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Abstract

In clinical settings, the spastic catch is judgabjectively.This studyassessed the
psychometric properties of objective parametersdbfine and quantify the severity of the
spastic catch in children with cerebral palsy (G®Pgonvenience sample ohildren with spastic
CP (N=46; age range, 4-16yrs) underwent objecpasticity assessments. High velocity,
passive stretches were applied to the gastrocnd/@yS) and medial hamstrings (MEH).
Muscle activity was measured with surface electrogngphy (SEMG), joint angle characteristics
using inertial sensors and reactive torqamg a force sensor. To test reliability, a gro@ifi2
children were retested after an average of 13+8.dHye angle of spastic catch (AOC) was
estimated by three biomechanical definitions: jaingle at (1) maximum angular deceleration;

(2) maximum change in torquand (3) minimum power. Each definition was checked
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reliability and validity. Construct and clinical validity weegaluated by correlating each AOC
definitionto the averaged root mean square envelope of EMMGS(EMG) and the Modified
Tardieu Scale (MTS)Severity categories were created based on selpatatheterto establish
face validity. All definitions showed moderate tigtnreliability. Significant correlations were
found betweeOC3 and the MTS of both muscles and the RMS-EM&efMEH though
coefficientswere only weak. AOC3 further distinguished betweeld, moderate and severe
catches. Objective parameters can define and duémi severity of the spastic catch in children
with CP. Howevera comprehensive understandieguires the integration of both

biomechanical and RMS-EMG data.
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1. Introduction

Spasticity is the most common motor disorder indrhn with cerebral palsy (CP) (Cans
et al., 2000). It alters muscle structure, may equan, and can hinder everyday activities such as
gait. Lancg€1980)defined spasticity as a motor disorder charactérme‘a velocity-dependent
increase in the tonic stretch reflex’.

Clinicians assess spasticity by evaluating thel lef/eesistance to passive muscle
stretches (Schotles, Becher, Beelen, & Lankhof6p Tardieu, Shentoub, and Delaru (1954)
were the first to describe the concept of “spasditch”, i.e. a sudden reactive resistance elicited
by increased muscle tone as a reaction to a fastygastretch. Nowadays, the catch is commonly
assessed by means of the Modified Tardieu Scale&SjMBoyd & Graham, 1999). The velocity-
dependent stretch reflex is defined by the angld@tpastic catch (AOC), which is the

difference between the end range of motion (ROM)endlowly moving the limb and the spastic
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catch angle while moving fast. A large AOC indicaitecreased spasticity (Boyd & Graham,
1999).As the MTS integrates a velocity-dependent asjietsely relates to Lance’s spasticity
definition (1980) and is considered a valid toohssess spasticity (Gracies et al., 2010;
Mehhholz et al., 2005; Patrick & Ada, 2006; Pl&ickhof, Nuyens, & Vuadens, 2005).

However, inconclusive intra- and inter-rater relligppof the MTS have been reported in
children with CP (Haugh, Pandyan, & Johnson, 2088iilar to other clinical scales, the MTS
relies on the subjective feeling of the therapisbwtops the movement when a catch is felt
(Platz et al., 2005). Van den Noort, Scholtes, ldadaar (2009) additionally reported that
goniometry, as used in the MTS, is an impreciséhoteto measure the AOC due to joint
repositioning errors. Furthermore, the resistaetieat the spastic catch may comprise both the
neural component of spasticity as defined by Lgt680), and biomechanical components such
as soft tissue compliance and joint integrity (Bamd Van Wijk, Stark, Vaudens, Johnson, &
Barnes, 2006).

Therefore, it is now widely acknowledged that maneust, quantitative measures to
assess spasticity are required. Van den Noort €@09) recommended the use of inertial
sensors to measure joint angle characteristics presely. Others have shown that reactive
torque can be objectively quantified using eithend+held dynamometers while manually
stretching a spastic muscle (Akman et al., 199@; Ghen, Ju, Lin, & Poon, 2004; Pandyan,
Price, Rodgers, Barnes, & Johonson, 2001; Pandyan 2006; Peng, Shah, Selles, Gaebler-
Spira, & Zhang, 2004; Wu et al., 20106r)using a motor-driven system to stretch the neuscl
(Damiano, Laws, Carmines, & Abel, 2006; EngsbemsR Orlee, & Park, 2000; Wood et al.,
2005).

