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Abstract

Background: To support clinical decision-making in central redagical disorders, physical

examination is used to assess responses to pasasae stretch. However, what exactly is
being assessed is expressed and interpreted @natiffways. A clear diagnostic framework is
lacking. Therefore, the aim was to arrive at unajubus terminology about the concepts and

measurement around pathophysiological neuromusmgaonse to passive muscle stretch.

Methods: During two consensus meetings, 37 experts from @tbfean countries filled
online questionnaires based on a Delphi approamlgwied by plenary discussion after

rounds. Consensus was reached when agreetnib.

Results: The termhyper-resistancehould be used to describe the phenomenon of regpai
neuromuscular response during passive stretcheadstf e.g. ‘spasticity’ or ‘hypertonia’.
From there, it is essential to distinguislbn-neural (tissue-related) frommeural (central
nervous system related) contributions to hyperstasce. Tissue contributions are elasticity,
viscosity and muscle shortening. Neural contrimgioare velocity dependerdtretch
hyperreflexia and non-velocity dependenhvoluntary background activationThe term
‘spasticity’ should only be used next to stretcipdnyeflexia, and ‘stiffness’ next to passive
tissue contributions. When joint angle, moment agldctromyography are recorded,

components of hyper-resistance within the frameveark be quantitatively assessed.

Conclusions. A conceptual framework of pathophysiological resggmto passive muscle
stretch was defined. This framework can be usedimmcal assessment of hyper-resistance
and will improve communication between clinicia@mponents within the framework are
defined by objective parameters from instrumentedessment. These parameters need
experimental validation in order to develop treattnalgorithms based on aetiology of the

clinical phenomena.
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I ntroduction

Impaired motor control is a consequence of mostraenervous system movement disorders
such as cerebral palsy (CP), stroke (CVA), spirmatdnjury (SCI) or multiple sclerosis
(MS). A common physical examination includes assess of the resistance to passive
muscle elongation. This examination is used to malgments on the degree and nature of
muscle hyper-resistance, to determine aetiologthatlevel of the muscular tissue and/or
motor control, and to infer consequences for oVenakor performance in functional tasks. It
is considered important to a meaningful descriptibrihe clinical status of the patient and

essential to inform decisions on the treatmentongsti1].

Although such physical examination is in widespredithical use and yields clinically
essential information, the concept of what is beasgessed cannot be unambiguously
phrased. This is expressed in the variety of tylyiaased nomenclature for what is being
assessed, e.g. hyper-resistance, spasticity, loypertstiffness, (dynamic) contracture, or
hypo-extensibility [2-11]. This is accompanied byaxiety of interpretations, i.e. how these
findings relate to presumed underlying pathophggjpl Therefore, in clinical practice, the
concepts of pathophysiological neuromuscular respdo passive muscle stretch must be
considered implicit rather than explicit. The lamka clear diagnostic conceptual framework
obstructs effective communication between clinisiaand impedes construction of reliable
treatment algorithms. Moreover, quantifying reswuifsan assessment requires grading based

on measurement instruments that, by definition,tmelg on unambiguous conceptualization.

All in all, this diversity in clinical practices ta for a consensus on the conceptualization,

interpretation and measurement of the pathophygicdd neuromuscular responses to



121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

imposed passive elongation, to fully exploit theégmbial of this diagnostic test in the context

of treating patients with neurological diseases.

General physiological concepts

The aetiology of increased resistance to passive&lawstretch has both neurological and non-
neurological components. The primary neurologicahponent is generally accepted as being
caused by supraspinal disregulation (disinhibitioh)he spinal reflex loop, as a direct result
of the neurological insult [12, 13]. This reflexolp evokes astretch reflex an essential
mechanism of motor control that occurs when a neussl lengthened rapidly and/or
forcefully. Normally, stretch reflex activity iswowhen a muscle is passively lengthened. In
the case of disinhibition due to a neurologicallyghe stretch reflex is more readily elicited.
This hyperactive reflex causes muscle contractimhtherefore an opposing force to passive
elongation. In fact, the complete pathophysiologyneural contributors is much more
complex than this simplified description, as selvemachanisms can be identified that give
rise to involuntary muscle contractions resultingincreased resistance of muscles to their
elongation. These mechanisms are referred to assgxor positive motor symptoms, of the
neurological disorder, as opposed to the defiait,negative symptoms, that reflect the

impairment to activate a muscle purposefully.

