:' frontiers ‘ Frontiers in Bioengineering and Biotechnology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Fan Gao,
University of Kentucky, United States

REVIEWED BY

Andrea Merlo,

Ospedale Privato Accreditato Sol et
Salus, Italy

Tunc Akbas,

Harvard University, United States

*CORRESPONDENCE
Pedro Valadao,
pvaladao@tuta.io

SPECIALTY SECTION
This article was submitted to
Biomechanics,

a section of the journal
Frontiers in Bioengineering and
Biotechnology

RECEIVED 16 March 2022
AccepTED 09 November 2022
PUBLISHED 23 November 2022

CITATION
Valaddo P, Bar-On L, Cenni F,
Piitulainen H, Avela J and Finni T (2022),
Revising the stretch reflex threshold
method to measure stretch
hyperreflexia in cerebral palsy.

Front. Bioeng. Biotechnol. 10:897852.
doi: 10.3389/fbioe.2022.897852

COPYRIGHT
© 2022 Valadao, Bar-On, Cenni,
Piitulainen, Avela and Finni. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Bioengineering and Biotechnology

TYPE Original Research
PUBLISHED 23 November 2022
pol 10.3389/fbioe.2022.897852

Revising the stretch reflex
threshold method to measure
stretch hyperreflexia in cerebral

palsy

Pedro Valaddo'*, Lynn Bar-On??, Francesco Cenni?,
Harri Piitulainen®*3, Janne Avela® and Taija Finni*

Neuromuscular Research Center, Faculty of Sport and Health Sciences, University of Jyvaskyla,
Jyvaskyla, Finland, 2Department of Rehabilitation Sciences, Ghent University, Gent, Belgium,
*Department of Rehabilitation Medicine, Amsterdam Movement Sciences, Amsterdam University
Medical Centers, Amsterdam, Netherlands, “Department of Neuroscience and Biomedical
Engineering, Aalto University, Espoo, Finland, *Motion Analysis Laboratory, Children and Adolescents,
Helsinki University Hospital, Helsinki, Finland

Hyper-resistance is an increased resistance to passive muscle stretch, a
common feature in neurological disorders. Stretch hyperreflexia, an
exaggerated stretch reflex response, is the neural velocity-dependent
component of hyper-resistance, and has been quantitatively measured using
the stretch reflex threshold (e, joint angle at the stretch reflex
electromyographic onset). In this study, we introduce a correction in how
the stretch reflex threshold is calculated, by accounting for the stretch reflex
latency (i.e., time between the stretch reflex onset at the muscle spindles and its
appearance in the electromyographic signal). Furthermore, we evaluated how
this correction affects the stretch reflex threshold in children and young adults
with spastic cerebral palsy. A motor-driven ankle dynamometer induced passive
ankle dorsiflexions at four incremental velocities in 13 children with cerebral
palsy (mean age: 13.5 years, eight males). The stretch reflex threshold for soleus
and medial gastrocnemius muscles was calculated as 1) the joint angle
corresponding to the stretch reflex electromyographic onset (i.e., original
method); and as 2) the joint angle corresponding to the electromyographic
onset minus the individual Hoffmann-reflex latency (i.e., latency corrected
method). The group linear regression slopes between stretch velocity and
stretch reflex threshold differed in both muscles between methods (p <
0.05). While the original stretch reflex threshold was velocity dependent in
both muscles (p < 0.05), the latency correction rendered it velocity
independent. Thus, the effects of latency correction on the stretch reflex
threshold are substantial, especially at higher stretch velocities, and should
be considered in future studies.

Abbreviations: CP, cerebral palsy; EMG, electromyography; H-reflex, Hoffmann-reflex; IQR,
interquartile range; MG, medial gastrocnemius muscle; R2, coefficient of determination; SD,
standard deviation; Sol, soleus muscle; SR, stretch reflex; SRT, stretch reflex threshold; TSRT, tonic
stretch reflex threshold.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2022.897852/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.897852/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.897852/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.897852/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.897852&domain=pdf&date_stamp=2022-11-23
mailto:pvaladao@tuta.io
https://doi.org/10.3389/fbioe.2022.897852
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.897852

Valaddo et al.