Although these biomechanical methods provide masmtitative results compared to the

clinical methods (Wood et al., 2005), a valid tl spasticity assessment should also include
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simultaneous measurement of muscle activity (Lab880; Malhotra, Pandyan, Rosewilliam,
Roffe, & Hermens, 2011; Voerman, Gregoric, & Herse2005; Wood et al., 2005). In children
with CP, muscle activity is most commonly measuwsithg surface electromyography (SEMG)
(Voerman et al., 2005). A comprehensive spastichcateasurement based on biomechanical
signals and sEMG would capture: (1) an augmentationuscle activity that corresponds to an
increase in SEMG amplitude, (2) a consequent ngatbrque to passive stretch, and (3) a change
in joint angle characteristics (Calota, Feldmar,&&in, 2008; van den Noort, Scholtes, Becher,
& Harlaar, 2010). This will allow for a more objaet definition of the spastic catch.

Thus far, only two papers have reported SEMG nreasents combined with
biomechanical parameters to objectively defineARC. Van den Noort, Schotles, Becher, and
Harlaar (2010) evaluated the AOC in the gastrocosrand medial hamstrings in children with
spastic CP using SEMG and inertial sensors. Thégeatethe catch as the angle corresponding to
the time of maximum joint deceleration when thejas passively moved at high velocity. Wu et
al. (2010) objectively measured the AOC in the ellfiexors of children with CP using SEMG
and a manually controlled device equipped withiergnd angle sensors. They defined the catch
as the angle corresponding to the time of maximhange in torque.

Although these studies provided a more objectpasscity assessment compared to the
MTS, the psychometric properties of these methaalsamt further investigation. Furthermore,
these studies used the position of the catch andéasure to quantify the severity of spasticity,
whereas Wu et al. (2010) have shown that this ijposis dependent on the stretch velocity and
may therefore not solely reflect severity. Finathg definitions for the AOC were predominantly
based on isolated signals (velocity - van den Nebat., 2010; or torque - Wu et al., 2010) and a

more valid measure of a spastic catch includegtiegration of signals (Wood et al., 2005).
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In line with a multi-dimensional assessment methiod believed that the integration of
signals may provide an improved quantificationted AOC. The aim of this study was to
investigate the reliability and validity of an objve spastic catch assessment. Biomechanical
and sEMG parameters obtained from isolated andriated signals, that could define the AOC

and quantify the catch severity, were investigated.

2. Methods

2.1 Participants
Children with CP were recruited from the databafsthe Clinical Motion Analysis

Laboratory (University hospital*blinded for reviev*Participants were eligible for inclusion if
they were diagnosed with spastic CP and aged bet&eed 18 years. They were excluded in
case of: (1) presence of ataxia or dystonia; (2¢emuscle weakness (score <2+ on the Manual
Muscle Test - Sapega, 1990) and/or poor selec(@iage, 2004); (3) ROM less than 25% of the
normal values for all lower limb joints (based dimical examination); (4) cognitive problems

that could hinder communication and cooperationnduthe assessment; (5) treatment with
botulinum toxin type-A six months prior to assesatw@ previous lower limb orthopedic

surgery, intrathecal baclofen or selective dorsalatomy. Written informed consent for
participation was sought from all parents. The expental protocol was approved by the local

Ethical Committee.

2.2 Measurement protocol
Prior to the objective spasticity assessmenpatlicipants underwent a full lower limb

clinical examination, including the Modified AshwibrScale (MAS) (Bohannon & Smith, 1987)
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of the gastrocnemius (GAS) and medial hamstringsSHMMuscles with a MAS-score of 1+ or
higher were additionally assessed with the MTS B&yGraham, 1999). In children with
unilateral CP, the objective spasticity assessmeets carried out on the affected side only. In
children with bilateral CP, the most affected siges tested (highest average MAS for GAS and
MEH). In participants with symmetrical MAS-scoréise side with a more severe MTS was
selected.

All measurements were performed by one trainedsass. The protocol for the objective
spasticity assessment included: preparation, maxrinmluntary isometric contractions (MVIC),
joint calibrations and passive stretches (setupvatio Fig. 1). Muscle activity was measured
using SEMG at a sample rate of 2000Hz (Zerowiren€@a, Milan, IT). Circular Ag/AgClI
electrodes (diameter of 2cm) were placed on thecladeellies of MEH and GAS, as well as on
the antagonists of these muscles (rectus femoddibialis anterior, respectively) with an inter-
electrode distance of 2cm (Hermens, Freriks, Diggst-Klug, & Rau, 2000).