The non-neurological component of muscle hyperstasce consists of secondary
impairments that are thought to occur as a resulinoscular adaptations to the neural
dysregulation. For instance, muscles might shofteascle contractures) or stiffen due to
intrinsic changes in the muscle tissue. In childiesse effects might be amplified as result of

maladaptation to growth.
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Definitions

Pathophysiological responses to passive musclgatmm have been defined and named. The
use of the termspasticity’ has been used to refer to either an aetiologpiatklevel or to a
clinical expression at a joint level. Such widegesaf the term has led to its definition being
subject to debate for a long time [6, 7]. One @& dommonly used definitions of spasticity
was provided by Lance in 1980a ‘motor disorder characterized by a velocity depand
increase in tonic stretch reflexes (muscle tonéh wkaggerated tendon jerks, resulting from
hyper excitability of the stretch reflex, as onemponent of the upper motor neurone
syndromé [3]. Clearly, Lance refers to the pathophysiologicachanisms. Sanger et al.
(NIH task force, 2003) stayed closer to the clihippenomena and defined spasticity as
“hypertonia in which one or both of the followingyrss are present: 1) resistance to
externally imposed movement increases with incngaspeed of stretch and varies with the
direction of joint movement, and/or 2) resistance eixternally imposed movement rises
rapidly above a threshold speed or joint ariglg]. Other features of neuromuscular
impairments were defined by them as well, all unither umbrella termhypertonia’. The

definitions byLance and by Sanger et al. are mutually compatible.

In 2005, the SPASM consortium introduced a newni#dn of spasticity using a motor
control approach:disordered sensori-motor control, resulting from @pper motor neurone
lesion, presenting as intermittent or sustainedlamrtary activation of musclés[8, 9]. This
definition includes the entire range of signs apehgtoms that are collectively described as

excess features, and not exclusively the hypemstretch reflex.

Common clinical tests

Several physical examination tests have been aortett to assess spasticity or resistance in

clinical practice, such as the (Modified) AshwoBhale (MAS), the Tardieu Scale and the
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Spasticity Test (SPAT, a simplification of the Tiatd Scale) [1, 14-25]. In these tests, passive
muscle elongations are imposed at one or more Newcby the examiner. Perceived
resistance during slow passive elongation is asdutoebe related only to non-neural
(changed mechanical response of the neuromuscolaplex, i.e. stiffness (elasticity) and
viscosity) components. In muscles with spastiditigh stretch velocities may additionally
cause increased resistance and/or a catch, itepansthe movement due to the hyperactive
stretch reflex [15, 26]. In contrast to the Tard&eale and the SPAT, the MAS does not use
multiple velocities, and scores a single valuereghg not discriminating between neural and

non-neural contributions [21].

Although such physical examinations are commonbidus clinical practice, the resistance
perceived by the examiner is difficult to relateeither a neural or non-neural origin [7, 27].
Moreover, the velocity of stretch as well as theelef activity of the muscle are uncontrolled
[7, 16, 19, 23, 28]. Finally, the outcome of thdests is a numeric value scored by the
examiner and based on subjective feeling and jangle measurement with goniometry.
Standardisation, reliability, sensitivity, quartdiion, and objectivity are lacking in these

tests.