KEYWORDS

10.3389/fbioe.2022.897852

hyperreflexia, neurophysiology, stretch reflex, electromyography, cerebral palsy

Introduction

Hyper-resistance is defined as an increased resistance to
passive muscle stretch, commonly reported in people with the
upper motor neuron syndrome. Three main contributors to
identified:
properties, neural velocity-dependent stretch hyperreflexia and

hyper-resistance have been non-neural tissue

neural non-velocity dependent involuntary background
activation (Gracies, 2005; Trompetto et al., 2014; van den
Noort et al, 2017). Correctly assessing all components of
hyper-resistance is crucial for treatment decision making and
monitoring individual changes through life (e.g., effects of aging
or a intervention; Tedroff et al., 2009; Tedroff et al., 2011). Stretch
hyperreflexia is often characterized by the occurrence of the
stretch reflex (SR) at abnormally lower stretch velocities and
earlier joint angles (i.e., earlier in the stretch) compared to
typically developing muscles. In clinical practice, manual
stretch hyperreflexia assessment scales, such as the Modified
Tardieu Scale (Boyd and Graham, 1999) have been widely used
due to their ease of implementation without complex
instrumentation requirements. The Modified Tardieu Scale
dynamic range of motion test attempts to measure the joint
angle at the SR torque onset (i.e, SR EMG onset plus
electromechanical delay). The test consists of the examiner

performing a fast passive stretch on the target muscle and
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FIGURE 1

Soleus muscle SRTs (circles) and SRTScorrected (SQuares) in

repeated trials at four stretch velocities for a representative
participant. The error caused by not considering the SR latency
increases with increasing velocity, as the amount of angular
displacement between the SR onset and the SR EMG onset is
increasing.
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measuring the angle of catch (ie, angle at which muscle
activity abruptly increases and stops the movement). Although
simple to execute, this method is limited by the lack of stretch
velocity and amplitude standardization, and inaccuracies related
to subjectively measuring the angle of catch (van den Noort et al.,
2009).

To improve validity and reliability of stretch hyperreflexia
assessments, quantitative methods utilizing recordings of joint
kinematics and muscle electromyographic (EMG) activity have
been developed, allowing more accurate assessment of the joint
angle at the SR EMG onset, also termed stretch reflex threshold
(SRT). The SRT can be measured at different stretch velocities,
and it is generally assumed that higher stretch velocities will
result in earlier onset joint angles (Levin and Feldman, 1994).
Furthermore, the Tonic Stretch Reflex Threshold (TSRT)
proposed by Levin and Feldman (Levin and Feldman, 1994)
estimates a joint angle in which involuntary muscle activity
would hypothetically start in the absence of joint movement.
The TSRT is the y-intercept of the linear regression line through
the SRT's with stretch velocity, thus representing the joint angle at
zero velocity (Figure 1). Several studies have reported a moderate
to high coefficient of determination (R?) for the linear regression
between the SRTs and stretch velocity (Calota et al., 2008;
Blanchette et al., 2016; Germanotta et al, 2017; Frenkel-
Toledo et al., 2021), which is vital for the validity of the TSRT
(i.e., extrapolating the linear regression to zero velocity).

In the present study, we argue that the SRT and TSRT measures
are influenced by a systematic error due to the lack of SR latency
correction. SR latency is the duration between the SR being
mechanically initiated at the muscle spindles (i.e., SR onset) to its
appearance in the EMG signal (i.e., SR EMG onset). For a given SR
latency, the difference between the joint angle at the SR onset and at
the SR EMG onset (i.e., SRT) will have a positive linear relationship
with the stretch velocity. For example, if we consider a SR latency of
30 ms and two stretches performed at 50°/s and 300°/s, the errors of
using the angle at the SR EMG onset are 1.5" and 9” respectively,
simply because the EMG onset is delayed by the ~30ms
monosynaptic SR latency. Thus, without the SR latency
correction, the SRT is progressively overestimated to later angles
as velocity increases. While the study by Levin & Feldman (Levin
and Feldman, 1994) acknowledged the SR latency problem in
calculating the SRT and proposed subtracting 30 ms as a mean
latency for the SR, later studies implementing the method did not
make any correction. Since SR latency mainly depends on body
dimensions associated with the axon pathway to the target muscle,
subtracting an average value of 30 ms produces an unknown
subject-specific systematic error. Therefore, the aim of the
present study was twofold: 1) to correct the SRT calculation by
considering the SR reflex latency and evaluate the effect of the
correction on the linear relationship between SRT and stretch
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velocity; 2) to verify the validity of the TSRT method once the SRT is
latency corrected. SR latency was estimated using the soleus (Sol)
and medial gastrocnemius (MG) Hoffmann-reflex (H-reflex)
latency. Thus, the SRT was computed as the joint angle at the
SR EMG onset time (i.e., original method), and as the joint angle at
SR EMG onset time minus the individual H-reflex latency time
(ie., latency correction method). We hypothesized that a significant
change in the stretch velocity-SRT regression slope will occur due to
the latency correction, as it will necessarily shift higher velocity SRT
to earlier joint angles. Although the change in the regression slope is
predictable, it is impossible to predict how the regression line R* will
change, and thus the adequacy of the TSRT method. Furthermore,
we hypothesized that the TSRT angle will not significantly change as
the latency correction will have only a small effect on the lower
velocity SRTs, and consequently will not change the y-intercept of
the regression line considerably.