To define joint angles, angular velocity and aecaion, two inertial measurement units
(IMUs; Analog Devices, ADIS16354) were used to krfte movement of the distal limb
segment with respect to the proximal segment. Migsl were placed arbitrarily on the lower
limb so as not to interfere with the position di@t sensors. Joint calibration trials (predefined
reference positions and motions) were performeat poi the passive stretches to compute
anatomical joint angles from the IMUs. Reactivegte was measured using a six degrees of
freedom force-sensor load-cell (ATI mini45: IndietAutomation). The force-sensor was
attached to the segment using a light-weight fo@hank orthosis for the GAS and the MEH
respectively (Figure 1 and Appendix A). Motion dodjue were sampled at 200Hz.

Segment lengths (lower leg and foot length) aredogrpendicular distances (moment

arms) between the joint axes and the z-axis ofoée-cell were determined with measuring-tape.
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During the passive stretch trials, muscles weretelsy manually moving the joints from a
predefined starting position through their full ROfulst slowly during 5 seconds, then at
medium velocity and finally as fast as possiblectEstretch trial was repeated four times with an
interval of seven seconds rest between repetitibms.end position of each stretch was

maintained for a period of three seconds.

2.3 Research design

Between-session reliability and validity of thegraeters derived from the objective
spasticity assessment were tested. Twelve childvba,were willing to be tested twice, were re-
evaluated within four weeks and results from tingt iest session were used to assess validity.
Validity was examined on three aspects: constdliciical and face validity (Mokkink et al.,
2010). An overview of how psychometric propertiesrevdefined and assessed can be found in

Table 1.

2.4 Data analysis

Data of the participants was processed using ouzéd software (MATLAB 7.6.0
R2008a: MathWorks). The raw sEMG signal was filiength a &' order zero-phase Butterworth
bandpass filter from 20 to 500 Hz. Next, the roeam square envelope of the SEMG (RMS-
EMG) signal was extracted by applying a low-pas$i2@B" order zero-phase Butterworth filter
on the squared raw SEMG signal. To estimate joigteacharacteristics, a Kalman smoother
(Rauch, Tung, & Striebel, 1965) was applied ondat obtained from the IMUs. Torque signals
were filtered using a low-pass filter with a cut-iéquency of 50Hz (Wu et al., 2010). The net

internal joint torque was calculated from the seghhengths and moment arms, the external
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forces, the exerted moments, and the forces cdusgrhvity and inertia (Jensen, 1986). See
Appendix A for a detailed overview of the differantque components.

Only data collected during passive stretcheseahtbhest velocity were examined as
these were expected to best reflect the spastb.caer muscle, the first well-performed stretch
at high velocity with an SEMG onset was used falgsis. Well-performed stretches constituted
stretches that had a comparable velocity betwgastitimns. SEMG onset was defined as the time
of first muscle activity according to the Staudetmoel (Staude & Wolf, 1999Furthermore,
trials were deleted in case of simultaneous antagantivity, active assistance of the subject or

in case of poor quality SEMG signal (low signalrmise ratio or clear artifacts).

2.50utcome Parameters

Two quantitative measures for AOC (AOC-definitipmsere developed based on the
isolated signals of either angular velocity) or torque (T): AOC1 was defined as the positibn o
maximum deceleration (van den Noort et al., 20AQC2 was defined as the position of
maximum change in torque (dT/dt) (Wu et al., 2020)hird AOC-definition (AOC3)combined
signals from velocity and torque, i.e. the angular positamrresponding to the first local
minimum of power after a local maximum of powerwo was defined as the product of angular
velocity and torquec(*T). All three AOC-definitions were expressed irrentages that
indicated the relative position of the AOC withpest to the ROM of the same trial.

Other severity related parameters included: mawirddi/dt (Nm), maximum deceleration
(°/sec), minimum power (W) and, work (J). Work was defires the area under the power-time
curve over a given interval. The time interval &drfrom the time corresponding to maximum
velocity and ended at the time corresponding taragular position (90% of the ROM). Average

RMS-EMG was also explored as a severity-relatedmater. Average RMS-EMG was
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calculated by dividing the area under the RMS-ENtetcurve by the duration of the SEMG
onset (Staude & Wolf, 1999) and expressed as &pege of the peak RMS-EMG value of three

MVIC repetitions.

