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ABSTRACT
Background: Understanding how sensorimotor impairments may contribute to changes in
body structure and function, and also to activity and participation limitations is an important
challenge in neurorehabilitation research, of high clinical relevance. Available assessment
methods include mainly clinical scales, often with inadequate psychometric properties, such as
the Modified Ashworth scale for assessment of spasticity. Novel tools, incorporating kinetic or
kinematic aspects, are therefore needed to improve the diagnostic accuracy and management
of sensorimotor impairments in neurological disorders.
Aim: The overall aim of this thesis was to improve methods of assessment of sensorimotor
impairments after central or peripheral nervous system lesions by the use of standardized and
valid objective measurement tools.
This thesis examined the validity and reliability of the novel NeuroFlexor foot module, a
method designed to distinguish the contribution of reflex hyperexcitability from secondary
changes of passive muscle properties to muscle tone. Moreover, it aimed to provide reference
data of the NeuroFlexor method for the upper and lower extremities from a representative
sample of healthy adult subjects and to establish cut-off values to differentiate the contributors
to passive stretch resistance between patients in different phases after stroke and individuals
with muscle-related effects of poliomyelitis infection.
Methods: A total of 93 patients (64 patients in different phases after stroke and 19 patients
with prior polio) and 180 healthy subjects were examined with the NeuroFlexor hand and/or
foot module. Neural, elastic and viscous components of passive movement resistance were
quantified (in Newton, N) using a biomechanical model, during passive wrist extension and/or
ankle flexion at controlled slow and fast velocities. In Study II the measured neural component,
reflecting stretch reflex mediated resistance, was validated against electromyography activity
of calf muscles recorded during NeuroFlexor assessment. A test-retest design with a two-way
random effects model studied intra-rater reliability. Cut-off values for the NeuroFlexor
components were established for the upper extremity (Study I) and lower extremity (Study II)
by adding 3 SD to the mean. Additionally, specific limits were determined for the elastic
component in the upper limb, which is significantly affected by age and gender. In the lower
extremity, the pathological neural component was verified against electromyography
amplitude using a Receiver Operating Characteristic (ROC) curve analysis. In Study III, the
NeuroFlexor method in conjunction with electromyography evaluated the effectiveness of one
session of electrical stimulation with the EXOPULSE Mollii suit at different stimulation
frequencies on objective signs of spasticity. The response to passive muscle stretch with the
NeuroFlexor instrument was characterized in patients in the sub-acute phase (Study I) or
chronic phase (Study II) after stroke, and in subjects with prior paralytic poliomyelitis, with or
without a diagnosis of progressive post-polio syndrome (Study IV). Finally, the Modified
Ashworth scale of spasticity, the Medical Research Council scale, Jamar dynamometer and
Biodex Multi-Joint System for muscle strength, the Fatigue Severity Scale and the

Multidimensional Fatigue Inventory (MFI-20) for the severity of fatigue, and the Visual
Analogue Scale for pain were used as complementary tests of neurological impairment.
Results: The neural component measured with the NeuroFlexor foot module revealed a
velocity dependent response correlating with the increase in electromyography amplitude (p ≤
0.005). Reliability was good for the neural component (ICC2,1 ≥ 0.899) and high for the elastic
component (ICC2,1 ≥ 0.909). In the upper extremity, the cut-off value (mean + 3 SD) identified
for the neural component was 3.4 N. In the lower limb, the neural component cut-off value
(according to ROC analysis) for 40 degree stretch was 31.5 N and for 30 degree stretch was
18.9 N. Sixteen out of 39 patients (41%) early after stroke had a pathologically high neural
component of the upper extremity and 11 out of 15 chronic stroke patients (73%) in the lower
extremity. A limited correspondence between clinical evaluation of spasticity and NeuroFlexor
measurement was observed.
The NeuroFlexor was sufficiently sensitive to detect variations in neural and mechanical
contributions to the muscle resistance induced by the electrical stimulation with the
EXOPULSE Mollii suit at different frequencies at the individual level. However, at group level
no significant reduction in spasticity was observed during or immediately after 60 minutes of
electrical stimulation at any frequency (p > 0.35), and there were no significant differences
between OFF settings and active frequencies (20 and 30 Hz) of stimulation.
Both NeuroFlexor neural and mechanical components differed significantly in subjects with
prior polio compared to healthy subjects (p < 0.001), with the elastic component contributing
most to passive resistance. Low values of neural component were observed, especially in
individuals with severe muscle atrophy. Finally, significant correlations were found between
NeuroFlexor components, severity of fatigue and perceived pain (p < 0.05).
Conclusions: The NeuroFlexor may offer a clinically feasible and non-invasive way to
objectively quantify post-stroke spasticity and polio-related neuromuscular alterations in the
upper and lower extremities. The method may assess changes in spasticity after treatment with,
for example, electrical stimulation, and elucidate potential associations between altered neural
and passive muscle properties and clinical issues. Finally, it may guide new therapeutic
approaches. However, further evaluation of the NeuroFlexor foot module is needed.
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LIST OF ABBREVIATIONS
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Analysis of variance
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1 INTRODUCTION
1.1

INJURY TO THE CENTRAL AND PERIPHERAL NERVOUS SYSTEM

Sensorimotor impairments may contribute to changes in body structure, activity limitations and
participation restrictions in patients with injury to the central and/or peripheral nervous system
(according to the International Classification of Functioning, Disability, ICF1). Clinical
features of lesions to descending motor pathways at different levels differ markedly.
Supraspinal lesions of various etiology (including stroke2, trauma to the brain or spinal cord3,
cerebral palsy4 and multiple sclerosis5) can cause increased muscle tone with exaggerated
tendon reflexes.6 Damage to the corticospinal tract at the level of the motor cortex or
descending projectors is a leading cause of motor disabilities.7-9 In contrast, damages to α motor
neurons of the brainstem and spinal cord lead to muscle wasting (due to uncompensated
denervation), fasciculations, weakness and paresis of muscles, and areflexia due to interruption
of the efferent component of the sensory motor reflex arcs.10
1.2

SPASTICITY AFTER STROKE

Stroke is one of the leading causes of mortality and physical disability in adults in the world.11,12
Approximately 16.9 million people experience a stroke each year worldwide, with a substantial
difference in incidence rates between women and men (1.5 times higher in males).13 In Sweden,
approximately 25 700 individuals suffered from stroke in 2019.14 Preliminary data for 2020 are
available in the National Quality Register for Stroke Care in Sweden15, which reports 19 997
medical care events for stroke registered in the year, an incident 5% lower than the previous
year probably due to the Coronavirus pandemic negatively affecting the input to the national
register at several hospitals. Based on the annual report 201914, approximately 20% of all
strokes were recurrent, 13% were haemorrhagic and 87% ischemic in origin. The mean age of
patients suffering a stroke was 75 years (73 years among men and 77 years among women).
Less than 4 percent of the cases affected a person who was younger than 50 years.
Spasticity is a sensorimotor disorder that may develop after stroke and may impact the
functional recovery of patients negatively.16-19 The reported prevalence of spasticity following
stroke is estimated between 20% and 25%16,20-22 at 6 months, rising to 42.6%23 in patients with
more severe motor impairments referred to a department of rehabilitation medicine. It ranges
from 17% to 38% at one year post stroke.24-26 A recent systematic-review27 revealed an overall
incidence of spasticity in first-ever stroke patients of 25.3%, specifically 31.6% within 1 month,
21.8% in 1-3 months, 26.3% in 3-6 months, 24.2% beyond 6 months. The reported overall
incidence of spasticity with concomitant paresis was higher: 39.5%, specifically 35.7% within
1 month, 34.6% in 1-3 months, 42.3% in 3-6 months, and 45.4% beyond 6 months. The
variability in these estimated illustrates that the temporal development of spasticity is highly
variable post-stroke17: onset of increased muscle tone has been observed within the first days
up to 6 weeks after onset, whereas spasticity may peak at 1-3 months post-stroke.19,20
Spontaneous reduction may occur in mild spasticity.28
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Disabling spasticity26, defined as spasticity causing disability as conceptualized according to
the ICF, occurs in 9.4% of post-stroke patients, with an incidence increasing over time.27
Spasticity affects primarily the antigravity muscles, i.e. the flexor muscles of the upper limb
(elbow in 79% of patients, wrist and fingers in 66%), and the extensor muscles in the lower
limb (ankle in 66%).20 The affected limbs achieve constraint postures or movement patterns:
internal rotation and adduction of the shoulder coupled with elbow, wrist and fingers flexion,
and adduction and extension of the knee with equinovarus foot.29 The high focus on spasticity
in stroke rehabilitation results from the evidence that spasticity may interfere with functional
recovery and lead to secondary complications such as contractures, pain and weakness.30-32 In
the lower limb, spasticity of ankle plantarflexors and weakness of ankle dorsiflexors, together
with other associated conditions such as pain, prolonged altered posture and limb non-use, may
contribute to disordered gait.33,34
Severity of paresis, sensory impairments, poor functional status in the early phase post-stroke
as well as corticospinal tract damage are predictors identified for the development of any and
severe spasticity.28,35-38 The optimal time for early prediction of any spasticity is estimated at
10 days post-stroke, while for severe spasticity at 4 weeks post-stroke.39
1.3

RECENT HISTORY OF SPASTICITY DEFINITIONS

In 1980, James Lance described spasticity as
“a disorder of the sensorimotor system characterized by a velocity-dependent increase in
tonic stretch reflexes (muscle tone) with exaggerated tendon jerks, resulting from
hyperexcitability of the stretch reflex, as one component of the upper motoneuron
syndrome.”40
This definition, widely accepted, related spasticity specifically with abnormality of the stretch
reflex circuit.41
In 2003, the North American Task Force for Childhood Motor Disorders redefined spasticity
as
“a velocity dependent increase in hypertonia with a catch when a threshold is exceeded”.42
More recently, the European Thematic Network to Develop Standardized Measures of
Spasticity (SPASM Consortium) suggested a broader and more clinically relevant
characterization of spasticity as
“a disordered sensorimotor control, resulting from an upper motor neuron lesion,
presenting as intermittent or sustained involuntary activation of muscles”.43
This latest definition did not focus anymore on the increased muscle tone exclusively rather
than on the positive features arising after injury to the upper motor neuron (such as clonus,
increased deep tendon reflexes, Babinski sign, exaggerated tonic stretch reflex, flexion or
extension reflexes and co-contractions). Although relevant for clinical practice, it lacks
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specificity. Moreover, it did not include one of the main characteristics of spasticity that is its
velocity-dependence making it difficult to differentiate spasticity itself from other alterations
in passive muscle properties and other confounding complications such as contracture.
A recent study proposed a new terminology to take into account all the factors that contribute
to the clinically observed changes in muscle tone.44 The new term “reversible muscle
hypertonia” was defined as
“a focal, regional or generalized constant or posture- and/or activity- related state of
skeletal muscle tension due to an upper motor neuron lesion that clinically manifests as
resistance to passive muscle stretch, which may interfere with body functions, tasks and
actions.”
Finally, based on advancements in knowledge of the common pathophysiological process of
post-stroke spasticity and related neuromuscular impairments45, spasticity was defined by
Sheng Li and colleagues as
“Spasticity is manifested as velocity- and muscle length–dependent increase in resistance
to externally imposed muscle stretch. It results from hyperexcitable descending excitatory
brainstem pathways and from the resultant exaggerated stretch reflex responses. Other
related motor impairments, including abnormal synergies, inappropriate muscle
activation, and anomalous muscle coactivation, coexist with spasticity and share similar
pathophysiological origins”.31
Such diverse definitions of spasticity complicate comparisons of research in this area. At
present, an accurate and internationally accepted definition of spasticity remains elusive46 but
it is fundamental both for assessment and management to properly distinguish between the
neural (i.e., involving hyperexcitability of stretch reflex) and non-neural (i.e., soft tissue
properties) contributions to increased muscle tone.
This thesis uses the term spasticity to describe the increased resistance to passive stretch in
stroke, based on Lance’s definition47 and on its key points: “motor disorder”, “velocitydependent increase in tonic stretch-reflexes” and “resulting from hyperexcitability of the tonic
stretch reflex”.
1.4