Materials and methods
Subjects

Thirteen children and young adults diagnosed with spastic
cerebral palsy (CP), aged between 9 and 22 years participated in
this study. None of the participants had lower limb surgery, serial
casting, pharmacological treatments (except for oral medication)
or had participated in a resistance-training program for the lower
limbs in the past 6 months. All participants were able to stand
with both heels touching the floor (i.e., ankle in anatomical
position). Table 1 presents participant characteristics.

Study design

The present study is part of a larger nonconcurrent multiple-
baseline research project called EXECP (Valadao et al., 2021),
prospectively registered in the International Standard
Randomized Controlled Trial (ISRCTN69044459). Data
collected in Pre-tests 1 and 2 was utilized in this study.

Experimental protocol

Detailed information about the testing procedures can be
found in the research protocol (Valadao et al.,, 2021). EMG
activity was recorded from Sol and MG muscles with self-
adhesive electrodes (Blue Sensor N, interelectrode distance =
following SENIAM
(Hermens et al., 2000), and a ground electrode was placed
on the tibia. EMG signals were amplified (gain 1,000) and high-
pass filtered (10 Hz) by a preamplifier (NL824/NL820A;
Digitimer, Welwyn Garden City, United Kingdom) and then
band-pass filtered (20-195 Hz) off-line using Matlab software

2cm; Ambu, Ballerup, Denmark)
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TABLE 1 Participant characteristics (n = 13).

Male/female 8/5
Mean (SD) age (years) 13.5 (4)
Mean (SD) height (cm) 159 (12)
Mean (SD) weight (Kg) 52 (16)

Level of involvement Bilateral = 2/Unilateral = 11

GMFCS I=13

Data presented as mean (SD). GMECS, gross motor function classification system.

(v2020a, The Mathworks Inc, Natick, United States). The 20-Hz
high-pass is suggested to offer the best compromise for
optimizing the physiological informational content of surface
EMG (De Luca et al., 2010), while the selected low-pass was
chosen to eliminate high-frequency noise found in some EMG
The H-reflex
recruitment curve for Sol was elicited by percutaneous

recordings (external laboratory noise).
electrical stimulation of the tibial nerve at the popliteal fossa.
H-reflex latency for both Sol and MG was determined by visual
inspection as the duration between the electrical stimulus and
the initial deflection of the H-reflex on the EMG signal. The
H-reflex monosynaptic pathway is almost identical to the SR,
except that the former is evoked by an electrical stimulus at the
popliteal fossa, and the latter is generated by muscle spindles in
the muscle. Subsequently, a motor-driven dynamometer
(Neuromuscular Research Center, University of Jyviskyld,
Finland) induced passive ankle dorsiflexions from 20° of
plantarflexion to 0° at four angular velocities (55, 110, 210,
and 291°/s). Ten stretches in each velocity were delivered in a
pseudo-randomized and balanced order every 2.6-2.9s.
Participants were instructed to relax and wore noise blocking
headphones. Moreover, trials with Sol or MG EMG root mean
square computed over a 200 ms sliding window exceeding 5% of
the maximal isometric plantarflexion test [see (Valadao et al.,
2021)] in the 500 ms preceding the stretch were discarded. An
EMG onset detection algorithm applying the approximated
generalized likelihood principle (Staude and Wolf, 1999;
Staude et al., 2001; Lee et al., 2007) was used to detect the
SR EMG onset. Visual inspection was used to identify false
positives and negatives generated by the algorithm, and manual
onsets were set based on the criteria of the EMG signal reaching
two standard deviations (SD) for a minimum of 100 ms. Since
the stretch velocity is the independent variable and the SRT the
dependent variable, the former has been assigned to the x-axis
and the latter to the y-axis, which is the opposite of how this
data has been presented in previous studies [e.g., (Calota et al.,
2008; Blanchette et al., 2016)]. Thus, although the calculation of
the R® values are the same between studies, the regression slopes
are different, and the TSRT in the present study is the y-, rather
than x-intercept.
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Data analysis