2.7 Statistical analysis

Between-session reliability for GAS and MEH wagddswith the Intraclass Correlation
Coefficients (ICG 1) with 95% confidence interva{®cGraw & Wong, 1996) and the standard
error of measurement (SEM). The SEM was calculfxted the square root of the mean square
error from one-way ANOVA (Weir, 20055EM values were further expressed as a percenfage o
the mean of the parameter. ICC-vala8s3 indicated high>0.6 moderately high; areD.4
moderate reliability (Katz, Larsen, Philips, FosgelLiang, 1992).

For the validity studies, Spearman rank correfatioefficients were calculated between
the different outcome parameters for each musdesBess construct validity (Mokkink et al.,
2010) correlations between RMS-EMG, maximum dTiftiximum deceleration, minimum
power, work, and the AOC definitions were calculiat€linical validity was tested by correlating
the outcome parameters to the MTS (Boyd & Grah&89) Correlation values 60.7
indicated a high, 0.50-0.70 a good, 0.30-0.50 skveaal<0.30 a poor correlation (Hinkle,

Wiesma, & Jars, 1994).

Face validity was established using the followwgyal categorization. Based on results
of reliability and construct validity of the thré@C definitions, the position-time graph, the
power-time graph and the RMS-EMG-time graph weselalized to categorize the severity of the
spastic catch. According to a predefined workflomg assessors independently categorized each

muscle as 1) no or mild; 2) moderate; or 3) sespsstic catch. Fig. 2 shows an example of the
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reasoned workflow to interpret the severity of $pastic catch in the GAS. In the absence of a
catch or in a mild catch, AOC3 was detected withenlast 20% of the ROM, the change in
direction of the power wasl0% of the maximum power, the RMS-EMG amplitude was
negligible with respect to baseline activity andfoe RMS-EMG onset duration w&6.03
seconds. In a severe catch, AOC3 occurred eanligrei ROM, minimum power was negative
and the RMS-EMG amplitude wasSD than baseline. Catches were considered modehaie
they did not fall into any of the latter two cateigs. When the two assessors did not reach
consensus, a third and independent assessor rBethise trial. In those cases, the majority
opinion decided the severity of the catch.

Percentage agreement was calculated between #ssassfor each muscle. Kruskal-
Wallis tests (KW-test) were applied to verify whetla parameter could significantly distinguish
between the three created severity groups, withpas Mann-Whitney U tests (MW U-test).

Statistical analyses were carried out in Statigtieasion 10). Significance level was set at 0.05.

3. Results

Fifty-one participants were tested with the ohbjecspasticity assessment. Five
participants were excluded (mean age 7.72yrs; rdr@fyrs - 11.67yrs; four girls, one boy); two
participants because there was no EMG onset in 8%&85, and three participants due to poor
quality EMG data. Subject characteristics of theaming 46 participants are presented in Table
2. For ca. 20% of these patrticipants, the firshhiglocity stretch did not fulfill the performance
criteria and the next well-performed stretch wdseded for further analysis. MTS-scores were
noted in 44 participants for the GAS and in 35ipgrants for the MEH.

Twelve participants were re-tested after an awerdd 3+9 days and included in the

reliability study. No significant differences in@gwveight, gender, average MAS- and MTS-
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scores, Gross Motor Function Classification SystéiFCS) (Palasino et al., 1997) or
diagnosis was found between participants includetie reliability study and the total group

(Table 2).

3.1 Reliability

Outcomes of the reliability study are presentedable 3. The majority of the parameters
showed moderately high to high between-sessioaliéty. Maximum deceleration and RMS-
EMG for the GAS and minimum power for the MEH wemnederately reliable. Among the three
AOC-definitions, AOC3 showed highest ICCs for bothscles (range 0.62-0.86) and lowest
%SEM values (range 5.40%-15.77%). The majorityhefdeverity-related parameters showed
SEM values ranging from 16.1%-25.8% of the meai #ie exceptions of minimum power for
both muscles (GAS 62.0%; MEH 75.2%) and RMS-EMGitler GAS (73.5%) which showed

high %SEM values.

3.2 Validity

An overview of the correlations between the outcgaameters and between outcome
parameters and the MTS can be found in Table Both muscles, poor correlations were found
between maximum deceleration and maximum dT/dt (BAB021; MEH r= -0.13). In the GAS,
weak correlations were also found between workRNM®S-EMG (r= -0.30) and between
maximum dT/dt and RMS-EMG (r=-0.37). In both musclall three AOC definitions were
significantly correlated to each other, rangingrirgood to high for the GAS and from weak to
high for the MEH. Work was correlated to all th&@C definitions in the GAS, and to AOC1
and AOC3 in the MEH. In the MEH, the correlatiorRMS-EMG was highest for AOC3 (r=-

0.65).
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Of the three AOC definitions, only AOC3 showed gigant, but weak correlations with
the MTS in both muscles (GAS r=0.31; MEH r=0.34)the MEH significant, but weak
correlations were also found between maximum didtk, RMS-EMG and the MTS.