PATHOPHYSIOLOGY OF SPASTICITY

To better understand the pathophysiology of spasticity and the different underlying
mechanisms, it is useful to examine muscle responses to stretch. At velocities below the
threshold of the stretch reflex, passive movement resistance is caused exclusively by the
passive properties of the muscle, connective tissue, tendon and joint.48,49 This resistance does
not relate to the stretch velocity but depends on joint position and degree of stretch of the
muscle.48,50,51 Some authors called it passive stiffness.52,53 A stretch reflex response can be
evoked in healthy subjects at very high velocities (above 300 degree/s) or in neurological
disorders, such as stroke, at lower velocities and it adds to the passive movement resistance,
when stretches above a certain excitability threshold are applied.48
7

1.4.1 Brain, supraspinal and spinal mechanisms of spasticity
The pathophysiology of spasticity although well studied, has not been entirely clarified at
present and several neural mechanisms seem to be involved. Findings regarding the
relationship between the neuroanatomical location of the stroke lesion and spasticity are fairly
contradictory. Damage to the insula, thalamus, basal ganglia and white matter tracts (internal
capsule, corona radiata, external capsule, and superior longitudinal fasciculus) may increase
the risk of developing severe spasticity in the upper extremity.54-57 Additional neuroimaging
findings highlighted the importance of putamen58 as well as the supplementary motor area,
cingulate cortex and secondary somatosensory cortex in the development of spasticity and
related motor disorders after stroke18. By contrast, other studies did not indicate any lesioned
region within the territory supplied by the middle cerebral artery as being responsible for the
development of post-stroke spasticity.59
As a result of damage to the motor cortex, an imbalance in regulation of the descending
inhibitory and facilitatory signals on spinal reflexes of supraspinal origin occurs. 55,60,61 Studies
in animal models and with human imaging suggest the maladaptive role of the hyperexcitability
of the brainstem reticular system and its descending reticulospinal tract in developing
spasticity.45,62 Moreover, damage to the insula may result in disorders of the vestibulospinal
system, which may lead to hyperexcitability of the stretch reflex.63,64
At spinal level, the most credited hypothesis is that alterations in inhibitory mechanisms within
spinal neural circuitry are the main contributors to the excitation of the stretch reflex and thus
are mainly responsible for causing spasticity (Fig. 1).60
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Figure 1. Role of spinal neuronal circuitry in spasticity

Representative schematic of the main spinal circuits involved in the development of spasticity:
i. Ia afferent fibers originating from the muscle spindles have an excitatory monosynaptic
connection with the motor neurons (α MT) innervating the homonymous muscle and ii. an
inhibitory disynaptic reciprocal connection with the heteronymous motor neurons, providing
the pathway for reciprocal inhibition; iii. Ia afferent fibers also connect with presynaptic
inhibitory interneurons; iv. Ib fibers originating from the Golgi tendon organ connect with
inhibitory interneurons, providing an inhibitory synapse onto the motor neurons innervating the
homonymous muscle; v. recurrent inhibition of motor neurons through the activation of
Renshaw cells, providing a negative feedback loop.

Firstly, the excitation of Ia afferents originating in the muscle spindle, underlies the tendon jerk
and thus contributes mainly to the excitation of the stretch reflex65. Other contributions include
postsynaptic pathways (Ib inhibition66, recurrent inhibition via motor axon collaterals and
Renshaw cells67, dysynaptic reciprocal Ia inhibition68) and presynaptic mechanisms
(presynaptic Ia inhibition69 and post-activation depression70-72).73,74 It is likely that the different
spinal mechanisms may have different roles in different patients, since unequal impairment of
the two presynaptic mechanisms was even observed in patients after stroke.75
Finally, that reflex hyperexcitability develops after a variable period of time following the
primary lesion suggests that neural plasticity occurs at the spinal and supraspinal level as well.60
Axonal collateral sprouting with conversion of previously inhibitory synapses into excitatory
ones, and denervation hypersensitivity due to receptors upregulation are possible causal factors
of spasticity that have been investigated.75
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1.4.2 Secondary changes in muscle and connective tissue
Secondary changes in mechanical properties of muscles can occur after central nervous system
lesion.76,77 Length-related changes in the muscle-tendon complex (result of loss of the number
of sarcomeres in series along the myofibrils and increase of the proportion of connective tissue
in the muscle), either caused by weakness or altered muscle contraction, lead to stiffness of soft
tissue and ultimately to contractures with fixed shortening of tissues and reduced range of
movement.78,79 This in turn reduces the muscle compliance, enhances the activation of the
muscle spindle and contributes to the increase in muscle tone.80
The temporal evaluation and causal relation between either spasticity or weakness and
contracture development in the upper limb were investigated and findings showed that
spasticity can cause contracture within the first few months after stroke. However, weakness is
the main contributor to activity limitations.81,82
1.5

MEASUREMENT OF SPASTICITY

1.5.1 Clinical scales
Clinically, spasticity is often tested by manual evaluation of passive movement resistance
without specific testing of stretch reflex responses. Measurements are mainly limited to clinical
scales such as the Ashworth scale83 and Tardieu scale84 and their variations. These are easy to
use and widely adopted in clinical practice but have limited validity and questionable
reliability.85-87 Moreover, at present there is no clear consensus regarding how clinically rate
spasticity and especially whether attributing an increase in muscle resistance exclusively to a
hyperactive stretch reflex is accurate. As discussed above, pathological changes in passive
muscle properties, especially in elasticity, may also contribute to stretch resistance and thus
confound the test result.
The modified Ashworth scale (MAS) is a six-point ordinal scale used to assess the perceived
resistance encountered during passive muscle stretching. Its validity is questionable since the
reflex responses in the stretched muscle are not discriminated from non-reflex muscle
components, and because the velocity of passive movement is not taken into account.83,88
Moreover, a reduced range of joint movement due to contractures might limit its reliability.89
The Tardieu scale may be a more appropriate measure of spasticity since it evaluates the
velocity of passive movements, as well as the angle at which a catch or clonus is felt and
potential tendon retraction.90 Nevertheless, this scale may not reflect the neural origin of
spasticity. Its validity and reliability are still limited and have been evaluated mostly in children
with cerebral palsy.18
1.5.2 Electromyography and quantitative measures
Electrophysiological and biomechanical techniques may complement clinical scales by
objectively quantifying the degree of spasticity in a more sensitive and reliable way.91-93
Biomechanical evaluation of spasticity was introduced by Evert Knutsson in 197694 and since
then various devices and techniques have been developed.52,53,95-97
10

Electromyography has been added and coupled with other methods (such as hand-held
dynamometers98,99) to determine the reflex-mediated muscle activity and distinguish it from
passive movement resistance.48,100,101 The H-reflex (i.e., Hoffman reflex) and F-waves, as well
as the increase in H/M or F/M ratio (i.e., ratio between H-reflex or F-waves and M-response,
i.e., the maximal electrical stimulation of a motor nerve)102, the co-contraction index103,104 or
the novel A-ApA index105 (calculated with the root mean square of agonist muscle activity by
the mean between the root mean square of agonistic and antagonistic muscle activations) are
different measure to estimate spasticity based on electrophysiological assessment.
Unfortunately, the involved technology seems often to be too demanding and time consuming
for routine clinical use.
The tonic stretch reflex threshold (TSRT) indicates the minimal joint angle at which abnormal
motoneuronal recruitment begins when the muscle is at rest and there is no motion, which
distinguishes it from the stretch reflex threshold (SRT), i.e., the joint angle at which
motoneuronal recruitment begins for a specific velocity of stretch.106,107 SRT has been
suggested to be a functionally relevant measure of upper and lower limb spasticity, but it is
difficult to quantify in clinical practice. In the latest years, TSRT testing has been incorporated
into a portable device to meet the needs of clinicians,108-110 and inter-rater reliability, minimal
detectable change and responsiveness of the method were determined.111
Continued research and optimization of similar devices are required to further understand and
to quantify spasticity and other non-neural components of increased muscle tone. Moreover, it
is important to provide normative data that can be used to define normal population-based
neuromuscular characteristics and to describe the effects of age, gender and anthropometric
variables on neural and mechanical properties of passive movement resistance.
1.5.3 NeuroFlexor method
The NeuroFlexorTM has been developed on the basis of a generally recognized need for more
valid and accurate methods to measure spasticity, and could be used in clinical research as well
as in guiding clinical interventions.112 The biomechanical algorithm used in the device has been
validated, and data on reliability and sensitivity to change of this method have been previously
described.113-117 The resistance opposing passive stretch is measured in Newton (N) and
recorded during a very slow movement, where it is very unlikely that a stretch reflex response
is elicited, and during rapid isokinetic movement with a velocity fast enough to ensure that a
stretch reflex response is elicited. That make it possible to distinguish and quantify the different
contributors to the resisting force: the force due to muscle contractions induced by stretch
reflexes (i.e., spasticity) and the viscous-elastic mechanical components.
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1.6

SPASTICITY MANAGEMENT

An accurate evaluation of spasticity is essential for both diagnosis and to optimize choice and
timing of treatment. Spasticity management comprises physical therapy, pharmacological
agents and surgical treatment.2,18,118 Choice of treatment options depends, as stated above, on
the underlying mechanisms that result in an increased resistance to passive movement.19
Increased resistance that is considered to be predominantly neural in origin might respond to
pharmacological medications, for example using intramuscular injection of botulinum toxin
A119 or to transcutaneous electrical nerve stimulation120. In contrast other methods, such as
stretching techniques would be expected to be more effective if the resistance is predominantly
due to increased elastic resistance in the muscles and connective tissue. It is important to
consider that the indications for the spasticity treatment refer only to the case in which the
condition is disabling.
There is now consistent evidence that focal spasticity and associated disabilities after stroke
may be reduced by treatment with intramuscular injection of botulinum toxin combined with
physiotherapy.118 Botulinum toxin injection causes a reversible neuromuscular blockade, with
late effect of both weakness and relaxation of overactive muscles in upper motor neuron
lesions.119 The muscles are as a result amenable to stretching and lengthening, with a final
positive impact in passive range of motion and disability scores.121 However, the effectiveness
of botulinum toxin treatment on walking is still debated.122
Non-pharmacologic interventions such as splinting or orthosis and strength or task-oriented
training programs may also reduce spasticity after stroke although more evidence is
needed.85,123 Regular stretching can reduce sarcomere shortening and improve the viscoelastic
properties of the muscles and other musculoskeletal structures, and help to increase or preserve
their extensibility as well as to reduce contracture, pain and spasticity.124-126 At present, physical
therapy represents the standard treatment for all patients with spasticity, however, further
studies should investigate the scientific evidence of effectiveness of this method.18
1.6.1 Electrical stimulation and the EXOPULSE Mollii method
Electrical stimulation by use of surface electrodes is a non-invasive therapeutic method used
in patients with upper motor neuron lesion to improve voluntary motor control by increasing
muscle strength, reducing spasticity and pain and increasing passive range of motion.127,128
Methods applied include transcutaneous electrical nerve stimulation (TENS), neuromuscular
electrical stimulation (NMES) and functional electrical stimulation (FES) that refers to the
process of combining the stimulation with a functional task. The mechanisms of TENS in
spasticity reduction are hypothesized to be mediated by activation of large diameter sensory
nerve afferents modulating abnormal interneuron activity in several spinal segments;
continuous somatosensory stimulation causing insensitivity to prolonged central excitation,
accompanied by lower corticomotor neuron excitability; stimulation of plasticity of the central
nervous system and synaptic reorganization of sensory and motor cortices.120,129 NMES
depends instead on delivering electrical pulses through the skin to repeatedly activate muscles.
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It was hypothesized that it induces improvements in spasticity by facilitating neuroplasticity of
the brain as well as within spinal cord circuitries (e.g., Ib inhibition, recurrent inhibition from
Renshaw cells, disynaptic reciprocal Ia inhibition, presynaptic inhibition of Ia terminals and
post-activation depression).130
Electrical stimulation can be effective in improving spasticity-related outcome measures within
the ICF domains1 of body structure and function (e.g., clinical MAS) as well as activity (e.g.,
walking), especially if used as an adjunct to conventional therapy (e.g., intramuscular
botulinum toxin) or another active intervention for improving function of affected limbs.120,131133