Data analysis was performed in Matlab (v2020a, The
Mathworks Inc, Natick, United States). SRT was calculated in
the original method as the joint angle at SR EMG onset time and
with latency correction as joint angle at SR EMG onset time
minus the individual H-reflex latency time for each muscle
(SRT corrected)- For example, if the Sol SR EMG onset
happened 125 ms after the stretch onset and the participant’s
Sol H-reflex latency is 25 ms, SRT is the joint angle 125 ms after
the stretch onset, whereas SRT corrected 18 the joint angle 100 ms
after the stretch onset. The median SRT and SRT o recteq Values
for each subject at each stretch velocity were calculated for
statistical analysis. TSRT and TSRT orectea Were calculated as
the y-intercept of the regression lines between stretch velocity
and SRT or SRT corrected> TeSpectively.

Statistical analysis

Data normality and equality of variances was tested with
Shapiro-Wilk and Levene’s tests, respectively. The two-sided
paired ¢-Test and the non-parametric analog Wilcoxon signed
rank test were used to test differences between variables with and
without latency correction. The Friedman test with the
Bonferroni post hoc test was used to check the effect of
stretch velocity on SRT and SRT coprected- All statistical analyses
were performed in Matlab. Effect size between group means was
calculated using Hedge s g. Significance level was set at p < 0.05.

Results

Results are presented as mean * standard deviation for
normally distributed data and median (interquartile range)
otherwise. Figure 1 depicts an example of how the SRT data
was used to calculate TSRT in the original method and with SR
latency correction (TSRT coprectea). Only participants with SRTs
quantified in all four velocities were used for the statistical
analysis (n = 12 for Sol, n = 11 for MG). Group Sol H-reflex
latency was 28 + 3 ms with a range of 23-33 ms and MG H-reflex
latency 28 + 4 ms, a range of 23-35 ms, which are in line with
previous reports (Mazzocchio et al., 2001).

Regression slope between SRT and stretch
velocity

Figure 2 shows the individual and group mean or median
slopes for the original and latency corrected methods. In Sol, the
mean regression slope between the original (0.014 + 0.012) and
latency corrected (0.010 + 0.012) methods were statistically
different [t (11) = —19.3, p < 0.001, 95%CI = —0.03 to -0.02;
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hedge’s g =2.0 (1.0-3.0)]. Similarly, in MG the median regression
slope in the original method [-0.021 (0.01)] was statistically
different from the latency corrected method [0.001 (0.01), p <
0.001].

Effects of stretch velocity on SRT

In the original method, SRTs occurred at statistically different
joint angles for both Sol (p = 0.008) and MG (p < 0.001). Bonferroni
post-hoc analysis revealed that SRTs in the two slowest stretch
velocities occurred significantly earlier than SRTs at the fastest (291°/
s) velocity for both Sol (55°/s: p = 0.04; 110°/s: p = 0.009) and MG
(55 and 110°/s: p < 0.001). With latency correction, no statistically
significant differences across the stretch velocities were found for Sol
(p=0.552) or MG (p = 0.315). Table 2 shows the SRT results for the
four stretch velocities.

Coefficient of determination (R2)

Figure 3 shows the individual R* results for the SRT-velocity
linear regression and group medians for both methods. In Sol the R*
between the original [0.53 (0.93)] and latency corrected [0.27 (0.34)]
methods were not statistically different (p = 0.301). In MG, R® in the
original method [0.91 (0.68)] was statistically higher than in the
latency corrected method [0.08 (0.15), p = 0.01].

TSRT

No statistically significant difference between Sol TSRT [16°
(11)] and Sol TSRT correctea [16” (11), p = 0.910] was found.
Likewise, MG TSRT [18° (2)] and MG TSRT corrected [19° (3), p =
0.102] were not statistically different.