Of the three AOC definitions, AOC3 showed the legfirelative reliability, lowest
measurement error and the highest clinical valiftitypoth muscles. In the MEH, it also
established the highest correlation to RMS-EMG ttw#irming its construct validity.
Therefore, it was decided to use this AOC definitiand the power-time graph, to visually
categorize the muscles into severity groups. Dukdmverall poor correlations between
outcome parameters and RMS-EMG, it was decidedrtbdr use the RMS-EMG for
categorization.

Agreement between assessors on visual categonaats 91.80% for the GAS and
80.33% for the MEH. For the GAS, 16 muscles weteg@ized as having no or mild catch, 22
as having a moderate catch and eight as havingeaeseatch. For the MEH, 12 muscles were
categorized with no or mild catch, 21 with a motieatch and 12 with a severe catch. Fig. 3
shows the results of the comparison of selecteanpeters between severity categories. AOC3
and minimum power were significantly different been the visually defined severity categories
for both the GAS[<0.001;p<0.001, respectively) and the MEp<0.001;p=0.002,
respectively). In the GAS, AOC3 was not able tdgidgaiish between moderate and severe
catches§=0.62). In the MEH however, AOC3 could distinguisttween no/mild and moderate
(p=0.004) as well as between moderate and sepef(03).

In the MEH, minimum power could distinguish betwasaderate and severe catchgs((001)
but not between no/mild and moderate catcpe8.84). RMS-EMG was also significantly
different between the categorigs=0.007) in the MEH, but could only distinguish betm

no/mild and severe catchgs=0.006).
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4. Discussion

The aim of the current study was to explore thelpsmetric properties of isolated, as
well as integrated signals to define and quantig/geverity of the spastic catch in the MEH and
GAS in a heterogeneous group of children with $p&3®. To date, this is the first
methodological study to check the reliability aradidity of such objective AOC definitions and
severity indicators. The ability of the instrumémimeasure a variety of participants reliably,
points towards its value for future in-depth exptans of the possible causes of the spastic catch
and important influencing factors, i.e. age, disggsand functional level. Such insights will
contribute to patient categorization and can improgatment delineation.

All AOC definitions were found reliable. Howevéine lack of correlation between the
individual signals, used to compose the AOC, hgjited the need to integrate parameters to
achieve proper construct validity of the AOC a®wesity indicator. The definition of AOC3, i.e.
AOC based on minimum power, represented the bésiitcen of the spastic catch, since both
torque and velocity were considered. In the MEH,G80was also significantly correlated to
RMS-EMG, which further confirms its improved constr validity with respect to the other two
definitions (AOC1 and AOC?2). For the GAS howeve©®3 alone was not able to distinguish
between moderate and severe catches. By addityamadmining the value of the minimum
power, moderate and severe catches could be digtheg. In the MEH, face validity of AOC3
was established as it could distinguish betweethede severity groups. Nonetheless, the low
correlations between minimum power and RMS-EMG esse the need to additionally
examine SEMG parameters to further quantify thesgrvof the AOC and relate it to Lance’s

definition of spasticity (Lance, 1980). Previousdés have also indicated the need to assess
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muscle activity in order to quantify spasticity (Qta et al., 2008; Damiano et al., 2002; Malhotra
et al., 2011; Pandyan et al., 2006).

The MTSis a commonly used clinical test to measure spgstad, given the lack of a
golden standard for quantifying the AOC, may beeful and fast method to screen for spasticity
or provide rough clinical validity of an instrumextalternative. However, several sources of
error may be introduced while using the MTS. Fitfs¢, velocity of stretch is not controlled. An
instrumented evaluation however, can report orvéhecity and performance of the stretch. Such
information improves the standards of clinical pigeand allows for more accurate
interpretation of results.

Second, the passive stretch was performed ovéulliROM and the end position was
held for three seconds, contrary to the MTS. Tédhihique, which was also applied by Wu et al.
(2010), minimized the influence of performance-tedberrors by removing the subjective
decision of the examiner to stop the movement. Hewen muscles with very high resistance
(e.g. MAS>3), the end position of the stretch may have bewlerestimated which could have
affected the AOC calculations. In such cases, mdily examining minimum power and the
amount of RMS-EMG may prove more useful in deterngrthe catch severity than the relative
AOC position alone.