Brain lesion location may influence the therapeutic effect of electrical stimulation. Motor
function seems in fact to improve after electrical stimulation treatment in the absence of lesions
in basal ganglia while high grade lesions of the periventricular white matter area can prevent
any therapeutic effect.134
The EXOPULSE Mollii method is an innovative approach designed to reduce disabling
spasticity and improve motor function, through the mechanism of reciprocal inhibition.135 By
applying electrical stimulation at low frequencies and low intensities, The EXOPULSE Mollii
provides sensory input but does not directly elicit muscle contractions, similarly to TENS.
Growing experiences from clinical use of Mollii and pilot studies in patients with stroke and
cerebral palsy suggest certain benefits of this treatment.136-139 However, the specific effect of
the method on post-stroke spasticity remain unstudied.
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1.7

POLIOMYELITIS,
SYNDROME

LATE

EFFECTS

OF

POLIO

AND

POST-POLIO

There is still a need to better understand the neuromuscular changes resulting from damage to
descending motor pathways at different levels, i.e. lesions to the upper motor neuron as well as
to the lower motor neuron, such as in post-polio syndrome. Damage to α motor neurons does
not result in spasticity development but is associated with extensive remodeling of muscle and
connective tissue, worthy of further investigation.
Poliomyelitis is a viral disease affecting the anterior horn cells and leading to flaccid paralysis
with residual neurological deficits over time. The term late effects of poliomyelitis describes
impairments that arise in poliomyelitis survivors and resulting in deterioration of functions over
the decades.140 They are often consequences of biomechanical alterations due to
musculoskeletal deformities of affected limbs, osteopenia or osteoporosis and residual
weakness but are also impairments related to comorbidity or aging.141 Progressive post-polio
syndrome (PPS) refers specifically to a complex of symptoms (i.e., progressive muscle
weakness, fatigue and pain) that may occur after a period of functional and neurological
stability of many years following the initial episode of poliomyelitis, which affect function,
activity, participation and quality of life of the patients.140,142
A total of 12-20 million people have polio sequelae worldwide with the risk of developing PPS
according to Post-Polio Health International.143 The prevalence of PPS ranges widely between
20 and 75%, with the highest percentage in individuals that had previously paralytic polio
illness.144 In Sweden, around 10 000 – 15 000 people are estimated to have progressive PPS
and late effects of polio, making paralysis following poliomyelitis the most common
neuromuscular disorder.145
1.8

LOSS OF STRENGTH, PAIN AND FATIGUE

The key clinical features of PPS are progressive and persistent new muscle weakness or muscle
fatigability, general fatigue, pain and cold intolerance.141
Muscle strength declines slowly over the years in polio survivors with or without PPS,
decreasing about 1-2.5 % annually after the age of 50.146,147 The inter-individual variability is
however, relatively high. The progressive muscle weakness is associated with change in
physical mobility, as findings reported an average loss of 15% of quadriceps strength over 10
years was associated with about 6% of decline in walking capacity.148 Gender might be a
contributing factor to the progressive decline in muscle strength, with a higher rate of decline
in males.149 Nevertheless, clear prognostic factors have not yet been identified.
Fatigue is multidimensional in individuals with polio sequelae and usually reported as the most
disabling symptom.150 About 90% of individuals with PPS complains of fatigue mainly
physical in origin. Mental fatigue (decreased mental endurance) can also occur. Stress,
depression and reduced self-efficacy have been identified as important contributors (potentially
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modifiable) to generalized and mental fatigue, while pain and limited physical activity
contribute to physical fatigue.140,150
Pain occurs in more than 50% of patients with PPS and is associated with poor physical
activity151 and higher level of depression.140,152 It is most common in females, young
individuals or patients who have had a long stable period.153 Muscle and joint pain is related to
overload of muscles, tendons, and joints.145 Biomechanical changes secondary to
musculoskeletal deformities from the underlying poliomyelitis as well as other superimposed
neurological conditions may also cause pain.140,145
1.9

PATHOPHYSIOLOGY OF POST-POLIO SYNDROME

In spite of the high prevalence, the exact pathophysiology of PPS is still unclear. An imbalance
between multiple processes is hypothesized, including mechanisms of muscle denervation and
reinnervation, loss of motor units secondary to overuse, morphological changes due to ageing
process, reactivation of residual poliovirus, and mostly inflammatory and autoimmune
processes.154-157 Robust evidence suggests that inflammatory processes at the spinal cord level
and in the skeletal muscle play a significant role in the pathophysiology,156,158,159 and they may
serve as a target for therapeutic approaches.157,160 However, the relationship between
inflammatory mediators and the clinical progression of PPS is still unclear, and developing a
better understanding of post-polio pathophysiology is therefore necessary.
Finally, alteration of the muscular architecture refers mainly to the decreased number in motor
units of increased size, due to the reinnervation mechanism after acute polio infection, often
associated with fibrosis and steatosis of muscle fibers.155,161,162
1.10 DIAGNOSIS OF POST-POLIO SYNDROME
Post-polio syndrome is an exclusion diagnosis based on clinical criteria aimed at evaluating
muscular atrophy and muscle dysfunction. The recommended criteria established by March of
Dimes International Conference on Post‐Polio Syndrome163,164, include:
1. Prior paralytic poliomyelitis with evidence of motor neuron loss, as confirmed by history
of the acute paralytic illness, signs of residual weakness and atrophy of muscles on
neurological examination, and signs of denervation on electromyography
2. A period of partial or complete functional recovery, followed by an interval (usually 15
years or more) of stable neurological function
3. Gradual or sudden onset of progressive and persistent new muscle weakness or abnormal
fatigability (decreased endurance), with or without generalized fatigue, muscle atrophy, or
muscle and joint pain
4. Symptoms should persist for at least a year
5. Exclusion of other causes.
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Currently, there is no cure for PPS and individual treatment includes physical rehabilitation,
adaptive and orthotic equipment, and mobility aids to manage the symptoms and to improve
quality of life of the patients.142 However, improving knowledge of the pathophysiology of the
underlying processes may help to open up for new treatment strategies and to potentially
identify whether there are subgroups of patients who may benefit from selected medical
intervention.
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2 RESEARCH AIMS
The overall aim of this thesis project was to improve methods of assessment of sensorimotor
impairments after central or peripheral nervous system lesions by the use of standardized and
valid objective measurement tools. The analysis of resistance contributions to passive
movement using a biomechanical model would lead to enhanced detection and accuracy of
spasticity and passive muscle changes in neurological disorders, such as stroke and post-polio.
Specific aims for the four studies were:
Study I: To provide NeuroFlexor hand module normative data from healthy adult subjects and
to define cut-off values for neural and mechanical contributions to resistance to passive muscle
stretch. Secondly, to use these data to evaluate spasticity at the wrist and fingers in patients
recovering from stroke.
Study II: To assess the validity and the reliability of the novel NeuroFlexor foot module to
evaluate resistance to passive stretch of the foot. Secondly, to provide reference data from a
representative sample of healthy adult subjects and to establish cut-off values for the active and
passive components of the resisting force.
Study III: To examine the immediate response to the electrical stimulation provided by the
EXOPULSE Mollii Suit with regard to reduction of objective signs of spasticity, measured
with the NeuroFlexor instrument.
Study IV: To characterize the response to passive muscle stretch with the NeuroFlexor
instrument in subjects with prior paralytic poliomyelitis, with or without a diagnosis of
progressive post-polio syndrome. Secondly, to compare the mechanical properties of priorpolio muscles with the characteristics in a reference population, and to explore the potential
correlation between the NeuroFlexor components, muscular fatigue and pain.
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3 MATERIALS AND METHODS
An overview of the research questions, study design, study population and data collection, is
illustrated in Table 1.
Table 1. Summary of research questions, study design, number of participants and methods of the four studies
Principal
methods

Study

Research questions

Design

Participants

Study I

Are the NeuroFlexor components related
to the anthropometric variables or age?
Can use of normative data for the neural
and non-neural components of the
resisting force, obtained from a large
cohort of healthy subjects, aid early
detection of upper limb spasticity after
stroke?
Do MAS ratings correspond to
pathological NC values?

Crosssectional
study

N= 107 healthy
subjects and
N= 39 subacute stroke
patients

NeuroFlexor
hand module
MAS
a- and pROM
Jamar isometric
dynamometer

Study II

What are the neuromuscular responses
to passive stretch in a healthy population
defined using the NeuroFlexor foot
module?
Can the NeuroFlexor foot module
provide an accurate estimation of reflex
and mechanical components of muscle
resistance in the lower limb?
Can this novel tool be a measurement
method for clinical decision making?

Crosssectional and
test – retest
design

N= 73 healthy
subjects and
N= 15 chronic
stroke patients

NeuroFlexor
foot module
EMG
MAS
a- and pROM

Study III

Can the NeuroFlexor hand and foot
modules measure immediate effects of
60 min of treatment with the
EXOPULSE Mollii suit at different
stimulation frequencies on spasticity?
Do subjective perceptions during
treatment with the EXOPULSE Mollii
differ with stimulation at different
frequencies?

Double-blind
controlled,
randomized,
cross-over
study

N= 20 chronic
stroke patients

NeuroFlexor
hand and foot
modules
EMG
MAS
a- and pROM
Standardized
questionnaire

Study IV

Which are the mechanical and reflexrelated resistance components in a
cohort of patients with prior-polio
assessed with the NeuroFlexor hand and
foot modules?
Do the mechanical properties differ from
normative data previously collected?
Are the mechanical properties related to
muscle atrophy, perceived fatigue and/or
pain?