Instrumented tests

To unravel the neural and non-neural contributimnByper-resistance during passive muscle
elongation, instrumented assessments have beelopesian several research settings [7, 16,
22, 24, 26-30]. These measurements employ elecstsogibgical signals (electromyography
(EMG)) to assess the stretch reflex, in combinatietin joint movement (kinematics) and
applied torques (net joint moment). In this way thsistance to muscle elongation can be

objectified and the neural and non-neural aspgusifically discriminated, in order to arrive



194

195

196

197

198

199

200

201

202

203

204

at the correct treatment option, based on aetio]agy29]. Next to assessment of the stretch
reflex, the measurement of the Hoffman-reflex, gsabmaximal electric stimulation of the

nerve, is used to study the excitability of thefferents [25, 31, 32].

Although there have been multiple efforts to arrateclear concepts, and instruments are
developed to express objectivity, there is yet m@ambiguous and generally accepted
conceptual frame work that incorporates a meaningfacomposition of perceived

phenomena with associated operationalization. Toexe two consensus meetings were
organized with the aim (1) to arrive at unambigutarsninology about the concepts of, and
phenomena around, pathophysiological neuromusocesgonse to passive muscle stretch and
(2) to define requirements from a clinical perspectthat enable the development of

instruments to quantitatively measure the defir@mttepts in clinical practice.
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M ethods

Thirty-seven participants from twelve European ddes joined two consensus meetings, on
22-23 May 2014 in Amsterdam, the Netherlands aridllaw-up meeting on 8 September
2015 in Heidelberg, Germany. Participants, fromt, ot restricted to, the network of the
organizers (JN, JH, JB, LB, KD), were invited fbietmeetings based on their publications
related to this field, and their experience in @ittreating or assessing spasticity in a clinical
or research setting. Prior to the first meetingtip@ants were asked to fill in an online
questionnaire (NETQ Internet Surveys, NetQuestivaeaNederland BV, Utrecht, the
Netherlands) about their background and experiemite clinical spasticity assessment.
Characteristics of the participants are presemetiable 1. During the meetings, a modified
Delphi approach [33] was used to arrive at consershout (1) terminology about the
concepts of, and phenomena around, response tosgassscle stretch and (2) boundary
conditions from clinical perspective to enable depment of instruments to quantitatively

measure the defined concepts in clinical practice.

Part 1

At the first meeting (31 participants), a schematierview (Figure 1A) was presented to the
participants. This overview was developed by thganizers of the consensus meetings (JH,
JB, KD, LB, JN) based on careful review of therbt®eire (as described in the Introduction)
and their own experience in the field, with the dorinitiate the discussion on concepts and
(new) terminology. Using this overview, a discossiwas initiated on the terminology,

concepts and phenomena around pathophysiologiaalomeiscular responses to passive

muscle stretch. Thereafter, a Delphi questionnawasisting of 12 statements using a Likert
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scale (i.e. strongly disagree, disagree, neutrglteea strongly agree) (Table 2) was
anonymously filled in by the participants (NETQ dmiet Surveys, NetQuestionnaires
Nederland BV, Utrecht, the Netherlands). The inellidlomains were: terminology on the

concepts, non-neural and neural contributions,passive versus active impairment.

Subsequently, results of this first round wereatelll, presented to participants and discussed
plenary. Consensus was reached when agreement#asr/higher. Unclear questions from
round 1 were rephrased and a second Delphi roudstdtements was conducted (Table 3)
on the same domains. Next, results of the secamtbravere presented to the participants and
discussed plenary to further reach consensus e thtatements that were unclear or had

limited agreement.

During the second meeting (26 participants), a samnof the results of the two Delphi
rounds and the discussions of the first meeting weesented, followed by a plenary

discussion for final agreement on conceptualizadiod terminology.

Part 2

To determine the requirements for instrumented nreasent of the defined concepts in
clinical and research practice, designs and data firevious instrumented setups developed
in research settings were presented to the patitspat the first meeting (such as described in
the Introduction section of this paper). Subseduerd Delphi round on concepts of
measurement was carried out which included 75 guressor statements (Table 4) related to
the following domains: pathology, muscles, in- anatlusion criteria, test time allowance,
patient position, movement profile, theoretical ortance of signals and sensors, practical

feasibility of signals and sensors, feedback, autoparameters, report, and training.