Discussion

The present work sought to verify the effects of the SR latency
correction on the SRT and TSRT methods of stretch
hyperreflexia assessment. The main findings were that latency
correction significantly changed the SRT-velocity slopes and
rendered the group-level SRT for both Sol and MG velocity
independent. Thus, the lack of linear relationship between SRT
and stretch velocity invalidates the use of a linear regression to
find the TSRT.

Regression slopes

To group individual SRT-velocity slopes, we defined a ‘near
zero slope’ as having a modulus value smaller than 0.01, which
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TABLE 2 Effects of stretch velocity on Sol and MG SRT with and
without latency correction.

Variables Median (IQR) for stretch velocities

55°/s 110°/s 210°/s 291°/s
Sol SRT () 14 (13)* 16 (9)* 13 (5) 11 (4)
Sol SRT corrected () 15 (13) 19 (9) 18 (5) 18 (3)
MG SRT (°) 18 (2)f 16 (1)' 14 (1) 11 (1)
MG SRT corrected () 19 (2) 19 (1) 19 (1) 19 (1)

Sol, soleus; MG, medial gastrocnemius; SR, stretch reflex; SRT, stretch reflex threshold;
IQR, interquartile range. Stretch velocities 55°/s and 110°/s are significantly different
from 291°/s: *p < 0.05/p < 0.01.

would result in a maximum 2.5° difference between the slowest
and fastest stretch velocities used in this study. Since within
participant and velocity SRT median range was 1.5° (min-max
range: 0.1-16°), a slope smaller than 0.01 would cause changes in
SRT that are indistinguishable from the subject’s natural
variability. At the individual level, with SR latency correction,
six participants had near zero slopes in Sol (ie., velocity
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independent) while the other six had positive slopes
(ie., SRTs at higher velocities). In MG, nine
participants had near zero slopes and two had positive slopes.

earlier

Interestingly, all participants that showed velocity independency,
had an early SRT within the first 2° of the stretch, whereas
positive slopes were present in participants with SRTs later in the
range of motion. These individual differences suggest that stretch
velocity has a negligible effect on participants with early SRTs. A
possible explanation may be that the muscle-tendon unit is
already under tension and/or the IA arc is highly excitable
(Nielsen et al., 2005).

The changes in the regression slopes caused by the SR latency
correction towards positive values were expected since the
correction shifts the SRTs of higher velocities to earlier angles.
This means that when stretch velocity is increased, SRTs without
the correction occurred progressively later in the range of
motion, whereas the corrected SRTs occurred progressively
earlier. Only the latter is an expected phenomenon of the
velocity-dependent nature of hyperreflexia, and is also
expected due to the viscoelastic behavior of the muscle-tendon
unit [i.e., increased stretch resistance at higher velocities; (Taylor
et al.,, 1990; Wu et al., 2010)].
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Although the regression slope changes with SR latency
correction were unidirectional (i.e., towards positive slope
values), its effect on R®> was bidirectional among our
participants: 1) negative slopes shifting towards near zero
slopes reduced R* (50% of participants in Sol and 82% in MG);
2) near zero slopes shifting towards positive slopes increased
R? (50% of participants in Sol and 18% in MG). This explains
why the statistically significant effect of SR-latency correction
on R* was observed only in MG. The lower SRT variability in
MG was probably due to the extended knee testing position,
which placed the biarticular MG under considerably more
tension than Sol. Overall, the low median latency corrected R
values for both muscles (Sol = 0.27, MG = 0.08) and high
variability among participants, argues against the utilization
of the linear regression to calculate the TSRT, at least in our
sample. Nevertheless, previous studies have reported positive
slopes without the SR latency correction for the same muscles
that we studied (Blanchette et al. 2016 ; Germanotta et al.
2017). These studies would have had steeper slopes with the
latency correction, and if a high R* was found, the TSRT
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method would be justified. Even though latency correction
increased the slopes significantly in the current study, as
expected, no differences in TSRT (i.e., y-intercept) were
found between methods in both examined muscles. Since
latency correction had a minimal effect on the SRTs at
slow velocities (e.g., 28 ms * 55°/s = 1.5° correction), even
considerable changes in the regression slope had small effect
on the TSRT.