Exploratory
observational
study

N= 19 patients
with prior polio

NeuroFlexor
hand and foot
modules
a- and pROM
Jamar isometric
dynamometer
Biodex
dynamometer
MRC
FSS
MFI-20
VAS

Abbreviation: a- and pROM: active and passive range of motion; EMG: surface electromyography; MAS: Modified
Ashworth scale; MRC: Medical Research Council scale; FSS: Fatigue Severity Scale; MFI-20: Multidimensional
Fatigue Inventory; VAS: Visual Analog Scale.
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3.1

STUDY SETTINGS

Studies were carried out at the regional University Department of Rehabilitation Medicine at
Danderyd Hospital, Stockholm, Sweden. The department provides qualified rehabilitation
interventions by multi-professional teams to individuals living in the Stockholm region and in
need of specialized rehabilitation interventions. Patients suffer an acquired brain injury, or
congenital or acquired brain injury at a young age or residual conditions after poliomyelitis and
long-term pain.
Inpatient rehabilitation is provided to adults of working age (18 – 70 years) in the sub-acute
phase after acquired brain injury. Outpatient rehabilitation units are dedicated to provide
rehabilitation interventions after the sub-acute phase or long-term.
Post-polio outpatient clinic offers comprehensive rehabilitation interventions to adult patients
(> 18 years) with late effects of polio or post-polio syndrome, including physical and
psychological problems and social issues.
3.2

RECRUITMENT

A total of 93 patients (74 patients in different phases after stroke and 19 patients with prior
polio) and 180 healthy subjects were recruited between February 2015 and June 2021.
Stroke patients in Study I were extracted from the ProHand study cohort, a longitudinal study
carried out at the Department of Rehabilitation Medicine, Danderyd Hospital, between March
2013 and September 2019 (ClinicalTrials.gov Identifier: NCT02878304). Eligible participants
for Study II and IV were recruited from patients referred to the outpatient rehabilitation unit
and post-polio unit at Danderyd Hospital, respectively. Finally, eligible participants for Study
III were identified from primary health care units located in Stockholm, Sweden, by
physiotherapists who informed the patient about the study and asked for consent for the study
coordinator to make contact.
Healthy subjects were employees and students of Danderyd University Hospital, Stockholm,
Sweden, or individuals interested in enrolling in a research study.
3.2.1 Study population
3.2.1.1 Study I
The participants in this first study comprised 107 healthy adult subjects (55 women and 52
men; 44.5 mean age ± 14.0 years, range 20 to 68 years) and 39 patients (13 women and 26
men; mean age 55.4 ± 8.3 years, range 33 to 69 years) in the sub-acute phase after stroke (i.e.,
mean time from onset to inclusion was 2 – 4 weeks).
3.2.1.2 Study II
Seventy-three healthy adult individuals (47 women and 26 men; 41.0 mean age ± 12.6 years,
range 20 to 70 years) and fifteen patients (4 women and 11 men; 51.1 mean age ± 11.9 years,
range 32 to 71 years) in the chronic phase after stroke (i.e., ≥ 6 months after onset) were
included in Study II.
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3.2.1.3 Study III
A sample of 20 chronic stroke patients (i.e., ≥ 12 months after onset) was included in Study III
(7 women and 13 men; 58.8 mean age ± 13.1 years, range 28 to 79 years).
3.2.1.4 Study IV
A total of 19 patients (10 women and 9 men; 51.7 mean age ± 19.0 years, range 20 to 77 years)
with history of paralytic poliomyelitis, with or without diagnosis of progressive PPS, were
recruited in Study IV. In addition, normative data based on the healthy individuals included in
Study I and Study II were used for comparative purposes.
3.2.2 Inclusion and exclusion criteria
The inclusion and exclusion criteria for all studies are summarized in Table 2. Eligible patients
who regularly received botulinum toxin injections could be included in Study II and III only if
their latest treatment was at least 3 months before the study assessment and no new treatment
was scheduled during the study period. Patients with ongoing pharmacological treatment for
management of spasticity (e.g., with Baclofen), could participate in Study III only if the
treatment regimen had been stable for at least 3 months.
Healthy subjects were volunteers with no history of neurological or rheumatologic disease.
Table 2. Inclusion and exclusion criteria

Inclusion criteria

Exclusion criteria

First ever stroke
Hemiplegia of upper and/or lower
extremity
Clinical diagnosis of spasticity
Limited activity in the upper extremity
Limited ability to walk
History of paralytic poliomyelitis
Presence of any other neurological or
rheumatologic disorder
Cerebellar lesions
Presence of any other severe concomitant
disease, uncontrolled epilepsy or blood
pressure;
Major surgery during the last year
Limited range of motion of wrist and/or
ankle
No objective sign of spasticity according
to NeuroFlexor hand module measure
Any implanted medical devices
Pregnancy
BMI > 35
Inability to understand oral and written
information

Study
I
X
X

Study
II
X

Study
III
X
X

X

X

X
X
X

Study
IV

X
X

X

X

X

X
X

X

X

X
X

X

X
X
X

X
X

X

X

X
X
X
X

X
X
X
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3.3

INTERVENTION

The EXOPULSE Mollii method (Figure 2) was developed by the Exoneural Network AB
(Danderyd, Sweden) and represents an innovative approach for non-invasive and selfadministered electrical stimulation. It was designed to reduce disabling spasticity and improve
motor function.
Figure 2. The EXOPULSE Mollii suit

The figure has been reproduced with permission from
Exoneural Network AB

The EXOLPULSE Mollii suit (Class IIa for medical device CE marking) consists of a tightfitting jacket and trousers incorporating 58 electrodes positioned to potentially stimulate a total
of 40 muscles throughout the body. Only a subset of the electrodes were activated for each
participant of Study III. Choice of electrodes was based upon an initial clinical evaluation of
the degree of spasticity performed by a physiotherapist, in order to apply the electrical stimulus
specifically to the antagonists of muscles identified as spastic for each individual.
The electrical stimulation delivered through the EXOPULSE Mollii was applied at two active
frequencies (20 and 30 Hz) and an “OFF” setting in a randomized order, every second day.
Twenty Hz was chosen as this was the frequency commonly adopted in clinical practice at the
time of the study, and 30 Hz represented the maximum frequency anticipated by the suit. The
“OFF” setting was a sham inactive stimulation at 0 Hz.
For further details, please refer to Scientific paper III.
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3.3.1 Randomization
In Study II, the order in which the assessments with the NeuroFlexor foot module were
performed at the different isokinetic velocities, was randomized to minimize order effects by
using a random number generator. The three sequences were: (a). 5, 120, 180, 240 deg/s; (b).
120, 5, 240, 180 deg/s, and (c). 240, 120, 180, 5 deg/s.
In Study III, the randomization of the order in which the frequencies of the electrical
stimulation delivered through EXOPULSE Mollii suit were tested on patients, was performed
using a block design, by a physiotherapist not otherwise involved in the study.
3.4

DATA COLLECTION

In Study I, II and III testing was performed in a single session. A health status questionnaire
was administered and anthropometric measurements such as height, body weight, hand and/or
foot length, and forearm and/or calf circumference recorded. All assessments were performed
by the same medical doctor experienced in stroke rehabilitation. The evaluation took 2 – 2.5
hours in most cases.
In Study III, a physiotherapist and a medical doctor blinded to the frequency of stimulation
conducted the clinical assessments before, during, and after each intervention session on day
1, 2, and 3. Evaluations took 1 – 1.5 hours in most cases.
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A list of assessment methods used in Study I – IV, is presented in Table 3 according to the
International Classification of Functioning, Disability, and Health domains of body structure
and function (ICF).1
Table 3. Assessments of body function, activity and participation limitations adopted in the four studies
ICF-domain
Body function

Assessment methods

Targeted Functioning

Study
I
X

Study
II
X

Study
III
X

X

X

X

X

Study
IV
X

NeuroFlexor method

Neural and mechanical
components

Surface
electromyography

Reflex muscle activity

Goniometer

Active and passive
range of motion

X

Jamari isometric
dynamometer

Maximum voluntary
contraction (MVC)
during power grip

X

Biodex dynamometer

Maximal isometric
ankle dorsiflexion

Modified Ashworth scale
(MAS)

Spasticity

Medical Research
Council scale (MRC)

Muscle strength

X

Visual Analog Scale
(VAS)

Pain

X

Fugl-Meyer scale for
upper (FMA–UE) and/or
lower extremity (FMA–
LE)

Sensorimotor function
including voluntary and
passive movement,
tactile sensibility to light
touch, proprioception
and pain

Body function,
activity and
participation

Fatigue Severity Scale
(FSS)

Fatigue

X

Multidimensional Fatigue
Inventory (MFI-20)

Fatigue

X

Body function,
activity

Standardized
questionnaire

Subjective Perceptions
of the use of the
EXOLPULSE Mollii
suit

* Method used to assess patient characteristics.
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X

X

X
X

X

X

X

X*

X

3.4.1 NeuroFlexor method
The NeuroFlexor™ method (Aggero MedTech AB, Älta, Sweden) allows to quantify the
relative contributors to the passive movement resistance during wrist extension or ankle
dorsiflexion, i.e., the neural component and passive muscle components reflecting changes in
mechanical properties such as viscosity and elasticity.
Figure 3. NeuroFlexor hand module

The figure has been reproduced with permission from Aggero
MedTech AB

The method was developed using Koo and Mak’s neuromusculoskeletal model165, which
simulates the resistance of the muscles and connective tissue opposing a constant angular
velocity on elbow extension.
To allow calculation of the different contributors, resistance is recorded by the NeuroFlexor
instrument both at a very slow movement (5 deg/s), during which it is very unlikely that a
stretch reflex response is elicited, and also during rapid isokinetic stretch with a movement
velocity fast (236 or 240 deg/s) enough to ensure that a stretch reflex response is elicited, as
shown in Figure 4.
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Figure 4. NeuroFlexor force traces

Resistance profiles (N, newton) during slow and fast velocity movements in a stroke patient. Blue traces
show the angle of ankle movement (from plantarflexion to dorsiflexion). Red traces show resisting force.
Three time points are: P3 1 s after slow passive stretch; P1 and P2 during the fast movement. Measured
value of neural component was 63.99 N, elastic component 71.98 N and viscous component 2.93 N.

Elastic component (EC) is the length-dependent resisting force that increases as muscles
and tendons are stretched. EC is expressed such that high EC reflects lower elasticity of tissues.
It is recorded 1 s after the onset of the slow stretch movement (at P3).
Viscous component (VC) is the velocity-dependent resisting force produced by friction from
neighbouring tissues, for example sliding muscle fibres. VC is highest during the initial
acceleration and continues at a lower level during the remaining muscle stretch. It is thus
composed by an early viscosity recorded at the first amplitude peak during acceleration phase
(P1), and a late viscosity measured at the end of the movement (P2), which is equal to
approximately 20% of the initial viscosity.
Neural component (NC) is the active force produced by muscle contractions induced by
stretch reflexes. NC is estimated at the maximal stretch at the end of the movement (P2) by
subtracting EC and VC from the total force, measured in Newton (N).
The biomechanical model was initially applied to the NeuroFlexor hand module, and data on
the validity, reliability and sensitivity to anti-spastic treatment change of this method have been
previously described.112,114,117
3.4.1.1 Acceleration profiles
Inertia is one of the contributors to the total resistance calculated by the biomechanical
algorithm incorporated in the NeuroFlexor instrument as IC = m X a, where m is the mass of
the hand or foot in kg, and a is the acceleration in m/s2. The mass is estimated in the model as
percentage of the total body weight, i.e., 0.6% for the hand and 1.3% for the foot. The
acceleration of the NeuroFlexor hand module was previously determined and increased
consistently with stretch velocity.112 A series of experiments performed both in healthy subjects
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and post stroke patients, determined the rate of acceleration (in deg/s2) of the NeuroFlexor foot
module for different stretch velocities, as presented in Table 4.
Table 4. Rate of acceleration of the NeuroFlexor foot module
NeuroFlexor hand module
Stretch velocity
71 deg/s
142 deg/s
236 deg/s

