (median
SEM < 4 %) trials. Low SEM values for these param-
eters indicate that these parameters were estimated ac-
curately, and have substantial contribution to the total
modeled output torque. Model parameters of the neu-
ral components (optimal muscle lengths l0,ts and l0,ta,
and activation cut-off frequency f0 and damping fac-
tor β) were estimated more reliable for the fast trials
(median SEM < 8 %) than for the slow trials (median
SEM < 24 %). Relatively high SEM values for these pa-
rameters during the slow trials means that they only had
a small contribution to the total modeled output torque
for this condition. This result is to be expected since
the active muscle torques are calculated from their cor-
responding neural input. If little to no muscle activation
(EMG) is observed, contributions of the active muscle
torques to the total modeled output torque is minimal
and may result in badly scaled parameters.

RaH trials were performed twice for each condition to
test for repeatability of the estimation procedure. Inter-
trial repeatability was examined by using the intraclass
correlation coefficient (ICC). Repeatability of the esti-
mation process between two repeated trials was good
(median ICC: 0.837), except for the optimal muscle
length of the TA (ICC: 0.357). However, this ICC is
computed over both the slow and fast trials simultane-
ously. When separating the slow from the fast trials,
the ICC for the optimal muscle length l0,ta is −0.083 for
the slow, and 0.588 for the fast trials. These values are

still not very good, but at least give a better insight as to
why the combined ICC was so low. The very low ICC
for the slow condition may be the result of badly scaled
parameters, as was shown by the SEM.

Due to absence of sufficient muscle activity, parame-
ters of the neural components could not be estimated ac-
curately and may differ in value between different RaH
trials. This was especially the case in the slow trials.
In these situations, the total neuromuscular model be-
comes over-parameterized, resulting in redundancy of
the parameters. When parameters become redundant,
they may show large variances in their estimated values.
The increase in variance of the parameter value may
therefore negatively impact the results (as was shown by
the repeatability), and decrease the sensitivity of possi-
ble effects (in case they would be present).

4.4. RaH movement versus Ashworth test

It is important to note that the results from the neuro-
muscular modeling cannot be directly compared to the
results from the Ashworth test. As per definition, the
Ashworth test measures the resistance to passive stretch
as felt by the examiner during a passive, one second
joint rotation over its full range of motion. This re-
sults in a few differences between the Ashworth test and
the instrumented RaH rotation as applied in the current
study. For one, the instrumented RaH movement were
applied with a fixed constant velocity, whereas manu-
ally imposed rotations may result in a bell-shaped ve-
locity profile. Furthermore, the Ashworth test measures
the resistance over the full range of motion during a one
second joint rotation. Depending on the ROM of the
corresponding joint in question, the velocity with which
the movement takes place may vary. For example, in the
current study the average measured ROM was roughly
60◦. Assuming that the Ahsworth test was performed in
1 s, the movement velocity with which the clinical test
was performed would then be 60 ◦/s on average. This is
about half of the movement velocity of the instrumented
fast trial. Therefore, resistances resulting from stretch
reflexes may be different between the instrumented RaH
movement, and the Ashworth test.

4.5. Treatment protocol settings

The treatment protocol in the current study was based
of the protocol from Vidal et al. (2011) [17]. However,
different studies treated different muscles with different
settings (i.e. energy level, number of pulses, frequency)
of their ESWT treatment protocol to investigate the ef-
ficacy of ESWT on muscle hypertonia. For example,
Manganotti et al. (2015) found a much larger decrease
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in MAS for the finger flexors, compared to the wrist
flexors [8]. The combination of muscle size and ESWT
settings may play a large role in the outcome of the re-
sults.

4.6. Limitations
4.6.1. Simplified joint physiology

The neuromuscular model used in this study is a sim-
plification of the real ankle joint physiology. Ankle
joint rotations were assumed to be uniaxial, described
by θ(t) in the model. However, in reality, the foot is
a multi-joint structure which allows for multiple move-
ments such as dorsi- and plantar flexion, as well as in-
version and eversion of the foot [30]. Movements of the
foot in undesirable directions were minimized by strap-
ping the foot to a footplate using Velcro straps and man-
ually aligning the axis of rotation of the ankle joint with
that of the Achilles motor. Limited accuracy in man-
ually aligning the two axes may not always result in a
perfectly aligned situation. As a result, rotation of the
ankle may not always be a perfect uniaxial rotation, but
rather rotate around a moving axis.