Methodological remarks

Several important aspects of this study require further
1)
movement actuator was used to induce the stretches,
whereas most of the aforementioned studies applied
manual stretches. It took only 20-40 ms to achieve the

clarification: a powerful motor-driven ankle-joint

target velocity in our actuator, which seems unlikely in
manual stretches or even in the mechatronic device
(2017), which had a
maximum torque output of 7.1 Nm. Thus, it is possible

that

utilized by Germanotta et al.

although mean joint velocities are comparable
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between studies, the joint acceleration profiles were very
different (Sloot et al., 2021). Notably, during clinically
applied manual tests such as the Modified Tardieu Scale,
the stretch velocity is unknown making it impossible to
perform the latency correction to the catch angle; 2) the
stretch range of motion in the present study was shorter than
other studies assessing the same joint (Blanchette et al., 2016;
Germanotta et al., 2017). This was due to the extended knee
testing position and the use of a motor driven dynamometer
with end stop limits set for safety reasons. Fortunately, even
in the slowest stretch velocity consistent SRs were evoked
within this range of motion; 3) the H-reflex bypasses the
muscle spindle and is evoked at the popliteal fossa, thus a
small systematic error underestimating the SR latency by a
few milliseconds is unavoidable, causing a small error in the
SRT calculation at high stretch velocities. Nevertheless, the
distance from the SR onset location in the tested muscles to
the popliteal fossa could not be more than 15% of the entire
IA arc pathway, thus for the current dataset it would
represent a maximum of 4.2ms (i.e., 15% of the mean
latency) or an error of 1.2° in the fastest stretch velocity,
still inferior to the within-subject and velocity SRT
variability. Since using electrical nerve stimulation to
assess SR latency is not feasible in most clinical setups, it
would be very helpful to create easy measures using for
example height and limb length that could estimate the SR
latency of different muscles. Furthermore, since there is
already considerable amount of data published on the
subject, an effort to re-analyze it correcting for reflex
latency would be of immense help for the scientific
community; 4) the chosen EMG onset method performed
very well in the fast stretches since the signal-to-noise ratio
was very high. However, in the two slowest stretch velocities,
many false positives and negatives were identified by visual
inspection, and manual onset correction was extremely time-
consuming. All onset corrections were logged, and the
information will be available at the project’s repository.
The lower SRT variability and better automatic EMG
onset detection at higher stretch velocities strongly
suggests designing SRT testing protocols with higher
minimum stretch velocities.

The present study demonstrated that it is vital to consider SR
latency when assessing the SRT and consequently the TSRT. To
the best of our knowledge, most if not all current research
utilizing the SRT as a measure of hyperreflexia has incurred
in this error, thus a careful re-examination of data is important to
update our understanding of this promising assessment method.
Future research should assess the SRT and concomitantly
measure muscle fascicle velocity (e.g., using ultrasonography)
and the joint angular acceleration profile of the stretch. This
information would allow better comparison between studies and
perhaps elucidate why some participants exhibit velocity
dependent SRT while others do not.

Frontiers in Bioengineering and Biotechnology

07

10.3389/fbioe.2022.897852

Data availability statement

Analysis scripts are available at https://github.com/Pedro-
Valadao/EXECP_Neuromechanics. Raw data will be available
upon request once EXECP’s sub-project I-SENS finishes data
acquisition since it is not currently possible to anonymize the data.

Ethics statement

Ethical approval was granted by the ethics committee of the
Central Finland Healthcare District (U8/2017). Written
informed consent to participate in this study was provided by
participants or their legal guardians.

Author contributions

PV, HP, JA, and TF defined the study protocol. PV performed
the data acquisition and together with FC performed the data
analysis and statistics. All authors were involved in data
interpretation and preparing the manuscript for publication. All
authors read and approved the final manuscript.

Funding

This work was supported by the Olvi Foundation, Research
Foundation of Cerebral Palsy Alliance (PHDO00321), Finnish
Cultural Foundation, University of Jyvaskyld, Academy of
Finland #296240, #307250, #327288, #311877,
#326988), including “Brain changes across the life-span”

(grants

profiling funding to University of Jyviskyld, Jane and Aatos
Erkko (#602.274), the Netherlands
Organization for Scientific Research (NWO-016.186.144).
Ministry of Education and Culture (OKM/28/626/2022).

Foundation and

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://github.com/Pedro-Valadao/EXECP_Neuromechanics
https://github.com/Pedro-Valadao/EXECP_Neuromechanics
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.897852

Valadao et al.