Linear Acceleration
9.50 m/s2
11.80 m/s2
21.00 m/s2

NeuroFlexor foot module
Stretch velocity
120 deg/s
180 deg/s
240 deg/s

Acceleration
5.42 deg/s2
9.42 deg/s2
16.13 deg/s2

3.4.1.2 Procedure
A series of pilot tests were conducted both in healthy subjects and post stroke patients in order
to optimize the NeuroFlexor foot module assessment protocol, and to investigate the effect of
various knee and ankle joint positions on the resisting force.
Firstly, the knee joint was set at 90, 60, 45 and 30 degrees from the maximal knee extension to
examine the relative contribution of the gastrocnemius and soleus muscles to the passive stretch
response. As a biarticular muscle, the fascicle length of medial gastrocnemius muscle both
increases with the dorsiflexion of ankle and decrease with the flexion of knee, and thus may
influence the elastic contributor to the resistance.166 Assessments with the higher degrees of
knee flexion turned out to be not feasible due to excessive level of resistance developed in the
lower extremity.
The ankle joint was set at a starting angle of 50, 40 and 35 degrees of plantarflexion to a final
angle of 0, 5 and 10 degrees of dorsiflexion. The choice of the ankle range of movement was
based on the concept that an angle of 5 / 10 degrees of ankle dorsiflexion is required to achieve
foot clearance during the swing phase of gait. It was hypothesized that at least a sub-sample of
patients could achieve this range of passive movement. The final assessment procedure defined
for the lower extremity, is reported below.
The measurement with the NeuroFlexor hand module followed a previously developed
standardized protocol.114 The participants were seated comfortably, with the shoulder in a
slightly abducted position and the elbow in 90 degrees of flexion, the forearm in pronation and
the hand placed on the device platform. Passive extension movement of the wrist were
completed at two isokinetic velocities, slow (5 deg/s) and fast (236 deg/s), from a starting wrist
angle of 20 degrees of palmar flexion to 30 degrees of extension, for a total range of movement
of 50 degrees.
The assessment with the NeuroFlexor foot module was conducted similarly with the
participants in sitting position and instructed to relax. Passive dorsiflexion movement of the
ankle were performed at 5 deg/s and 240 deg/s, from 35 degrees of plantarflexion to 5 degree
of dorsiflexion (or -5 degrees in case of limited range of motion).
Dedicated software (NeuroFlexor Scientific, Release 1.0.0) calculated the value of NC, EC and
VC by averaging the resisting forces of the latest four slow and nine fast passive movements
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(the first movements of both velocities were excluded to limit contamination by startle
response).
3.4.2 Surface electromyography
Surface electromyography (EMG) of the flexor carpi radialis, gastrocnemius, and soleus
muscles recordings were synchronized with the NeuroFlexor assessment in order to measure
the response evoked by stretching of the muscle at controlled velocities. The EMG signal
amplitude reflects the muscle over-activity caused by the velocity-dependent exaggeration of
the stretch reflex, which is consistent with the definition of spasticity by Lance.47
Disposable Ag/AgCl surface electrodes were placed in a belly-tendon montage aligned with
the muscle fibers using the SENIAM electrode placement guidelines.167
3.4.3 Clinical measures
3.4.3.1 Passive and active range of motion
A goniometer was used to measure passive and active range of motion (ROM) of the wrist
and/or ankle in order to evaluate any limitation in joint movement related to changes occurring
in soft tissue, and moreover, to minimize the risk of discomfort or injury during NeuroFlexor
assessment.
3.4.3.2 Jamari isometric dynamometer and Biodex dynamometer
Jamar isometric dynamometer (Digital Hand Dynamometer, Saeham, South Korea) was used
to measure the maximum voluntary contraction (MVC) during power grip. The Biodex®
Multi-Joint System 3 PRO dynamometer (Biodex Medical, Shirley, New York, USA) was used
to assessed the maximal isometric ankle dorsiflexion (peak torque). Measurements of these
lower limb muscles is important since weakness affects often the ankle dorsiflexor muscles in
individuals after prior polio, increasing walking difﬁculties and reducing balance with impact
on daily activities and participation.168,169 Three maximal isometric measurements of the flexor
muscles of the hand and of the dorsiflexor muscles were performed, and the mean value from
the three attempts was recorded.
For further details regarding the procedure of Biodex measurements, please see Scientific paper
IV.
3.4.3.3 Modified Ashworth scale
Modified Ashworth scale83 (MAS) assesses clinical ratings of resistance to manual stretch on
a six-point ordinal scale. The scale varies from 0, which represents no spasticity, and 4, in
presence of muscle rigid in flexion or extension. The modified version of the scale presents an
addition grade (1+, i.e., “Slight increase in muscle tone, manifested as a catch, followed by
minimal resistance through the remainder (less than half) of the range of motion”) compared
to the original version, and was developed since patients present usually low level of spasticity.
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For analysis and interpretation of the data, the grades were converted as: 1+ to 2, 2 to 3, 3 to 4
and 4 to 5.
In spite of its limitations170,171, the scale is widely applied in clinical practice and research, and
therefore was used for comparison with previous studies.
3.4.3.4 Medical Research Council scale
Medical Research Council scale172 (MRC) assesses the muscle strength in the upper and lower
extremities, and was used to assess shoulder abductors, elbow flexors and wrist extensors, and
hip flexors, knee extensors and foot dorsiflexors, respectively, grading from 0 for no movement
observed, to 5 in case of normal muscle contraction against resistance, for a total score of 60.
3.4.3.5 Fugl-Meyer scale
Fugl-Meyer assessment for upper (FMA-UE) and lower extremity173 (FMA-LE) measures
sensorimotor functions including voluntary and passive movement, tactile sensibility to light
touch and proprioception, and pain during passive range of motion. The maximum scores are
126 and 86 points, respectively, with a lower score indicating more severe impairment. The
scale is a reliable and valid instrument for measuring upper and lower limb impairment after
stroke.174-176
3.4.3.6 Fatigue Severity Scale (FSS)
The Fatigue Severity Scale (FSS)177,178 is a 9-statements self-administered questionnaire rating
the severity of fatigue, and its effect on patient’s activities and participation. Each statement is
scored from 1 to 7. The sum of the 9 scores (ranging from 9 to 63) is then divided by 9 to obtain
the final score, with a higher final score corresponding to more severe fatigue which affects the
patient’s activities more negatively. A final score of 4 or higher is indicative of a moderate to
a high level of fatigue. The scale was originally designed to rate fatigue in multiple sclerosis or
systemic lupus erythematosus, but it is nowadays a valid and reliable tool used in different
patient populations.178-180
3.4.3.7 Multidimensional Fatigue Inventory (MFI-20)
The Multidimensional Fatigue Inventory (MFI-20)181 is a 20-item self-administered
questionnaire that assesses five different fatigue dimensions: general fatigue, physical fatigue,
reduced activity, reduced motivation and mental fatigue. Each item is scored from 1 to 4,
yielding a total fatigue score from 20 to 100. Higher finale score indicates a higher level of
fatigue, with a value > 60 defining severe fatigue. The Swedish version of MFI-20 is a valid
and reliable instrument for measuring fatigue in different patient populations.182
3.4.3.8 Visual Analog scale
Visual Analog Scale (VAS) assesses the intensity of pain on a 10 cm line, ranging from 0= no
pain, to 10= worst imaginable pain.183
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3.4.3.9 Study specific questionnaire
Participants of Study III were interviewed regarding their perception of the effects of
EXOPULSE Mollii, using a standardized semi-structure questionnaire developed by our study
group. The patients were asked to respond to the questions “How did you feel putting the Mollii
suit on?”, “How do you feel wearing the Mollii suit under stimulation?”, “Do you experience
any positive effects or negative effects or discomfort?”
The patients were also asked to rate the effort of putting the suit on and any discomfort during
the stimulation session, from 1 (no effort / no discomfort) to 10 (maximum imaginable effort /
discomfort).
3.5

DATA ANALYSIS

EMG data were acquired in Study II and III using Spike2 software (Version 7.12; CED) and
analysed off-line using custom-written programs in MATLAB R2021a (The MathWorks, Inc.,
Natick, Massachusetts, USA). A detailed description of the analysis procedure is reported in
the corresponding papers. Briefly, the EMG signals were amplified, sampled at 1 kHz and
rectified. The root mean square of the EMG signal, with a 50 ms sliding window, was computed
to generate the EMG amplitude during the whole NeuroFlexor passive movement.
3.6

STATISTICAL ANALYSIS

Statistical analyses were performed using IBM SPSS Statistics for Windows, Version 22.0,
26.0 and 27.0 (Armonk, NY: IBM Corp). P value of < 0.05 was considered to be significant.
An overview of the statistical methods adopted in each paper is presented in Table 5.
Descriptive statistics (mean ± standard deviation (SD), median and interquartile range (IQR),
minimum and maximum values, 95% confidence interval (CI), frequency and percentage) were
used to present baseline characteristics and outcomes, after assessing normality using ShapiroWilk’s test and graphically with boxplots, histograms and Q-Q plots. A natural log
transformation was applied to allow further analyses of skewed data.
Table 5. Statistical methods used in the four studies
Statistical methods
Analysis of difference
within and between
group(s)

Analysis of association

Analysis of variability
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Mann-Whitney U test
Independent t Test
Pared t Test
One way ANOVA
Repeated measures ANOVA
Two-way repeated measures ANOVA
Friedman test
Pearson’s correlation
Spearman’s rank correlation
Linear regression
Intraclass correlation coefficient

Study
I
X

Study
II
X

Study
III

Study
IV
X
X

X
X

X
X

X
X

X
X
X
X

X
X

X

X

In Study I and II, cut-off scores for NeuroFlexor hand and foot module components were
calculated by adding 3 SD to the mean. This conservative approach ensured that almost all
healthy subjects fall within the cut-off score and therefore that a measured value above the limit
could be considered pathological. Additionally, age and gender specific reference limits for
upper extremity were established using prediction reference limits (99 % CI) obtained from
linear regression. For the lower extremity, a Receiver Operating Characteristic (ROC) curve
analysis was used to validate cut-off values for neural component in function of limits of
normality (as mean + 2 SD) of the stretch induced EMG amplitudes.
A repeated measures analysis of variance (rm-ANOVA) was employed in Study II in order to
examine the difference in neural component quantified at three different stretch velocities both
in the stroke patients and healthy subjects. A non-parametric Friedman test confirmed the
differences in stroke patients’ NC depending on stretch velocities. Rm-ANOVA evaluated also
the potential spontaneous fluctuations in spasticity (i.e., difference in neural component and
NeuroFlexor total resistance) over the course of Study III. Two-way repeated measures
ANOVAs were conducted instead to examine the effects of stimulation delivered through
EXOPULSE Mollii at the different stimulation frequencies (OFF settings, 20 and 30 Hz).
Finally, one-way ANOVA using Tukey post hoc tests investigated group differences in
NeuroFlexor components in Study IV.
Gender differences were evaluated with Mann-Whitney U test in all the studies. The test also
compared the NeuroFlexor hand and foot module components quantified in healthy subjects
with the values measured in patients after stroke (Study I and II) or with prior polio (Study IV).
Independent t Test was conducted for normally distributed data.
Pearson’s correlation or Spearman’s rank correlation, when data were not normally distributed,
were conducted to test for relationships between age, participants’ anthropometric data and
NeuroFlexor variables in all studies. In addition, correlation tests investigated relationships
between EMG signal and NC as well as between the clinically scored muscle tone according
to MAS and the NeuroFlexor neural component (Study II and III). In Study IV, the correlation
analysis explored the relationship between the NeuroFlexor components and perceived fatigue
and pain. Corrections for multiple comparisons were done using Bonferroni corrections, to rule
out false positives.
Finally, a test-retest design over an interval of 10 minutes was used to assess intra-rater
reliability of the NeuroFlexor foot module (Study II). A two-way random effects model single
measure was used to generate an intraclass correlation coefficient model 2.1 (ICC2,1) with 95%
CI, rated based on Currier’s reliability level.184 A paired t-test was then used to assess any
systematic bias between the two sessions.
3.7

ETHICAL CONSIDERATION

All studies adhered to the declaration of Helsinki and were reviewed and approved by the
Swedish Ethical Review Authority, with diary numbers: 2014-77-32 (Study I), 2016/2213-31/2
(Study II), 2017/935-31 (Study III) and 2019-02604 (Study IV).
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Study III was registered as a clinical trial at https://clinicaltrials.gov/ct2/show/NCT04076878,
identifier: NCT04076878.
The rights, safety and well-being of all participants were preserved by obtaining written
informed consent to participate after written and oral information about the specific study, and
by maintaining confidentiality. Patients and healthy individuals were informed that they may
terminate participation at any time without explanation, and that this would not have any impact
on their further contacts with the health care system. All collected data were protected by the
Swedish Public Access to Information and Secrecy Act and were stored in coded records, with
the key only available to the investigators.
None of the study procedures were associated with any significant risk of serious adverse event.
The major measurement tool, the NeuroFlexor method, is CE certified185. The EXOPULSE
Mollii suit is CE certified and commonly used by patients for the treatment of spasticity and
pain. Electrical stimulation may interfere with monitoring equipment and should not be placed
close to transdermal drug delivery systems. For this reason, any implanted electrical device
was an exclusion criterion in Study III.
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4 RESULTS
The main findings of Studies I – IV are reported in summary form in this chapter. For further
details of the results, please refer to the corresponding scientific paper in the appendix.
4.1

NORMATIVE DATA AND CUT-OFF VALUES

Study I and II provided normative data for NeuroFlexor hand and foot modules from two large
cohorts of healthy subjects (N= 107 and N=73, respectively). Age, gender and anthropometric
measurements effects on the NeuroFlexor components of the upper and lower extremities were
described.
Age correlated inversely with EC measured in the upper extremity (r = −0.30, p = 0.01). In the
lower limb, there was no significant correlation between age and any NeuroFlexor component
(p > 0.22). In both extremities, there was no gender differences for NC and VC. However,
males had a statistically significantly higher EC compared to females both in the upper and
lower extremity (F = 12, p = 0.001 and U = 216, p < 0.001, respectively).
Elasticity represented the major contributor to the resistance to passive movement both in in
the upper and lower extremity. Values of mean ± SD or median (IQR) of NeuroFlexor
components are reported (in Newton, N) in Table 6.
Table 6. NeuroFlexor hand and foot modules components (Newton, N)

NeuroFlexor hand module

NeuroFlexor foot module
30° of ankle movement

40° of ankle movement

Neural component

0.8 ± 0.9

7.30 (6.41)

13.37 (7.97)

Elastic component

2.7 ± 1.1

28.13 (15.31)

47.13 (26.16)

Viscous component

0.3 ± 0.3

3.53 (1.24)

3.57 (1.29)

Mean ± SD or median (IQR).