10
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Questions were multiple choice or used the Likedles Results of the questionnaire were

discussed plenary.

During the second meeting, a second Delphi rourmlitaboncepts of measurements was
conducted which included 18 rephrased statemeatsabre unclear to the participants or had

not reached consensus in round 1. The included ilsmzere: protocol, feedback and report.

As instrumented measurement of spasticity in dihgettings is still fairly innovative, the
aim of part 2 was not to reach full consensus bguastions but to get insight into important

aspects for future development of a clinically-aggdbleinstrumented spasticity assessment.

11
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Results

Participant characteristics

Twenty-seven participants completed the online tjpresaire about background, profession
and experience with clinical spasticity assessmdost responders were clinicians (86%) as
well as researchers (86%), 71% of the respondereally assessed patients with spasticity
and 48% carried out clinical treatment of spasticifears of experience in assessing or
treating spasticity ranged between 1 and 30 yeatls,a mean of 13 years and median of 15
years. The (modified) Tardieu scale was the masinsonly used clinical test (57%) followed

by the (modified) Ashworth scale (53%). Tests werastly performed by physiotherapists
(76%) or medical doctors (71%), most of the timéoke and after treatment (67% always
before and after) and sometimes during consultati@d2%). Most responders were
unsatisfied with the current clinical tests (47%)weere neutral (33%). Of the participants

using a form of instrumented assessment (81%), ®é4%6 unsatisfied and 38% neutral.

Part 1: Conceptualization and terminology

Twenty-eight participants completed the first, @@ participants completed the second
Delphi round on the conceptualization of the paltygjological neuromuscular responses to

passive muscle stretch (Table 2 and 3).

In the initial plenary discussion following the pemtation of the schematic overview (Figure
1A), the following was discussed: hcreased resistance perceived by an examiner durin
physical examinatigni.e. passive muscle stretch, is, apart from #rentspasticity, often
termed hypertonia which implies that the resistance results fromrolantary muscle

activation. 2. However, since hypertonia may algssteat rest (without muscle stretch), it

12
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may not be equated to the resistance perceiveagstretch. Therefore, the terhyper-
resistancewas suggested. 3. Although still the mostly comipjamsed term in clinical
practice, it was also suggested to be careful thightermspasticity since it may not cover all

aspects of the perceived resistance.

During the first Delphi round (Table 2), it was ctuded that the term ‘hyper-resistance’ is
preferred over the terms ‘hypertonia’ and ‘spasti¢o describe the phenomenon of impaired
neuromuscular response during passive stretch. rHggestance is therefore defined as

increased resistance perceived during passive mageich.

It was agreed that it is essential to distinguish-neural (tissue-related) from neural (CNS
related) contributions to hyper-resistance. It wagposed that the different contributions
could be described by three subgroups: muscleetipsaperties (non-neural), hyperstretch
reflex (neural and induced by motion) and involuptactivation (neural) (Figure 1B). Muscle
tissue properties consist of muscle stiffness (el and viscosity. Participants remarked
that joint stiffness and viscosity are not only thsult of muscle tissue properties, but are also
influenced by the ligaments and surrounding tissdewever, hyper-resistance reflects
neuromuscular unit function only when no bony aigdrhent response is assumed (second

Delphi round, Table 3).

During the first Delphi round (Table 2) consensuasweached that it is essential to
distinguish hyperstretch reflex and other musclgvig within the neural (CNS related)

contributions to hyper-resistance. Clonus and elasfe are specific manifestations of the
exaggerated stretch reflex. In the discussion gadhe first Delphi round it was suggested
that hyper-resistance is the net effect of the mfjoand antagonist muscles, and co-
contraction might be present during examinationeréfore, co-contraction should be
considered as part of the involuntary activatiobgsaup. In the second Delphi round (Table

3), the majority of the participants agreed thaidryresistance reflects the neuromuscular unit

13
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function of an agonist muscle group only when néea$ of antagonistic muscle(s)

(shortening) is assumed.