References

Blanchette, A. K., Mullick, A. A., Moin-Darbari, K., and Levin, M. F. (2016). Tonic
stretch reflex threshold as a measure of ankle plantar-flexor spasticity after stroke.
Phys. Ther. 96 (5), 687-695. doi:10.2522/ptj.20140243

Boyd, R. N,, and Graham, H. K. (1999). Objective measurement of clinical
findings in the use of botulinum toxin type A for the management of children with
cerebral palsy. Eur. . Neurol. 6 (S4), s23-s35. doi:10.1111/j.1468-1331.1999.
tb00031.x

Calota, A, Feldman, A. G., and Levin, M. F. (2008). Spasticity measurement based
on tonic stretch reflex threshold in stroke using a portable device. Clin.
Neurophysiol. 119 (10), 2329-2337. doi:10.1016/j.clinph.2008.07.215

De Luca, C. J., Gilmore, L. D., Kuznetsov, M., and Roy, S. H. (2010). Filtering the
surface EMG signal: Movement artifact and baseline noise contamination.
J. Biomech. 43 (8), 1573-1579. doi:10.1016/j.jbiomech.2010.01.027

Frenkel-Toledo, S., Solomon, J. M., Shah, A., Banifia, M. C., Berman, S., Soroker,
N., etal. (2021). Tonic stretch reflex threshold as a measure of spasticity after stroke:
Reliability, minimal detectable change and responsiveness. Clin. Neurophysiol. 132
(6), 1226-1233. doi:10.1016/j.clinph.2021.02.390

Germanotta, M., Taborri, J., Rossi, S., Frascarelli, F., Palermo, E., Cappa, P., et al.
(2017). Spasticity measurement based on tonic stretch reflex threshold in children
with cerebral palsy using the PediAnklebot. Front. Hum. Neurosci. 11, 277. doi:10.
3389/fnhum.2017.00277

Gracies, J. M. (2005). Pathophysiology of spastic paresis. II: Emergence of muscle
overactivity. Muscle Nerve 31 (5), 552-571. doi:10.1002/mus.20285

Hermens, H. J., Freriks, B,, Disselhorst-Klug, C., and Rau, G. (2000). Development of
recommendations for SEMG sensors and sensor placement procedures. J. Electromyogr.
Kinesiol. 10 (5), 361-374. doi:10.1016/s1050-6411(00)00027-4

Lee, A. S., Cholewicki, J., and Reeves, N. P. (2007). The effect of background
muscle activity on computerized detection of SEMG onset and offset. J. Biomech. 40
(15), 3521-3526. doi:10.1016/j.jbiomech.2007.05.012

Levin, M. F., and Feldman, A. G. (1994). The role of stretch reflex threshold
regulation in normal and impaired motor control. Brain Res. 657 (1), 23-30. doi:10.
1016/0006-8993(94)90949-0

Mazzocchio, R., Scarfo, G. B., Mariottini, A., Muzii, V. F., and Palma, L. (2001).
Recruitment curve of the soleus H-reflex in chronic back pain and lumbosacral
radiculopathy. BMC Musculoskelet Disord 2-4.

Nielsen, J. B., Petersen, N. T., Crone, C., and Sinkjaer, T. (2005). Stretch reflex
regulation in healthy subjects and patients with spasticity. Neuromodulation
Technol. Neural Interface 8 (1), 49-57. doi:10.1111/j.1094-7159.2005.05220.x

Frontiers in Bioengineering and Biotechnology

08

10.3389/fbioe.2022.897852

Sloot, L. H., Weide, G., Marjolein, M., Desloovere, K., Harlaar, J., and Buizer, A. I.
(2021). Applying Stretch to Evoke Hyperreflexia in Spasticity Testing: Velocity vs.
Acceleration. Frontiers in Bioengineering and Biotechnology 8

Staude, G., and Wolf, W. (1999). Objective motor response onset detection in
surface myoelectric signals. Med. Eng. Phys. 21 (6-7), 449-467. d0i:10.1016/s1350-
4533(99)00067-3

Staude, G., Flachenecker, C., Daumer, M., and Wolf, W. (2001). Onset
detection in surface electromyographic signals: A systematic comparison of
methods. EURASIP ]. Adv. Signal Process. 2001 (2), 867853. doi:10.1155/
s1110865701000191

Taylor, D. C,, Dalton, J. D., Seaber, A. V., and Garrett, W. E. (1990). Viscoelastic
properties of muscle-tendon units. The biomechanical effects of stretching. Am. J.
Sports. Med. 18 (3), 300-309. doi:10.1155/s1110865701000191