Interestingly, Wu et al. (2010) also found that &@C is sensitive to the velocity of the
passive stretch with later AOC positions being eetd with increasing stretch velocity. This
finding is in contrast to the hypothesis that higsteetch velocities elicit a stronger hyperactive
stretch reflex and thus an earlier appearanceec$plastic catch. Therefore, assessing the spastic
catch based on the catch position alone may nafuadely reflect the construct to be assessed.

Similar to the findings of Alhousaini et al. (201@ low correlation was found between

the MTS-score and RMS-EMG, especially for the GAlge MTS is thus less likely to be
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associated with electrophysiological parametersthacdefore cannot be considered a valid
measure of spasticity (Lance, 1980). These findinggate the importance of measuring the
velocity-dependent hyperactive stretch reflex, Wwhgclacking in current clinical tests (Damiano
et al., 2002). Therefore, it is recommended trsdgeeially for children undergoing treatment,
multidimensional signals should be integrated winerasuring the spastic catch. An
instrumented assessment provides more informatorgjnuous, and valid data which may prove
more sensitive in distinguishing those patients bieaefit best from anti-spasticity treatment.

Although the objective spastic catch assessmenfauas reliable and valid, some study
limitations need to be considered. Firstly, in st the seven second-rest between repetitions to
avoid post activation depression, in some casesA@C occurred later in the ROM with
repeated stretches. This may be due to the me@iafiect of stretching a muscle (Voerman et
al., 2005). To control this effect, the first, wpkrformed repetition per muscle was analyzed as
it was considered to be the best representatiotinéseverity of the spastic catch. In case the
first stretch was not properly executed (+/- in 20Rthe participants), the next well-performed
stretch was chosen, which may have resulted in souseles being categorized as having less
severe catches.

Secondly, results showed low reliability and higeasurement error for minimum power.
This highlights that despite the standardizatiothefmovement, outcome parameters still depend
on how the stretch is performed. While motor-colifecbisokinetic devices allow to displace a
limb at a controlled torque and velocity, Rabitalket2005) have shown that such isokinetic
devices cannot be used to simulate manual spgdgsits as thenobilization characteristics are
very different. These authors found that the stre¢flexes elicited by a manually-applied
transient acceleration could not be generated dgdnstant acceleration of an isokinetic device

(Rabita et al., 2005). Manual stretching could hasvdoe improved by providing the examiner

15



COMPREHENSIVE QUANTIFICATION OF THE SPASTIC CATCH

with feedback about the consistency of the forgdia@ during the repetitions and by following a
pre-defined tracking signal while stretching (Wazdl., 2005; Wu et al., 2010).

Spasticity was determined by means of the MA3o¥ahg routine clinical test
procedures. However, the MAS has been criticizech®d being a valid measure of spasticity
(Fleuren, Voerman, & Erren-Wolters, 2010). Indagdge patients with MAS 0 in the MEH had
an EMG onset during passive stretch and were \lisalassified as having a mild catch.
Conversely, two patients with spasticity in the GAMAS1+ and MAS2) were excluded because
no EMG activity was evoked when stretching at higlocity. The value of the MTS as an
indicator for the presence or absence of spasstibyld be further explored.

The proposed method cannot be used to distingtisr epasticity phenomena, such as a
clonus, from a catch. An algorithm that can autacadly identify exceptions, prior to
categorizing the catches, should be developed.enberg et al. (2001) distinguished reflex
mediated resistance (neural component) from elasoous resistance (non-neural component)
by measuring torque during stretches of fingenanst flexors at low and high velocity. In the
current study, it was found that the biomechanpembmeters of the GAS were less related to
RMS-EMG than in the MEH. Catches in the GAS mayrtmee influenced by altered muscular
and soft tissue structure than by the pure velab#yendent stretch reflexes (Foran, Steinman,
Barash, Chambers, & Lieber, 2005).

More severely involved children with CP did notehée inclusion criteria of the current
study. As a result, only three participants witladpiplegia were included in the total study
sample. Future work should focus on developingtgpeatch assessment methods that are
appropriate for children with higher GMFCS scored/ar with more severe muscle weakness.