In the discussion prior to the second Delphi routidlee alternatives were proposed for
terminology of the two neural contribution subgreup hyper-resistance, i.e. “hyperstretch
reflex” and “involuntary activation” (Figure 1B)nlthe second Delphi round (Table 3),
consensus was reached that theural contributions to hyper-resistancenust be
distinguished in“velocity dependent involuntary activationdnd “non-velocity dependent
involuntary activation” Also the terms$stretch hyperreflexia’and“involuntary background
activation” were considered to be appropriate as alternaguas to distinguish different
neural contributions (Figure 1B) and further usedhie final discussions in combination with
the terms'(non-)velocity dependent(Figure 1C). Participants showed less prefereacéhke

terms “stretch reflex involuntary activation” anddh-stretch reflex involuntary activation”.

In the final discussions of the conceptualizatibiage (following the two Delphi rounds), the

characteristics of subgroups of hyper-resistanae Wwether specified (Figure 1C).

(Muscle) tissue properties (non-neural) contaistetdy, viscosity and shortening. The neural
contributions are subdivided into stretch hypeerai (velocity dependent) and involuntary
background activation (non-velocity dependent).téas reflexes, non-selective activation,

tonic reflexes and fixed background tone are all phthe involuntary background activation.

The word ‘spasticity’ is not part of the conceptfr@mework, since almost all participants
(strongly) agreed that the term ‘spasticity’ shobkl used with care and only when clearly
defined (Table 3). Also, participants agreed thet term refers to involuntary, stretch-
velocity induced muscle activity as part of the maéucontributions to hyper-resistance

(definition according to Lance and Sanger et gl4]3 (Table 2 and 3). Therefore, within the
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framework, spasticity refers to velocity dependstretch hyperreflexia as part of hyper-

resistance, and should only be used next to the ‘stretch hyperreflexia’.

Also, the term ‘stiffness’ is not part of the copteal framework. It is mechanically defined
as the linear relation between joint angle andtjomoment (i.e. elasticity), however in
practice, the term ‘stiffness’ is often used inraduler perspective to refer to various (muscle)
tissue properties. In this case, it should onlyubed next to the term (muscle) tissue related

contributions to hyper-resistance.

Finally, it was discussed whether passive measurenserepresentative of the problems
occurring during active, functional tasks. Hypesistance (ICF body functions and structures
level, WHO 2001 [34]) only partly determines any p@red muscle function during

performance of activities (ICF activity level) (Tlal®). Further research should compare the

hyper-resistance measured during passive and anbvements.

Part 2: Requirements for instrumented measuremmyer-resistance

Twenty-eight participants completed the first gimstaire, and 19 participants completed the
second questionnaire about concepts of measure@ettomes (Tables 4 and 5) showed that
an instrumented assessment of hyper-resistancebawgbplicable to children (>3years) and
adults with cerebral palsy, stroke, SCI and MS. Tien muscle groups that need to be
assessed are (lower limb) medial and lateral gas#rius, soleus, rectus femoris, hamstrings
(semimembranosus and semitendinosus) and to a kedeat hip adductors, as well as (upper
limb) elbow and wrist flexors. It is required thaatients must be in a comfortable position

that promotes muscle relaxation during the test.

The test procedure must start from the minimumadritie range of motion (corresponding to

the shortest muscle length) to the maximum enth@frange of motion (corresponding to the
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longest muscle length). The assessment is notcaidi to joints with fixed deformities or
muscle contractures that limit the range of motiothe direction of movement to less than
10 degrees. At least two different stretch velesitire required (slow and fast), the number of
stretches must be kept to a minimum and a resbgbési necessary between repetitions. It is
important to hold the end of the stretch for a mimm amount of time in order to capture
differences in type of catch (e.g. 2-5 sec.). Faellon the achieved stretch velocity, muscle
activity (agonist and antagonist), range of moimulirection of movement and force applied

in main direction of movement are essential.