Tedroff, K., Granath, F., Forssberg, H., and Haglund-Akerlind, Y. (2009). Long-
term effects of botulinum toxin A in children with cerebral palsy. Dev. Med. Child.
Neurol. 51 (2), 120-127. doi:10.1111/j.1469-8749.2008.03189.x

Tedroff, K., Léwing, K., Jacobson, D. N. O., and Astrém, E. (2011). Does loss of
spasticity matter? A 10-year follow-up after selective dorsal rhizotomy in cerebral
palsy. Dev. Med. Child. Neurol. 53 (8), 724-729. doi:10.1111/j.1469-8749.2011.
03969.x

Trompetto, C., Marinelli, L., Mori, L., Pelosin, E., Curra, A., Molfetta, L., et al.
(2014). Pathophysiology of spasticity: implications for neurorehabilitation. Biomed.
Res. Int. 2014, 1-8. doi:10.1155/2014/354906

van den Noort, J. C., Scholtes, V. A., and Harlaar, J. (2009). Evaluation of clinical
spasticity assessment in cerebral palsy using inertial sensors. Gait Posture 30 (2),
138-143. doi:10.1016/j.gaitpost.2009.05.011

van den Noort, J. C., Bar-On, L., Aertbelién, E., Bonikowski, M., Braendvik, S. M.,
Brostrom, E. W., et al. (2017). European consensus on the concepts and
measurement of the pathophysiological neuromuscular responses to passive
muscle stretch. Eur. J. Neurol. 24 (7), 981-e38. doi:10.1111/ene.13322

Valadao, P., Piitulainen, H., Haapala, E. A., Parviainen, T., Avela, J., Finni, T.,
et al. (2017). Exercise intervention protocol in children and young adults with
cerebral palsy: the effects of strength, flexibility and gait training on physical
performance, neuromuscular mechanisms and cardiometabolic risk factors
(EXECP). BMC Sports Sci Med Rehabil. 13 (1), 17-021.

Wu, Y. N, Ren, Y., Goldsmith, A., Gaebler, D, Liu, S. Q., Zhang, L. Q,, et al.
(2010). Characterization of spasticity in cerebral palsy: dependence of catch angle
on velocity. Dev Med Child Neurol. 52 (6), 563-569.

frontiersin.org


https://doi.org/10.2522/ptj.20140243
https://doi.org/10.1111/j.1468-1331.1999.tb00031.x
https://doi.org/10.1111/j.1468-1331.1999.tb00031.x
https://doi.org/10.1016/j.clinph.2008.07.215
https://doi.org/10.1016/j.jbiomech.2010.01.027
https://doi.org/10.1016/j.clinph.2021.02.390
https://doi.org/10.3389/fnhum.2017.00277
https://doi.org/10.3389/fnhum.2017.00277
https://doi.org/10.1002/mus.20285
https://doi.org/10.1016/s1050-6411(00)00027-4
https://doi.org/10.1016/j.jbiomech.2007.05.012
https://doi.org/10.1016/0006-8993(94)90949-0
https://doi.org/10.1016/0006-8993(94)90949-0
https://doi.org/10.1111/j.1094-7159.2005.05220.x
https://doi.org/10.1016/s1350-4533(99)00067-3
https://doi.org/10.1016/s1350-4533(99)00067-3
https://doi.org/10.1155/s1110865701000191
https://doi.org/10.1155/s1110865701000191
https://doi.org/10.1155/s1110865701000191
https://doi.org/10.1111/j.1469-8749.2008.03189.x
https://doi.org/10.1111/j.1469-8749.2011.03969.x
https://doi.org/10.1111/j.1469-8749.2011.03969.x
https://doi.org/10.1155/2014/354906
https://doi.org/10.1016/j.gaitpost.2009.05.011
https://doi.org/10.1111/ene.13322
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.897852

	Revising the stretch reflex threshold method to measure stretch hyperreflexia in cerebral palsy
	Introduction
	Materials and methods
	Subjects
	Study design
	Experimental protocol
	Data analysis
	Statistical analysis

	Results
	Regression slope between SRT and stretch velocity
	Effects of stretch velocity on SRT
	Coefficient of determination (R2)
	TSRT

	Discussion
	Regression slopes
	Coefficient of determination
	Methodological remarks

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