Muscle lengths xm(θ) and tendon moment arms rm(θ)
were assumed to scale linearly with joint angle. How-
ever, for this study, a wide variety of subjects were re-
cruited. Patients of different ages and with different time
after the onset of their accident may vary in size and de-
formation in the lower extremities. Therefore, lineariza-
tion of the muscle lengths and tendon moment arms may
not be an accurate representation for all subjects.

Muscle connective tissue of the dorsi- and plantar
flexors were modeled as lumped components. The tri-
ceps surae is a muscle group consisting of three muscles
(the soleus and both gastrocnemii) but was modeled as a
single muscle. Model parameters representing the phys-
iology of the muscle connective tissue are therefore only
simplifications of the real muscle physiology. Further-
more, muscle activation dynamics (slow and fast fiber
types) and muscle structure (pennation angle, muscle
fibers, and tendon) were not accurately represented. For
example, pennation angles were defined to be zero and
as a result, muscle and fiber length were assumed to be
equal [23]. Furthermore, tendons were assumed to be
infinitely stiff. It was shown by a previous MSc thesis
that the inclusion of tendon dynamics did not improve
the model optimization process, and were therefore left
out of the model [31].

Although the model is a simplification of the joint
physiology, it appeared to be able to discriminate in neu-
ral and non-neural contributors to muscle hypertonia be-
tween patients with stroke or CP, and healthy controls
[22–25].

Figure 7: Composition of the measured EMG signals. Total EMG
is assumed to consist of a varying part (representing active, or reflex-
ive muscle contraction), and an offset part. The offset is assumed to
consist of both background muscle activation as well as measurement
noise. Image from [32].

4.6.2. EMG offset
To investigate the effect of increased reflex activity

on the model parameters, the offset EMG activity was
eliminated from the total EMG. This step was done in
order to eliminate any background measurement noise
that may be present in the EMG data. However, this
offset EMG not only consists of background measure-
ment noise, it also consists of background muscle ac-
tivity (Figure 7). Since measurement noise and back-
ground muscle activity are difficult to distinguish from
each other, the total EMG offset was removed from each
measured EMG signal. However, in doing so, an im-
portant part of the system (that is background muscle
activity) contributing to the total dynamical behavior of
the joint is not captured by the model. As a result, the
neural torque contributing to the total joint torque may
be underestimated. For future research, a method that
can distinguish between measurement noise and back-
ground (offset) muscle EMG is desired in order to cap-
ture the full dynamics of muscle contraction.

4.6.3. Patient diversity
The sample size of the current study consists of a

total of nine patients with chronic muscle hypertonia.
This number of subjects may not be sufficient enough
to represent the total population well. However, subject
recruitment in the given amount of time deemed diffi-
cult. Many patients were already being treated with bo-
tulinum toxin, which automatically excluded the major-
ity of the available candidates. Consequently, patients
with different movement disorders (e.g. stroke, trau-
matic brain injury, and cerebral palsy) were recruited.
Even though each subject was diagnosed with chronic
muscle hypertonia, depending on the origin and location
of the lesion, pathophysiology of the muscle hypertonia
may differ between subjects. Furthermore, age and time
after onset of the accident may play a large role in the
pathophysiology of each patient as well [33]. Therefore,
when studying a population like this with only a small
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number and wide variety of participants, a case study
(or individual analysis of the results) may be preferred.