Cut-off values for detection of spasticity in the upper and lower extremities were established
by adding 3 SD to the mean, and reported in Table 7. In the lower limb, two limits were
calculated respectively for the two range of muscle stretch, 30 and 40 degrees.
Table 7. Cut-off values for components of NeuroFlexor hand and foot modules (according to mean + 3SD)

NeuroFlexor hand module

NeuroFlexor foot module
30° of ankle movement

40° of ankle movement

Neural component

3.4

21.80

32.97

Elastic component

6.0

59.60

99.98

Viscous component

1.1

6.49

6.33

33

Additionally, specific limits of normality for the upper extremity were obtained from a linear
regression model with 99 % CI limits, and are here presented for the only component which is
affected by age and gender, that is elasticity.
Table 7. Reference limits for elasticity measured with the NeuroFlexor hand
module obtained from a linear regression analysis (99 % CI) related to age
and gender (N, newton)
30 years 40 years 50 years 60 years 70 years
Elastic component
All population

5.8

5.6

5.3

5.1

4.9

Male

6.6

6.2

5.8

5.4

5.1

Female

4.8

4.7

4.7

4.6

4.5

In the lower extremity, a Receiver Operating Characteristic (ROC) curve analysis was used to
determine cut-off value for NC, by discriminating between pathologic and non-pathologic
amplitude of the EMG signal recorded during the NeuroFlexor assessment. The cut-off value
identified for 30 degree stretch was 18.94 N, and 31.46 N for 40 degree stretch.
4.2

VALIDITY OF THE NEUROFLEXOR FOOT MODULE

Evidence of validity of the NeuroFlexor foot module was provided in Study II in two ways.
Firstly, the velocity dependence of the neural component was investigated by performing
passive dorsiflexions of the ankle at different controlled velocities. NC differed significantly
between velocities, both in stroke patients [F(1.3, 17.3) = 7.82, p = 0.008] and a sub-group (n=
18) of healthy subjects [F(1.3, 22.7) = 16.30, p < 0.001]. While NC increased significantly
across all velocities in healthy subjects, the increase in NC was significant only for passive
movements at 120 deg/s, or 180 deg/s, compared to 240 deg/s in stroke patients.
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Secondly, NC correlated significantly with the EMG response to soleus muscle stretches at all
velocities (p < 0.001), as shown in Figure 5. NC correlated also with EMG amplitude of
gastrocnemius muscle at 120 deg/s stretch (p = 0.005). Notably, no EMG responses were
visually detected during passive stretches at 5 deg/s and no significant correlation was found
between EC and EMG amplitude.
Figure 5. Scatterplot of NeuroFlexor neural component and electromyography response

Correlation between neural component and EMG amplitude of soleus muscle at different velocities of muscle
stretch: rs = 0.82, p < 0.001 at 120 deg/s; rs = 0.76, p < 0.001 at 180 deg/s and rs = 0.76, p < 0.001 at 240 deg/s.

4.3

RELIABILITY OF THE NEUROFLEXOR FOOT MODULE

Study II also explored the intra-rater reliability of the measurements with the NeuroFlexor foot
module. Reliability was good for NC within rater (ICC2,1 ≥ 0.899, 95% CI 0.70 – 0.97), high
for EC (ICC2,1 ≥ 0.909, 95% CI 0.72 – 0.97) and fair for VC (ICC2,1 ≥ 0.702, 95% CI 0.24 –
0.90).
4.4

APPLICATION OF THE NEUROFLEXOR METHOD

4.4.1 Diagnosis of spasticity
Healthy population-based cut-off values established in Study I and Study II proved useful for
detection of pathologically high neural and mechanical components of the resistance produced
during passive stretch of upper and lower extremities in stroke patients. Sixteen stroke patients
had NC values at or above the upper extremity cut-off value of 3.4 N (mean + 3SD) and six out
of 10 stroke patients presented pathological NC above the cut-off limit of 32.97 (mean + 3SD)
in the lower extremity (Fig. 6). The ROC curve analysis for NC, gave the same results.
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Figure 6. Scatterplot of the neural component in Newton (N) measured in stroke patients (triangles) and
healthy subjects (circles) with A. the NeuroFlexor hand module and B. the NeuroFlexor foot module

Stroke patients presented higher NC compared to healthy subjects, measured both in upper
(U = 1487.5, p = 0.008) and lower extremity (U= 19.00, p < 0.001). However, while NC
represented the main contributor to the total resistance of stroke patients’ upper limb, EC was
the component contributing the most in the lower extremity.
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4.4.2 Effects of electrical stimulation
Study III explored the feasibility of using the NeuroFlexor instrument to assess and compare
the immediate effects of the EXOPULSE Mollii on objective signs of spasticity at different
frequencies of stimulation.
At the group level, no significant effect was detected on NC measured in the upper and lower
extremity (p = 0.352 and p = 0.803, respectively), or on EMG amplitude recorded on the flexor
carpi radialis, gastrocnemius, and soleus muscles (p = 0.381, p = 0.644, and p = 0.625,
respectively). However, the variability in response to the electrical stimulation delivered
through the EXOPULSE Mollii was high at the individual level, especially in patients who
presented severe spasticity (i.e., NC ≥ 8 N36) at baseline. Fifty percent of patients presented in
fact a decrease of NC greater than 1 N (i.e., beyond the margin of measurement error of the
NeuroFlexor instrument) in the upper extremity, and 80% in the lower extremity, after 60
minutes of stimulation at 20 and/or 30 Hz, compared with before.
Figure 7 provides an example of reduction of NC accompanied by a reduction of EMG
amplitude of the flexor carpi radialis in a stroke patient, after one session of electrical
stimulation with EXOPULSE Mollii at 30 Hz.
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Figure 7. Example of NeuroFlexor force trace and electromyography signal before and after
stimulation with EXOPULSE Mollii

(A) NeuroFlexor hand module resistance profile during the fast velocity movement, before and after 60 min
of electrical stimulation with EXOPULSE Mollii at 30 Hz. Blue trace shows the angle of wrist movement,
from 20° of palmar flexion to 30° of extension. Bright red trace shows resisting force to the passive stretch
and the ticker dark red line shows resistance profile when the device ran without hand. Arrow shows the late
resistance toward the end of the movement (P2 time point). Values of neural component (NC) are reported
in Newton, N. (B) Electromyography (EMG) signal of the flexor carpi radialis recorded synchronized with
the NeuroFlexor assessment from onset (i.e., 20° of flexion) until full extension of wrist (offset, i.e., 30°).
The amplitude of EMG signal is reported in mV. After stimulation, a decreased NC was accompanied by a
reduced EMG amplitude (i.e., smaller burst in EMG signal in green). Published with permission of Frontiers
in Neurology.

4.4.3 Mechanical and stretch reflex resistance after prior-polio
Study IV characterized the different contributors to the resisting force produced during passive
wrist extension and ankle dorsiflexion in patients with prior poliomyelitis, with or without
diagnosis of PPS.
Both neural and elastic components turned out to be affected, both in the affected and non (or
less severely) affected limbs, defined based on evidence of prior poliomyelitis, such as
denervation or re-innervation, in EMG examinations previously performed. EC measured in
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the upper extremity was significantly lower in both sides compared to the healthy control group
[F(2, 128) = 10.587, p < 0.001 and p < 0.003 for post-hoc tests].
In the lower extremity, all NeuroFlexor components differed between groups, NC: F(2, 85) =
9.661, p < 0.001; EC: F(2, 85) = 7.654, p < 0.001; VC: F(2, 85) = 11.738, p < 0.001. NC was
significantly lower in the affected lower extremity compared to the contralateral side and the
healthy subjects’ extremity (p ≤ 0.001). EC and VC were significantly higher in prior polio
patients’ extremities compared to the healthy control group (p ≤ 0.040).
Table 9 confronts the NeuroFlexor components measured in healthy subjects, in patients with
prior polio and after stroke (in sub-acute and in chronic phase for the upper and lower extremity,
respectively).
Table 8. Comparison of the NeuroFlexor components (in Newton, N) between groups
Prior polio patients
Healthy
subjects

Variables
Upper
extremity

Lower
extremity

Stroke patients

Affected
side

Non / Less severely
affected side

Affected side

Neural
component

0.74 (0.98)

0.57 (1.25)

0.42 (0.45)

2.15 (6.80)

Elastic
component

2.69 (1.34)

1.55 (1.46)

1.69 (1.61)

3.51 (1.78)

Viscous
component

0.25 (0.31)

0.26 (0.71)

0.24 (0.55)

1.26 (0.92)

Neural
component

7.30 (6.41)

0.75 (9.39)

8.29 (12.78)

35.88 (45.13)

Elastic
component

28.13 (15.31)

29.65 (38.78)

46.28 (11.49)

72.32 (37.65)

Viscous
component

3.53 (1.24)

2.20 (1.07)

2.61 (0.59)

3.12 (2.06)

Median (IQR). Values in lower extremity assessed with 30 degree stretch.