From the first Delphi round (Table 4), requiremeiaisoutcome parameters of instrumented
assessment concerning neural contributions (egth@itable in a report or in raw data that can
be processed post-hoc) are: amount of reflex &gtmeasured by EMG (i.e. mean amplitude
over a certain period), timing of EMG activatioryrdtion of EMG activity and increase in
EMG amplitude due to velocity and due to positieparately. Essential non-neural based
parameters are start and end joint angle, joinggasf motion (ROM) and angle of catch
(AOC) [28], as well as maximal angular velocity. @inical report of instrumented
assessment should contain at least discrete vafud® recommended outcome parameters
and comparisons of the data with typically deveigfliealthy subjects, as well as pre- or

post-treatment com parisons.

Following on this, in the second Delphi round (T&ab), it was agreed that for a slow stretch,
the following five outcome parameters would be isight in a report: ROM, maximal

angular velocity, average root mean square EM@iddtrreflex threshold (i.e. joint angle at
which EMG onset is first detected) and average wailghteen percent of the participants
also indicated that stiffness (i.e. elasticity: threear relation between joint angle and joint
moment) might be a valuable outcome parameter felow stretch. For a fast stretch, six

outcome parameters should be included: maximallangelocity, average root mean square
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EMG, stretch reflex threshold, average work, AO@ amensity of catch. As a difference
between slow and fast stretch three outcome paeaseathould be included: difference

between ROM and AOC, difference in average rootmsgmare EMG, difference in work.

By these requirements, the three components in dbeceptual framework of the
pathophysiological neuromuscular responses to \gassiuscle stretch (muscle tissue
properties, stretch hyperreflexia and involuntaackground activation) could be linked to
instrumented measurement of the joint angle, niet jJmoment and EMG to quantify the

components of hyper-resistance (Figure 1C).
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Discussion

A conceptual framework of the pathophysiologicaummenuscular responses to passive
muscle stretch was defined. This framework enabfesmbiguous terminology and a clear
definition of the contributions to the clinical pf@nmenon of hyper-resistance that can be used
in clinical practice and instrumented assessmdmt Will optimize communication between

clinicians, improve diagnostics and objectify treaht outcomes.

In summary, the participants concluded that thentéryper-resistance’ should be used to
describe the phenomenon of the pathophysiologiealramuscular responses to passive
muscle stretch, instead of spasticity or hypertoRiathermore, it was considered essential to
distinguish non-neural (tissue-related) from neufakntral nervous system related)
contributions to hyper-resistance. Tissue propeitiEnsist of elasticity, viscosity and muscle
shortening. The neural contributions are two-foldlocity dependent stretch hyperreflexia
and non-velocity dependent involuntary backgrouctivation. The term ‘spasticity’ should

be used with care, only when clearly defined, nexthe term ‘stretch hyperreflexia’. The

same holds for the term ‘stiffness’, that shouldlyobe used next to tissue related

contributions to hyper-resistance.

The components of hyper-resistance in the framewark be quantitatively assessed using
instrumented measurement of the joint angle, net jpoment and EMG during slow and fast
passive muscle stretch. Instruments like gyroscopeselerometers, force sensors and EMG
sensors can be used to obtain these signals [183,280]. A list of outcome parameters to be

derived from these signals was determined.

Clinical implications
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The framework and the related requirements forumsénted assessment as defined by the
consensus describe and measure the pathophysallogiosromuscular responses to passive
muscle stretch. Some aspects of the defined pagasrigdve already been validated in various
patient groups, compared to clinical scores an@éssssl pre-post treatment [22]. Further
experimental validation of the proposed parametermeasure hyper-resistance, could be
used to advance treatment algorithms that are basetttiology of the clinical phenomena.
In clinical practice however, physical examinatignonly one part of the clinical routine,
reflecting only some aspects of the ‘body fundci@md structures’ level of the ICF , upon
which clinicians base their diagnoses and prognoségatment plans [34]. As such, clinical
decision-making in relevant patient groups is nolely based on passive tests, but also
involves clinical gait analyses [35] and assessn@nthe ‘activity’ and ‘participation’

domains of the ICF.