4.7. Future research
For future research, model validity and parameter ac-

curacy can be improved by using richer data for the pa-
rameter optimization procedure. For example, model
parameters that describe the neural components of the
joint resistance can only be estimated accurately during
trials in which there is enough muscle activity. A pos-
sible solution to improve the parameter estimation pro-
cedure, is to estimate the model parameters in one esti-
mation process over a combined slow and fast trial, or
over RaH trials that have multiple movement velocities
incorporated in them (as was done by de Gooijer-van de
Groep et al. (2016)). By applying this method, intrin-
sic components could be estimated reliable due to the
slow movement, whereas neural components could be
estimated reliable due to the fast movement, both in one
procedure. Furthermore, incorporating different move-
ment velocities into one estimation process gives richer
data for the model to describe the velocity-dependent
components such at the muscle force-velocity character-
istics, and ensures that enough muscle EMG is present.

The model parameters of the neuromuscular model
are defined on the linear muscle level. For future re-
search, it may be interesting to investigate the relation
between the model parameters at muscle level, and the
resulting passive and reflexive stiffness at joint level.
For example, the passive stiffness profile (as described
by the interaction between the muscle stiffness coeffi-
cient km and slack length x0,m) as result of the joint angle
would be interesting to investigate. By investigating the
resistance of the different system components at joint
level, the effect of treatment modalities such as ESWT
on muscle hypertonia may be better understood.

5. Conclusion

Neuromuscular modeling in combination with mo-
torized ramp-and-hold movements enabled us to esti-
mate model parameters representing the neural and non-
neural contributors of the total ankle joint, in patients
with chronic muscle hypertonia. The effect of extracor-
poreal shock wave therapy was investigated. Conclu-
sions are summarized as follows:

• The method yielded estimated model parameters
which were estimated with average to good relia-
bility and resulted in good model fits.
• No effect of a ESWT was observed on the esti-

mated model parameters and the passive ROM.

• The MAS was significantly lower after ESWT,
which raises questions about the validity of the
Ashworth test.
• No conclusion can be drawn on the effect of ESWT

on the neural and non-neural contributors to joint
resistance in patients with chronic muscle hyperto-
nia.
• The model parameter estimation procedure can be

improved by using richer data, e.g. trials which
include both slow and fast movement velocities.

A. Neuromuscular Model

The observed ankle torque from RaH rotations can
be described by a nonlinear neuromuscular model that
can discriminate between neural and non-neural compo-
nents by optimizing 15 physiological interpretable pa-
rameters. The model was originally developed by de
Vlugt et al. (2010) [22], and has had a few alterations
over the years [23–25].

The total ankle joint resistance is described by:

Tmod(t) = Iθ̈(t) + Tgrav(θ) + Tts(t) − Tta(t) (A.1)

where t represents the independent time variable in [s],
Tmod(t) the modeled ankle reaction torque in [Nm], θ(t)
the measured ankle joint angle in [rad], θ̈(t) the ankle
joint angular acceleration in [rad/s2], I the inertia of the
ankle plus footplate in [kg m2], Tgrav(θ) the torque due
to gravitation in [Nm], Tts(t) the torque generated by the
triceps surae (TS: SOL, GM, GL) in [Nm], and Tta(t) the
torque generated by the tibialis anterior (TA) in [Nm].

The inertia of the ankle plus footplate is modeled as
a point mass m in [kg] at a distance la (fixed at 0.1 m)
from the axis of rotation:

I = ml2a (A.2)

Torque due to gravitation is described by:

Tgrav(θ) = mgla cos
(
θ(t) + θgnd

)
(A.3)

where θgnd represents the angle of the foot and footplate
with respect to the ground (horizontal) in [rad], and g
the gravitational acceleration of 9.8 m/s2.

Muscle torques for the plantar flexion and dorsiflex-
ion muscles are described by:

Tm(t) =
(
Felas,m(t) + Fact,m(t)

)
rm(θ) (A.4)

where m represents the muscle group (TS and TA),
Felas,m(t) the elastic force of the parallel connective
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tissue in [N], Fact,m(t) the active muscle force gener-
ated from muscle contraction, according to the Hill-type
muscle model in [N], and rm(θ) the angle dependent mo-
ment arm of the muscle tendon in [m].

Moment arms for the TS and TA are assumed to scale
linearly with joint angle, as derived from [34, 35], and
can be described by:

rts(θ) = 0.0480 − 0.0104θ(t) (A.5)
rta(θ) = 0.0393 + 0.0171θ(t) (A.6)

where rts(θ) represents the moment arm of the TS, and
rta(θ) the moment arm of the TA.