Finally, the amount of SEMG is very susceptiblénter-subject variability. In the current

study, the RMS-EMG was therefore normalized witpeet to the muscles’ MVIC. However,
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the MVIC may be difficult to collect in children Wi CP (Phadke, Ismail & Boulias, 2012) and
requires strict inclusion criteria. Alternative nmlization methods, e.g. normalization to muscle
activity during a known force, tended to produceaenariable results while others were
considered too invasive for use in children e.gwil+e excitation. Alternatively, future studies
could establish the sensitivity of additional paedens, such as velocity and position at EMG

onset that prevent the need for normalization.

5. Conclusions

Objective definition and quantification of the satyeof the spastic catch requires
integrated signal parameters. This study propastake the AOC, defined by the time of the
minimum power, the minimum power value itself, adlvas RMS-EMG in order to define the

spastic catch and measure its severity.
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TABLES

Table 1 Psychometric properties (Mokkink et al., 2010) #meir order of testing in the current
study.

Property Definition Analysis

1. Between-session reliability Establishes the b#ipaof an  Subjects were assessed
instrument to consistently twice within four weeks.

measure a variable between

sessions.

2. Construct validity Establishes the ability of an  Inter-parameter correlations
instrument to measure an were established between all
abstract construct and the parameters.

degree to which the instrument
reflects the theoretical
components of the construct.

3. Clinical validity Establishes if an instrumeat i Parameters of all signals
related to a commonly used  were compared to the
clinical method. Modified Tardieu Scale.

4. Face validity The degree to which an Selected parameters were
instrument indeed looks as an used to visually categorize
adequate reflection of the the muscles by severity.

construct to be measured.

Table 2 Subjects’ characteristics

Subjects (n=46) Subijects reliability study (n=12)
Age (SD) 9.07yrs (3.26yrs) 9.86yrs (3.1yrs)
Mass (SD) 29.10 kg (11.86 kqg) 29.26 kg (10.27 kg)
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Gender (R/3) 24/22 8/4
MAS (range 0-3)
GAS (n) MEH (n) GAS (n)
1(2) 0(3) 1(2)
1+ (11) 1(8) 1+ (3)
2 (25) 1+ (11) 2 (5)
3(8) 2 (22) 3(2)
3(2)

Mean MTS (SD)  GAS (n=44) MEH (n=35)  GAS (n=10)

-10.57° (8.77°)  -78.00° (10.52°) -13.50° (7.47°)

MEH (n)
1(4)

1+ (5)
2(2)
3(1)

MEH (n=8)
-72.50° (6.55°)

GMFCS—level Range | — IV Range | — I
[ (17), 1 (17), 11l (10), IV (2) I (5), 1l (6), 11 (1)

Diagnosis 19 hemiplegia (7 left, 12 right) 8 hemiplegia (3 left, 5 right)
23 diplegia 4 diplegia

3 quadriplegia

MAS: Modified Ashworth Score; MTS: Modified Tardi&gcore; GMFCS: Gross Motor

Function Classification System (Palasino et al97)9

Table 30utcome parameters of GAS and MEH in both sesgtess retest), with between

session. Intraclass Correlation Coefficients (ICZandard error of measurement (SEM),

percentage of the SEM relative to the mean ofékednd re-test values (% SEM).

GAS Test mean (SD) Retest mean (SD)

ICC SEM %SEM

Max. dec. (°/s€d 1436.36 (252.58)  1407.14 (268.13)

Max. dT/dt (Nm/s) 133.66 (54.63) 119.33 (40.66)
Work (J) 3.80 (1.30) 4.19 (1.26)
Min. Power (W)  4.29 (1.67) 3.26 (1.88)
RMS-EMG (%)  5.66 (4.65) 8.19 (8.01)

AOC1 (%) 60.70 (13.09) 57.66 (10.79)

0.42

0.88

0.68

0.78

0.55

0.75

228.45 026.

22.20 17.55

0.92 23.08
2.34 981

5.09 73.52
7.90 33.3
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AOC2 (%) 52.80 (10.06) 50.99 (8.54) 062  7.20 12.04
AOC3 (%) 71.28 (16.67) 73.56 (9.55) 0.81  7.42 10.25
MEH

Max. dec. (°/se 2237.76 (549.09)  1961.94 (422.12) 0.63 34297 336.
Max. dT/dt (Nm/s) 103.96 (49.28) 95.01 (42.12) 0.92 1924  19.33
Work (J) 6.62 (3.79) 7.33 (3.16) 0.84  1.80 25.81
Min. Power (W)  7.29 (5.05) 4.84 (2.61) 054 456  .1B6
RMS-EMG (%)  17.90 (32.64) 18.44 (33.68) 099 293 6.13
AOC1 (%) 81.45 (10.40) 77.90 (9.53) 071  6.76 8.48
AOC2 (%) 45.67 (28.00) 47.13 (25.00) 0.72 1577 993
AOC3 (%) 88.59 (11.24) 87.64 (10.27) 0.86  5.40 6.13

Max. dec.: maximum deceleration; Max. dT/dt: maximwchange in torque; Min. Power:

minimum power; RMS-EMG: root mean square envelopsusface electromyography; AOC:

angle of catch.