In the online questionnaire filled in prior to tHest consensus meeting, 47% of the
participants indicated to be unsatisfied with therent clinical tests (Table 1). Furthermore,
24% of the responders were unsatisfied with theeatily available instrumented assessments.
These findings might be related to experience withcommonly used Ashworth scale which
is not standardized, not reliable, not discrimwvatind poorly related to reflex muscle activity
[21]. Dissatisfaction with instrumented assessmemnght be related to too complex
instruments that are not suitable for clinical (Ide robotic systems), or too simple measures
that are not precise or do not measure multiplamaters (like goniometry) [16]. Also,
instrumented measurements can be time consuminghwiiay limit its use in clinical
practice. These factors stress the fact that cteaminology on the concepts of the
pathophysiological responses is needed, as wekkwaslopment of instrumented measurement

that is meaningful towards these concepts andyeagglicable in clinical practice. To further
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assess clinical and research applicability, itdseatial to formally investigate the clinical

feasibility, patient and assessor usability anenfdiiness of any developed instruments.

Low correlations between clinical scales like theh@orth and instrumented assessments
have been reported [18, 21, 23]. The new frameweths explain these findings, and may
lead to recommendations for use of existing clingzales or development of new scales.
Assessment of the sensitivity of parameters, medswith an instrument, to different
treatments, might lead to classification of treattaeébased on the three components of the
framework, e.g. botulinum toxin type-A, baclofendaselective dorsal rhizotomy (related to
neural contributions) or orthopaedic surgery, casts splints (related to non-neural

contributions) [36].

The defined requirements on instrumented measureatsm provide some guidelines for the
assessment of patients such as patient positioh],Rfuscle stretch velocities and use of
outcome parameters needed for clinical decisionimgakrelated to the framework). The
posture of the patient influences the muscle lendih, 37], and should therefore be
standardized. Some studies also already describedasdized postures and movements for
some clinical hyper-resistance tests [15, 16, 38, With regard to stretch velocity and
interpretation of outcome parameters, it needsetodalized that in some cases it might be
difficult to differentiate the neural and non-ndu@mponents of hyper-resistance, for
example if a fast velocity cannot be obtained du@ltered muscle properties (shortening,

elasticity) or high background activation.

It was not the aim of the consensus meeting toldp\e@new definition of ‘spasticity’ to be
used in clinical and research practice. Howeveeagent was reached that the term
‘spasticity’ should refer to stretch reflex actyitn according to Lance’s and Sanger’'s
definitions (Tables 2 and 3). More importantly, tesensus stated to use the term

‘spasticity’ with care Avoiding the word ‘spastigitmay not be easy in clinical practice, as it
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is still widely used. Therefore, it is advised tdyuse the term when clearly defined, and

next to the term ‘stretch hyperreflexia’ (Figure)1C

Further directions

Some components in the proposed framework neetiefurlarification. The non-velocity
dependent, involuntary background activation theat sometimes be observed during slow
passive muscle stretch, might also be influencedthgr phenomena [10]. Also, if patients
are not able to completely relax during the testassgist or oppose an imposed movement; or
experience pain during the movement, it might bificdit to discriminate this muscular
activation from pathological involuntary backgrouadtivation. Therefore, it should be a
future aim to develop methods that can distinguistierlying factors in background muscle

activation.