The elastic force components for the plantar flexion
and dorsiflexion muscles are described by:

Felas,m(t) = ekm(xm(t)−x0,m) (A.7)

where km is the estimated stiffness coefficient of the
muscle in [1/m], xm(t) the muscle length (linear dis-
placement) in [m], and x0,m the estimated slack length
of the connective tissue in [m]. The shape of the elas-
tic force curve is determined by the stiffness coefficient
km and the muscle slack length x0,m. The latter being
defined as the length for which the elastic muscle force
starts to increase, when the muscle is stretched beyond
this length.

Muscle lengths of the TS and TA are dependent on
their initial muscle length at a joint angle of 0 rad (taken
from [34, 35]), and their corresponding moment arms,
and can be described by:

xts(θ) = 0.118 − 1.67rts(θ) (A.8)
xta(θ) = 0.136 − 1.56rta(θ) (A.9)

where xts(θ) represents the muscle length of the TS, and
xta(θ) the muscle length of the TA. Take note that the
muscle length of the TS scales negatively with its mo-
ment arm, which in turn scales negatively with joint an-
gle. As a result, the muscle length of the TS scales pos-
itively with joint angle. Similarly, the muscle length of
the TA scales negatively with joint ankle. Positive val-
ues for joint angle θ(t) were defined as dorsiflexion, and
thus movement in dorsiflexion direction causes length-
ening of the TS, and shortening of the TA.

Muscle connective tissue under tension exhibits re-
laxation or force decrease [26–28], which is modeled
by a first order filter, according to:

Felas,m(s) =
τrels + 1

τrels + 1 + krel
Felas,m(s) (A.10)

where τrel is the estimated tissue relaxation time con-
stant in [s], krel the estimated tissue relaxation factor,

and s the Laplace operator denoting the first time deriva-
tive. Furthermore, elastic forces in negative direction
were set to zero, as connective tissue can only exert
pulling forces, according to:

Felas,m(t) =

Felas,m(t) for Felas,m(t) ≥ 0
0 for Felas,m(t) < 0

(A.11)

The active muscle force components for the plan-
tar flexion and dorsiflexion muscles are estimated from
their corresponding neural activity, described as:

uta(t) = g1EMGTA(t) (A.12)
uts(t) = g2EMGSOL(t) + g3EMGGM(t)

+ g4EMGGM(t) (A.13)

where uta(t) and uts(t) represent the neural activity for
the TA and TS respectively, EMGm(t) the measured
EMG signals of the TA, SOL, GM and GL respectively,
and g1 − g4 the weighting factors of their corresponding
muscles.

The neural activity is then filtered by a linear second
order filter describing the muscle activation process to
produce the active state of the muscle [22]. The filter is
described by:

αm(s) =
ω2

0

s2 + 2βω0s + ω2
0

um(s) (A.14)

where αm(s) is the active state of the muscle, ω0 = 2π f0
the estimated cut-off frequency, β the estimated activa-
tion damping factor, and s the Laplace operator denot-
ing the first time derivative.

A Hill-type muscle model was used to compute the
active muscle force using the active muscle state, force-
length and force-velocity characteristics of the muscle,
according to:

Fact,m(t) = fl(xm) fv(ẋm)αm (A.15)

where fl(xm) represents the force-length relationship,
and fv(ẋm) the force-velocity relationship of the corre-
sponding muscle.

The muscle force-length relationship is described by:

fl(xm) = e
−(xm−l0,m)2

wfl,m (A.16)

where l0,m is the estimated optimal muscle length of the
TS and TA in [m], and wfl,m a shaping factor defined as:

wfl,m = c f l20,m (A.17)
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where c f represents the shape parameter of the force-
length relationship, which is set to 0.5, from Sloot et al.
(2015) [25].