The study investigated also the difference in NeuroFlexor components between subjects with
and without diagnosis of progressive PPS. Patient with progressive PPS had significantly
higher EC of the affected lower extremity, compared to patients without progressive PPS (U =
8.50, p = 0.019). No other difference in the upper or lower extremities was detected.
4.5

CORRELATION OF NEUROFLEXOR COMPONENTS WITH CLINICAL
OUTCOMES

The NeuroFlexor components and total resistance were compared with clinical measures of
spasticity, pain and fatigue across the four studies.
In Study I, eight stroke patients were rated as MAS score ≥ 1 in wrist and/or finger flexors, five
of which with NC below the normal limit. On the contrary, 10 patients with pathologically high
NC did not present clinical sign of spasticity according to MAS. There was a low positive
correlation between objective sign (NC) and clinical assessment (MAS) of spasticity of stroke
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patients’ upper extremity (rs = 0.36, p = 0.024). Moreover, total resistance correlated
significantly with MAS (rs = 0.41, p = 0.010).
In Study II, all stroke patients had a positive clinical MAS ratings in the gastrocnemius muscle
(mean 2.47 ± SD 0.92) and soleus muscle (2.47 ± 0 .99). The NeuroFlexor foot module NC
strongly correlated with MAS in the gastrocnemius muscle (rs = 0.58, p = 0.022) and soleus
muscle (rs = 0.64, p = 0.010). Total resistance did not significantly correlate with MAS, but
high values of total resistance were generally measured in patients with high MAS scores.
Finally, in Study IV, MAS showed no change during or immediately after a stimulation session
with EXOPULSE Mollii (p > 0.40), similarly to NC.
Pain intensity was rated according to FMA–UE and FMA–LE in Study III [median 24.00 (IQR
2) and 20.00 (1.00), respectively], and assessed on VAS scale in Study IV, where 53% of the
patients with prior polio graded a positive score [2.00 (5.00)]. VAS score correlated with NC
measured in the non or less severely affected arm of the entire population (rs = 0.72, p = 0.009)
and inversely with EC measured in the upper and lower extremities of the sub-group of patients
with diagnosis of progressive PPS (p ≤ 0.035).
Finally, both neural and mechanical components of the NeuroFlexor hand and foot modules
correlated significantly with different aspects of fatigue scored according to FSS [median 5.22
(IQR 1.67)], and MFI-20 [58 (22)] in patients after prior polio (Study IV). The main
associations between NeuroFlexor components and fatigue are reported in Table 10, both at
level of the group-as-a-whole and specifically in the sub-group of patients with diagnosis of
progressive PPS.
Table 9. Relation between NeuroFlexor components and fatigue in patients with prior polio
Prior polio patients
(N= 19)

Lower extremity

Upper extremity

Variables

Patients with progressive PPS
(n= 13)

Non/Less severely
affected side

Affected side

Non/Less severely
affected side

Affected side

NC

EC

VC

NC

EC

VC

NC

EC

VC

NC

EC

VC

0.77**

-0.62*

-0.69*

0.38

-0.17

-0.31

0.83*

-0.67

-0.91**

0.83*

-0.28

-0.58

MFI-20

0.48

-0.29

-0.60*

0.56

-0.13

-0.66*

0.71*

-0.57

-0.80*

0.98**

-0.41

-0.83*

Physical
fatigue

0.22

-0.30

-0.39

0.34

-0.04

-0.47

0.46

-0.72*

-0.58

0.84**

-0.33

-0.62

Mental
fatigue

0.41

-0.24

-0.55

0.65*

-0.13

-0.73**

0.81*

-0.42

-0.83**

0.85**

-0.10

-0.73*

FSS

0.29

0.19

0.21

0.53**

0.03

-0.29

0.21

-0.21

-0.04

0.64*

0.00

-0.73**

MFI-20

0.13

-0.23

0.03

0.37

0.24

-0.54*

0.32

-0.35

-0.10

0.48

-0.05

-0.70**

Physical
fatigue

0.16

-0.28

-0.09

0.17

0.29

-0.51*

0.42

-0.40

-0.23

0.32

0.04

-0.64*

Mental
fatigue

-0.07

-0.01

0.04

0.59**

0.28

-0.62**

0.10

0.12

0.05

0.76**

0.15

-0.74

FSS

Physical fatigue: MFI-20, physical fatigue sub-scale. Mental fatigue: MFI-20, mental fatigue sub-scale.
** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).
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5 DISCUSSION
An accurate evaluation of spasticity, distinguishing the contribution of reflex hyperexcitability
from secondary changes of passive muscle properties to increased muscle tone accompanying
a central paresis, is essential for improved diagnosis as well as to better design and evaluate
specific treatments. An accurate characterization of reflex and passive muscle properties after
a peripheral paresis, such as after poliomyelitis infection, may elucidate potential associations
between altered passive muscle properties and clinical issues and guide new therapeutic
approaches.
Therefore, this thesis examined the validity, reliability and normative data of the NeuroFlexor
method for the upper and lower extremities, and how the neural and mechanical contributors
to passive resistance differ between healthy subjects, patients in different phases after stroke
and individuals with muscle-related effects of polio.
In the following sections, the main findings from the individual studies and the
pathophysiological insights thus gained, are discussed.
5.1

MEASUREMENT CHARACTERISTICS

5.1.1 Evidence of validity
Validity is defined as the degree to which an instrument measures accurately what it is designed
to measure186, and thus represents the truthfulness of the findings187. Five different sources of
validity evidence are specified: evidence based on test content, internal structure, response
processes, relations to other variables, and testing consequences.188
Study II provides preliminary validity evidence based on test content and based on relations to
other variables, of the neural and mechanical viscous-elastic components of the resisting force
to a passive movement produced by the novel NeuroFlexor foot module.
NeuroFlexor neural component is defined as the force attributed to a hyperactive stretch
reflex112, in agreement with Lance’s definition of spasticity.47 Based on this definition, the first
evidence of content validity, i.e., the extent to which the content of a test is congruent with the
test purposes189, relied on the velocity dependence of NC during a rapid passive stretch
movement.
The second evidence concerned whether the measured output, i.e., NC, behaves in predictable
patterns and correlates with previous established measure considered gold standard, which is
the quantitative surface electromyography signals of calf muscles recorded during NeuroFlexor
assessment. Results showed strong correspondence between NC and EMG data across different
stretch velocities, both in stroke patients and in healthy subjects. Notably, the neuromuscular
response to passive movements at predefined isokinetic velocities was quantified as the
amplitude of EMG signal and not as a measure of the tonic stretch reflex threshold190, which
precludes, by definition, to determine the speed at which a passive stretch response is elicited.
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Finally, despite the known limitations of the scale suggesting caution, the clinically measured
muscle tone according to MAS correlated strongly with NC obtained at the highest stretch
velocity. Findings are consistent with a recent study115 showing similarity between the
NeuroFlexor method and another biomechanical model, the EMG-based Wristalyzer, and thus
provided additional evidence of validity.
Even though, considered together, these findings corroborate evidence of the validity of the
NeuroFlexor foot module as a new method for spasticity measurement in the lower limb, an
inhibition of stretch reflexes with local nerve block would have been a valuable addition. An
examination of changes in NC and in EMG amplitude before and after a local nerve block
achieved by intraneural injection of anaesthetics to the posterior tibial nerve might be worth
further investigation.191
The viscous and elastic components are the mechanical contributors to resistance to passive
stretch and mainly reflect secondary changes in the muscle and tendon tissue properties. More
specifically, EC represents the length dependent force due to alteration both in the composition
of the muscle192,193 and in the muscle architecture including the fascicle length194,195. Validity
evidence based on test content for EC was provided by an increase of the values with increasing
stretch angle (from 30 to 40 degrees of total range of movement) and by the lack of EMG
response visually detected during stretches at velocity less than the stretch-reflex threshold.
The viscous component is the velocity-dependent force due to friction from neighbouring
tissues, like for example between muscle fibers or between the muscle-tendon unit and the
surrounding connective tissue.196 Velocity dependence of VC was the first evidence of validity
based on test content. To note that VC contributed very little to the total resisting force
produced in the lower extremity, both in stroke patients and in the healthy subjects.197
Considering that VC according to its definition, should be proportional to the muscle size, it
might be possible that the biomechanical model for estimation of VC, which was initially
developed for the upper extremity, needs further validation when incorporated in the foot
module, and that the percentage of late viscosity measured at the end of fast movement may be
higher in the lower limb.
Once again, a nerve block test would have provided an additional confirmation if EC and VC
had not changed during and after the block, indicating independence of these mechanical
components from the stretch reflex.
Future studies might also investigate the sensitivity of the NeuroFlexor foot module to measure
the change in the neural and mechanical components after the well-defined treatment with
Botulinum toxin.198
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5.1.2 Evidence of reliability
Reliability refers to the consistency of a measurement method, and specifically the intra-rater
reliability is defined as consistency over time.199 Study II demonstrated evidence of intra-rater
reliability of the NeuroFlexor foot module through a test-retest design, with a 10 minutes
interval between the sessions. Findings showed high intraclass correlation coefficients (ICC)
for NC, very high for EC and slightly lower for VC. Interpretation of ICC was based on
Currier’s suggestion184.
Ten minutes interval was long enough to guarantee that no carry-over effects occurred due to
repetitive muscle stretches, but at the same time that the neural component would not be
affected by the intrinsic fluctuations of spasticity. It has been hypothesized that oscillation of
spasticity may be due to the time of the day200 and internal or external factors such as outdoor
cold, fatigue or stress201.
No repeatability coefficient202, as an expression of the smallest real difference between
measurements, was calculated and might deserve further investigation before the NeuroFlexor
instrument could be adopted to measure long-term or post-treatment outcomes.
5.1.3 Methodological consideration
The NeuroFlexor foot module assessment protocol was developed in healthy subjects and
successively optimized to investigate patients with neuromuscular alterations and thus with
potential limitation in joint movement. This has allowed minimization of the risk of discomfort
or injury. Nevertheless, the procedure is quite error-prone and could lead to erroneous
evaluation of all NeuroFlexor components if not performed with accuracy. The patient’s
position and relaxation, the angle of the knee joint, the foot placement according to the
NeuroFlexor force sensors as well as the correspondence between ankle joint and the axis of
rotation of the apparatus, are all essential to ensure similar biomechanical contributions at each
assessment and thus to obtain reliable data. Similarly to the hand module112, a series of tests
showed that an incorrect displacement of the centre of mass of known weight (1 kg) of 0.5 cm
relative to the rotational axis of the NeuroFlexor foot module, generated a measurement error
of 1 N for NC. Therefore, a variation of NC higher than 1 N was considered a true value beyond
the margin of measurement error of the biomechanical model in Study III.
5.2