Different requirements for detecting the differamin-neural and neural contributions to
hyper-resistance were proposed. Two stretch véscitvere advised (slow and fast).
However, it is yet not defined what velocity and vament profile should be applied. In
physical examination the movement profile is deteed by constraints of human
performance of the examiner, as opposed to motbtizsts in which a particular movement
profile can be imposed [40-43]. However, a motatizest is less feasible in clinical practice
and constant velocities do not represent naturalement profiles [44]. To standardize the
movement profile in manual testing feedback oneddd stretch velocity, range and direction
of movement can be provided. This might be diffefen each muscle, per age range and
patient population, as a consequence of muscleHeigtial position, muscle volume and
weight of the body segment. For future researchatlvised to establish further guidelines on

movement velocity, either in ranges or thresholds.
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Previous research suggested that reflex activiboth length and velocity dependent [10, 37,
38]. The effect of muscle length might possibly éstablished using the slow passive
movement, taking into account the delay betweertrigger and the electrical response and
the delay between the electrical and mechanicalorese of specific muscles [26, 45]. For
example, the delay between maximal joint anguléworg and stretch reflex threshold might
be an additional valuable outcome parameter irrungnted assessment. Furthermore, as
mentioned before, the posture of the patient imidgés the muscle length [10, 37], and should

therefore be standardized.

Clinical research will most certainly benefit frahie recommended framework and
instrumented assessment. Is ensures the use tdrsienminology and standardization in
measurement, leading to data comparison and datmg@nd, with that, a framework to
investigate many clinically relevant research qgoest This in turn will support clinicians by

providing detailed information on the underlyinghgElogy and effectiveness of treatment.

Further, instrumentation and standardization ofgserance of passive muscle stretch in
clinical practice will enable pre-post interventioomparisons and may optimize precision
diagnostics and patient-specific treatment. Thigires experimental validation of the
proposed outcome parameters obtained from instrigdeneasured joint angles, joint

moments and EMG, which is subject of further study.

Limitations of the study

Since both researchers and non-physicians wertedto participate in the consensus, not all
participants personally treat spasticity in dalipical practice (48% does, Table 1).

However, all participants are experienced in eilgessing or measuring hyper-resistance in
a clinical (71%) or research setting (81%). Fumhene, 86% of the participants were

clinicians responsible either for clinical decisioraking, executing the physical examinations
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or working as part of a multi-disciplinary team thr@ats spasticity. Since the consensus was
focussed on concepts of assessment and measurémegpayrticipants very well represent the
professionals in the field related to this topis. Ve believe that close collaboration between
clinicians and (applied) researchers is key toteebenderstanding of the complex
phenomena, and hence better treatment in the futereonsider the heterogenetic
composition an asset of the study.

The first schematic overview presented was develdyyethe organizers of the consensus
meetings, as were the first round of Delphi questéres. This might have introduced bias.
However, the aim of the first overview and thetfgeneration of statements (based on careful
review of the literature and own experience) wadisguss, to rephrase the statements and to

reach consensus. The Delphi method [33] is spatlifidesigned to work in this way.
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526 Conclusion

527 A conceptual framework of the pathophysiologicaumenuscular responses to passive
528 muscle stretch was defined, based on European msuseneetings with experts in the field.
529 The neutral term hyper-resistance should be usetkscoribe the phenomenon of impaired
530 neuromuscular responses during passive stretehelisential to distinguish non-neural from
531 neural contributions to hyper-resistance. This #amrk can be used to standardize and
532 objectify the clinical assessment of hyper-resistarand will improve communication
533 between clinicians and researchers. Componentsinwitie framework are defined by
534 objective parameters that can be derived from unstnted assessment. These parameters
535 need experimental validation after which they canused as part of the development of

536 treatment algorithms that are based on the aetia@bthe clinical phenomena.

537

538
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549 Figurecaption

550

551 Figure 1. (A) Schematic overview to discuss terminology in coteeyd and phenomena
552 around pathophysiological neuromuscular respongassive muscle stretc{B) Alternative
553 terms for hyperstretch reflex and involuntary aation as part of hyper-resistan¢€) Final
554 conceptual framework of pathophysiological neurocniler responses to passive muscle

555 stretch.
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