Table 4 Spearman rank correlation coefficients betweearpaters for GAS anslEH.

GAS Max.dec Max.dT/dt Work Min.Power RMS-EMG AOC1 AOC2 AOC3 MTS
Max.dec 1 0.02 -0.16 0.06 0.08 -20.4m48* -0.10 -0.03
Max.dT/dt 1 0.59* -0.04 -0.37* -0.140.08  -0.12 0.09
Work 1 0.25 -0.30* -0.60*0.33* -0.54*-0.09
Min. Powe 1 -0.26 -0.29%0.24 0.01 0.29
RMS-EMG 1 0.09 -0.07v -0.01 -0.10
AOC1 0.74* 0.87* 0.20
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AOC2 1 0.64* 0.12
AOC3 1 0.31*
MTS 1
MEH

Max. dec 1 -0.13 -0.32*-0.58* 0.032 0.34 0.07 0.04 -0.08
Max. dT/d 1 0.76* -0.25 0.15 -0.42%0.07  -0.44*-0.49*
Work 1 0.11 0.25 -0.68*0.26  -0.57*-0.36*
Min. Powe 1 0.22 -0.35%0.25 -0.12 -0.08
RMS-EMG 1 -0.60*-0.25 -0.65*-0.38*
AOC1 1 0.40* 0.88* 0.30
AOC2 1 0.30* 0.13
AOC3 1 0.34*
MTS 1

GAS: gastrocnemius; MEH: medial hamstrings; Maxc:daaximum deceleration; Max. dT/dt:

maximum change in torque; Min. Power: minimum pgweMS-EMG: root mean square of

surface electromyography; AOC: angle of catch; Mim8dified Tardieu Scale.
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FIGURES

Figure 1 Test starting positions, direction of stretch (whéirrows), and instrumentation for the
objective spasticity assessments in A) the mediahdtrings (MEH) and B) the gastrocnemius
(GAS). Overview of the test instrumentation: (13ia degrees of freedom force-sensor attached
to either a shank orthosis on the posterior aspietie lower leg (MEH) or a foot orthosis (GAS),
used to measure reactive torque; (2) two inertighsnrements units measured joint angle
characteristics; and (3) surface electromyograp®MG) measured muscle activity of the

agonistic and antagonistic muscle groups.
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Figure 2 Example of position- (a-c), power- (d-f), and RM$G- (g-i) time graphs depicting

the integrated clinical interpretation of a mil@ff), moderate (middle) and severe (right) catch
during high velocity stretches to the gastrochnemideyo seconds indicates times of maximal
velocity. The rectangle in the RMS-EMG-time grapticates the duration of EMG onset. AOC:

angle of catch; RMS-EMG: root mean square envetderface electromyography.
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Figure 3. Box plots of selected severity-related paramaieesl for visual categorization of the
(a-c) gastrocnemius and the (d-f) medial hamstriA@¥C: angle of catch; RMS-EMG: root

mean square envelope of the surface electromyogr&pk0.05, Man Whitney U tests.

APPENDIX A
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Figure 1 Free body diagram of medial hamstrings and gas¢émous tests. The masses of the
orthoses are considered negligiblgadd d correspond to the distances measured by the
therapist. The mass parameters of the shank an@feaetermined by an anthropometric model
(Jensen, 1986). The body segment is moved witmgular acceleration afhor. The moments
for the joints are given by:

Eq (A.1) Mynee = —F; + E,Dy + My, — mg cos(@nor) Tyrox — laxiar @nor

Eq (A.2) Mankie = —Fd, — Fydy - M,
(with Igyiq = mkzz)rox)

Where M_joint is the net internal moment actinghat joint and is composed of different

components: the perpendicular force)(FEhe non-perpendicular force components, (fhe
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torque exerted on the handle Mgravity (m.g) and inertia{lia). In Eg. A.2, the weight of the

foot is considered negligible.
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