DIFFERENTIATION OF CENTRAL AND PERIPHERAL NERVE SYSTEM
PATHOLOGIES

Study I and II provided normative data of NeuroFlexor hand and foot modules from two large
cohorts of healthy subjects, allowing to estimate the effect of age, gender and anthropometric
measurements on the NeuroFlexor components measured in the upper and lower extremities.
Age did not influence NC either in arm or the lower limb, in accordance with previous
neurophysiological findings which reported the absence of any age-related decrease in
motoneuronal excitability or changes in tonic stretch reflex.203-205 To note, participants were
under 70 years of age. Gender difference was however observed with respect to EC in both
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extremities, where greater muscle mass in males compared to females was consistent with
higher values for elasticity.
Comparison between NeuroFlexor components measured in healthy subjects compared to
stroke patients highlighted the predominant role of NC in pathologically high resistance
produced by passive stretching of the arm, in line with hyperactivity of elicited stretch
reflexes.77,82,206 However, EC represented the major contributors of the resisting force
measured in the lower extremity of both healthy subjects and stroke patients. It should be noted
that individuals in Study II were in a chronic phase after stroke (i.e., > 6 months) compared to
patients in Study I who were evaluated in an earlier phase (mean time 2-4 weeks after onset).
Additionally, the greater mass of the triceps surae muscles compared to the forearm muscles,
likely due to their postural role, may influence the relative contributor of EC to the total
resistance.
Finally, optimal cut-off values were determined for NeuroFlexor components, both for upper
and lower extremities with different approaches. The mean + 3 SD approach provided more
conservative limits. Pathologically high neural component (above the cut-off value of 3.4 N)
allowed detection of spasticity in the upper limb after stroke in studies included207 or not36,139
in this thesis. The perfect correspondence between pathologically high EMG amplitude (i.e., >
mean + 2 SD of healthy subjects) and NC beyond the limits of normality defined by ROC
analysis, suggests that the novel NeuroFlexor foot module can objectively assess spasticity in
the lower extremity.
Spasticity of upper extremity was detected with the NeuroFlexor hand module in 41% of the
participants of Study I, an occurrence higher than reported in literature27 (i.e., about 20-25%
early after stroke). Discrepancy might be due to both the relatively young age of the participants
who might develop more severe spasticity, and that the patients referred to a rehabilitation unit
for intensive care and thus had probably more severe sensorimotor impairments than
participants in other studies of unselected samples.23 Clinically, 28% of patients were rated
positive using the Modified Ashworth scale, and both false positives and false negatives were
observed in MAS ratings compared to NC. A better correspondence between clinical
evaluation of spasticity and neuromechanical measurement was observed in Study II. Seventytree percent of the chronic stroke patients had a pathologically high neural component in the
lower extremity while the totality had a positive MAS rating in the gastrocnemius and soleus
muscles. MAS has been shown to be more suitable at later stage after stroke, when the patients
present more severe increased resistance to passive movement89,112, and that may explain the
difference observed.
Both neural and passive components were altered in patients with a history of poliomyelitis.
Elastic component contributed most to passive movement resistance in patients with prior
polio, especially in patients presenting progressive PPS208 (i.e., with slowly progressive
weakness, fatigue and/or pain). However, alterations in EC differed between extremities, with
the upper extremity showing lower EC compared to the healthy subjects while lower extremity
higher elasticity. Neural component instead was lower in the polio-affected lower extremity
compared to the contralateral side and the healthy subjects, especially when measured in
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muscles with severe atrophy. It is reasonable to relate the decrease in NC, which is a stretch
reflex response, with the lower motor neuron loss occurring in prior paralytic poliomyelitis.209
These findings lend further support to the validity of the NeuroFlexor method.
Although Study IV is preliminary and caution is needed in drawing conclusions, these findings
suggest that the NeuroFlexor method can aid to characterize polio-related neuromuscular
alterations. If confirmed by larger studies, neural and elastic components could reflect
disruption in muscle architecture both in quantity (atrophy due to loss of motor units) and
quality (gradual steatosis and fibrosis of muscle tissue).161,162,210 Abnormalities of the
NeuroFlexor components measured in the non or less-severely affected lower extremity was in
line with previous findings211,212, and might be beneficial to planning of long-term
rehabilitation strategies, especially in prior-polio patients with subclinical involvement of the
limb.
The association between neuromuscular changes, fatigue and pain experienced by polio
patients has long been of great interest and has not been fully clarified. Study IV investigated
whether the characteristics defined by the NeuroFlexor hand and foot modules might be
contributing factors to these symptoms. Fifteen participants in the study experienced general
fatigue and ten patients suffered from pain both of muscular origin and joint-related, a
prevalence in line with previous findings.213 Severe fatigue rated by Fatigue Severity scale and
pain co-occurred in 53% of patients. Correlations of varying degrees between fatigue and both
neural and mechanical components concerned both the affected and the non or less affected
extremities underlining the role of the strongest side and its compensatory mechanisms and
potential overuse, in the perception of general and physical fatigue. Notable, NC correlated
significantly with FSS score both in the upper and lower affected extremities (p < 0.05), which
allows one to hypothesize a relation between less atrophic and thus more active musculature
and the severity of fatigue perceived. In addition, higher values for elasticity measured in the
affected lower limb corresponded to more severe physical fatigue (p = 0.005), and both EC and
VC in the unaffected or less severely affected arm correlated strongly with physical fatigue [rs=
0.60, p= 0.039 and rs= 0.73, p= 0.007 (data not shown), respectively], an association between
viscosity and muscle fatigue previously suggested.214,215
5.3

NEUROFLEXOR RESPONSIVENESS TO ELECTRICAL STIMULATION

Study III explored the feasibility of the NeuroFlexor instrument to investigate and compare the
instant response to the electrical stimulation anticipated by the EXOPULSE Mollii suit at
different frequencies, with regard to the reduction of objective signs of spasticity in patients
with chronic stroke (> 12 months after onset). The study was part of a series of studies within
a European consortium aiming to explore the clinical effects of the EXOPULSE Mollii suit in
patients with stroke (Danderyd Hospital, Stockholm, Sweden), cerebral palsy (Hvidovre
Hospital, Copenhagen, Denmark) and spinal cord injury (Medical University, Vienna, Austria).
No significant reduction in spasticity during or immediate after 60 minutes of electrical
stimulation at any frequency was observed at the group level (p > 0.35), and there were no
significant differences between OFF settings and active frequencies (20 and 30 Hz) of
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stimulation. A parallel pattern between NeuroFlexor neural component and EMG amplitudes
was detected in both extremities, and confirmed by a significant correlation before and/or after
stimulation at different active frequencies (p ≤ 0.02). Nevertheless, the NeuroFlexor proved to
be sufficiently sensitive to detect variations in neural and mechanical contributions to the
muscle resistance at the individual level. The individual response was in fact highly variable,
especially among patients with severe spasticity in the upper extremities, defined as NC > 8
N36. It was therefore speculated that the EXOPULSE Mollii method might be more effective
for severe spasticity, with potential implications for both future research and clinical practice.
Moreover, it was hypothesized a dose-effect model of the stimulation with EXOPULSE Mollii
on spasticity and that as such a single session of stimulation may have provided insufficient
stimulation to relieve spasticity. Previous studies demonstrated the effects of repeated
applications of EXOPULSE Mollii in home-settings in reducing spasticity in chronic stroke
patients139 and in children and young adults with cerebral palsy138,216,217, and thus support this
hypothesis. A higher number of stimulation sessions should be considered in the future for a
more reliable analysis of the effectiveness of the EXOPULSE Mollii suit.
The low number of participants (N= 20 evaluated with the NeuroFlexor hand module and n=
10 properly tested with the foot module) represented the main limitation of this explorative
study and precluded any further consideration. It should be addressed in further studies.
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6 CONCLUSIONS
The different contributors to the resisting force opposing a passive movement produced by the
novel NeuroFlexor were significantly disordered in stroke patients and in subjects with prior
paralytic poliomyelitis.
The neural component, which is the force produced by muscle contractions induced by stretch
reflexes, correlated significantly both with the electromyography response to muscle stretch
and the clinical evaluation of spasticity using the Modified Ashworth scale in patients in subacute and chronic phases after stroke. Elastic and viscous components reflect mainly secondary
changes in the muscle and tendon tissue properties. They were altered both in stroke patients
and in subjects with prior-polio, and correlated with the perception of fatigue and pain.
NeuroFlexor has shown to be a valid and reliable method to assess spasticity and changes in
muscle and connective tissue. It may be an instrument of potential interest for longitudinal
follow-up and evaluation of treatment interventions for different categories of patients.
To conclude, this thesis project has added new knowledge about the relative contributors to
resistance encountered during passive stretching in patients with post-stroke spasticity and in
subjects after peripheral paresis following poliomyelitis infection.
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7 CLINICAL IMPLICATIONS AND FUTURE RESEARCH
PERSPECTIVES
An accurate evaluation of spasticity, distinguishing the contribution of reflex hyperexcitability
from secondary changes of passive muscle properties to increased muscle tone, is essential for
a proper diagnosis and to design and evaluate treatment approach.
The NeuroFlexor method is CE marked and has now been used in clinical research. Further
applications of interest comprise early detection of spasticity after stroke as well as other central
nervous system disorders and more precise evaluation of post-treatment outcome after injection
of Botulinum toxin in patients with clinical signs of spasticity. Botulinum toxin has proved to
be effective in the management of post-stroke spasticity but multiple injections over time seem
to be linked to a slight decrease of the effect and the need to escalate the dose administered per
treatment session. It is hypothesized that this may be due to the onset of contractures or be an
adverse effect of the same Botulinum toxin on passive muscle properties, i.e., increase of
collagen content in the muscle following injections.218 The possibility to assess both the neural
spasticity and other mechanical components of passive resistance accurately with the
NeuroFlexor method may help to elucidate the role of secondary alterations in muscle and
tendon tissue in the waning of the effect over time.
The role of long-term soft tissue alterations are relevant also in disorders associated with a
peripheral paresis, such as the post-polio syndrome. There are no specific treatments for the
progressive post-polio syndrome; symptomatic management includes physical therapy,
rehabilitation strategies and orthotic interventions. Both neural and mechanical components of
passive resistance are altered in both extremities of subjects with previous paralytic
poliomyelitis. The NeuroFlexor may be a non-invasive instrument feasible in clinical practice
for monitoring muscle function over time and for potentially helping quantify the rate of decline
in post-polio syndrome. Future studies may address sub-clinical neuromuscular characteristics
in the less severely affected muscles of patients with progressive post-polio syndrome, and
determine their potential role in the perception of fatigue and pain. This may eventually help
to delineate new therapeutic interventions.
Finally, the evidence provided in this thesis project and in previous studies112,114 supports the
validity and reliability of the NeuroFlexor hand and foot modules. Nevertheless, future research
is required to strengthen the validity of the foot module. For example, the study of the effect of
reduction in the neural component of local nerve block is worth further investigation. The
adjunction of ultrasound to the assessment with the NeuroFlexor, may also provide further
information regarding the muscle architecture, and elucidate the mechanism behind the
mechanical contribution to increased muscle tone.
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8 SVENSK SAMMANFATTNING
Spasticitet är en motorisk funktionsnedsättning, som ofta uppstår efter stroke liksom efter andra
skador i centrala nervsystemet. Spasticitet kännetecknas av ökat motstånd mot passiv
sträckning och stelhet i försvagade muskler på grund av ökad reflexaktivitet. Det kan påverka
individens förmåga att utföra viljemässiga rörelser och orsaka problem i dagliga aktiviteter.
Spasticitet mäts idag kliniskt när undersökaren passivt sträcker en muskel. Den kliniska
metoden är dock bristfällig eftersom det är omöjligt att skilja stelhet till följd av ökad
reflexaktivitet, från stelhet till följd av andra komplikationer i musklerna, som kan utvecklas
över tid i försvagade muskler. Också egenskaperhos i patienter med skador i perifera
nervsystemet, som till exempel efter tidigare poliomyelit kan egenskaperna i försvagade
muskler ändra över tid. Det finns ingen kurativ behandling för patienter med tidigare
poliomyelit och det behövs känsliga mätinstrument för uppföljning och för ökad förståelse av
förändrade muskelegenskaper som skulle kunna leda till en nya behandlings- och
rehabiliteringsstrategier.
Målet med detta avhandlingsprojekt var att tilllämpa och utvärdera NeuroFlexormetoden, som
har utvecklats för att kvantifiera och särskilja reflex- och muskelkomponenter av motståndet
vid passiv sträckning av en muskel. Genom att kvantifiera dessa faktorer kan man få mer säker
information om spasticitetet respektive muskelvävnadsförändringar än den kliniska
undersökningen medger. I studierna utvärderades aspekter på NeuroFlexormetodens
tillförlitlighet vid mätning i nedre extremiteten. Vidare jämfördes Neuroflexordata från
patienter med kvarstående svaghet efter tidigare stroke respektive poliomyelit med data från
friska personer. Slutligen undersöktes effekten på spasticitet av en ny
elektrostimuleringsmetod.
I studierna undersöktes totalt 74 personer med stroke, 19 personer med tidigare poliomyelit och
180 friska kontrollpersoner. Upprepade mätningar visade god mätstabilitet (reliabilitet) och
samtidig undersökning av reflexaktivitet med elektromyografi visade god korrelation, vilket
ger stöd för att Neuroflexormetoden verkligen mäter spasticitet. Vidare sågs att
Neuroflexordata korrelerade med klinisk bedömning av spasticitet efter stoke respektive med
muskelatrofi, muskeltrötthet och smärta efter poliomyelit. Vid undersökning före och efter ett
behandlingstillfälle med elektrisk stimulering visade Neuroflexormetoden skillnader hos
patienter med tecken på svår spasticitet men ingen statistiskt säker skillnad.
Studierna har ökat kunskapen om neuromuskulära förändringar efter stroke respektive
poliomyelit och ger stöd för planering av behandlingsstudier. På sikt kan resultaten bidra till
förbättrad behandling av spasticitet och muskelstelhet efter stroke och andra tillstånd, som är
förenade med liknande problem, och till utveckling av nya rehabiliteringsstrategier för patienter
med tidigare poliomyelit.
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