The muscle force-velocity characteristics were taken
from [36] and are described by:

fv(ẋm) =

1 − (1+mvshmvshl)( fecc−1)ẋm
mvshmvshlvmax,m+ẋm

for ẋm ≥ 0
ẋm+vmax,m
ẋm

mvsh
−vmax,m

for ẋm < 0 (A.18)

where mvsh and mvshl are shaping factors with values
0.25 and 0.5 respectively; vmax,m is the maximum short-
ening velocity which was set to 8 times the optimal
muscle length; fecc is the the maximum eccentric force
which was set to 1.5 times the isometric force and the
isometric force was normalized to 1 because scaling of
force was full determined by the EMG weighting factors
g1 − g4 [22].

B. Measured data

See Figures C.8 to C.16.

C. Model fits

See Figures C.17 to C.25.
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Figure C.8: Measured data for Subject 1. From top to bottom: imposed RaH movement profiles, measured joint torque, and muscle EMG from
the TA, SOL, GM and GL respectively. Left column: slow trials. Right column: fast trials.
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Figure C.9: Measured data for Subject 2. From top to bottom: imposed RaH movement profiles, measured joint torque, and muscle EMG from
the TA, SOL, GM and GL respectively. Left column: slow trials. Right column: fast trials.
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Figure C.10: Measured data for Subject 3. From top to bottom: imposed RaH movement profiles, measured joint torque, and muscle EMG from
the TA, SOL, GM and GL respectively. Left column: slow trials. Right column: fast trials.
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Figure C.11: Measured data for Subject 4. From top to bottom: imposed RaH movement profiles, measured joint torque, and muscle EMG from
the TA, SOL, GM and GL respectively. Left column: slow trials. Right column: fast trials.
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Figure C.12: Measured data for Subject 5. From top to bottom: imposed RaH movement profiles, measured joint torque, and muscle EMG from
the TA, SOL, GM and GL respectively. Left column: slow trials. Right column: fast trials.
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Figure C.13: Measured data for Subject 6. From top to bottom: imposed RaH movement profiles, measured joint torque, and muscle EMG from
the TA, SOL, GM and GL respectively. Left column: slow trials. Right column: fast trials.
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Figure C.14: Measured data for Subject 7. From top to bottom: imposed RaH movement profiles, measured joint torque, and muscle EMG from
the TA, SOL, GM and GL respectively. Left column: slow trials. Right column: fast trials.
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Figure C.15: Measured data for Subject 8. From top to bottom: imposed RaH movement profiles, measured joint torque, and muscle EMG from
the TA, SOL, GM and GL respectively. Left column: slow trials. Right column: fast trials.
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Figure C.16: Measured data for Subject 9. From top to bottom: imposed RaH movement profiles, measured joint torque, and muscle EMG from
the TA, SOL, GM and GL respectively. Left column: slow trials. Right column: fast trials.
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Figure C.17: Modeled torque fits for Subject 1. From top to bottom: pre-pre-post-post ESWT treatment. Left column: slow trials. Right column:
fast trials.
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Figure C.18: Modeled torque fits for Subject 2. From top to bottom: pre-pre-post-post ESWT treatment. Left column: slow trials. Right column:
fast trials.
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Figure C.19: Modeled torque fits for Subject 3. From top to bottom: pre-pre-post-post ESWT treatment. Left column: slow trials. Right column:
fast trials.
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Figure C.20: Modeled torque fits for Subject 4. From top to bottom: pre-pre-post-post ESWT treatment. Left column: slow trials. Right column:
fast trials.
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Figure C.21: Modeled torque fits for Subject 5. From top to bottom: pre-pre-post-post ESWT treatment. Left column: slow trials. Right column:
fast trials.
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Figure C.22: Modeled torque fits for Subject 6. From top to bottom: pre-pre-post-post ESWT treatment. Left column: slow trials. Right column:
fast trials.
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Figure C.23: Modeled torque fits for Subject 7. From top to bottom: pre-pre-post-post ESWT treatment. Left column: slow trials. Right column:
fast trials.
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Figure C.24: Modeled torque fits for Subject 8. From top to bottom: pre-pre-post-post ESWT treatment. Left column: slow trials. Right column:
fast trials.
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Figure C.25: Modeled torque fits for Subject 9. From top to bottom: pre-pre-post-post ESWT treatment. Left column: slow trials. Right column:
fast trials.
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