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Investigating muscle activity and coactivation with surfae electromyography (SEMG)
gives insight into pathological muscle function during adtities like walking in people
with neuromuscular impairments, such as children with ceteral palsy (CP). There is
large variation in the amount of coactivation reported dumng walking in children with CP,
possibly due to the inconsistent handling of SEMG and in caldating the coactivation

index. The aim of this study was to evaluate how different appaches of handling

sEMG may affect the interpretation of muscle activity and activation, by looking at
both absolute and normalized sEMG. Twenty-three ambulatgr children with CP and

11 typically developing (TD) children participated. We calucted a three-dimensional

gait analysis (3DGA) with concurrent SEMG measurements oibtalis anterior, soleus,
gastrocnemius medialis, rectus femoris, and hamstring medlis. They walked barefoot
at a self-selected, comfortable speed back and forth a 7-m wé&way. The gait cycle
extracted from the 3DGA was divided into six phases, and for &h phase, root mean

square sEMG amplitude was calculated (SEMG-RMS-abs), andso normalized to peak
amplitude of the linear envelope (50-ms running RMS windowduring the gait cycle

(SEMG-RMS-norm). The coactivation index was calculated usg SEMG-RMS-abs and

SEMG-RMS-norm values and by using two different indices. Berences between TD
children's legs and the affected legs of children with CP wer tested with a mixed

model. The between-subject muscle activity variability wamore evenly distributed using
SsEMG-RMS-norm; however, potential physiological varialiy was eliminated as a result
of normalization. Differences between groups in one gait @se using SEMG-RMS-abs
showed opposite differences in another phase using SEMG-RB-norm for three of the

ve muscles investigated. The CP group showed an increased gactivation index in two
out of three muscle pairs using sSEMG-RMS-abs and in all thre@uscle pairs using SEMG-
RMS-norm. These results were independent of index calculain method. Moreover, the
increased coactivation indices could be explained by eithrereduced agonist activity or
increased antagonist activity. Thus, differences in muselactivity and coactivation index
between the groups change after normalization. However, beause we do not know the

truth, we cannot conclude whether to normalize and recommed incorporating both.

Keywords: surface electromyography, muscle activity, coacti vation, cerebral palsy, gait, amplitude normalization
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INTRODUCTION and children with CP, for example, because of reduced muscle
strength or spasticity. This may have consequences for the
Surface electromyography (SEMG) is used to measure mus@@rmalized SEMG in the other phases of gait, which in turn could
activity and may be used clinically to investigate musatefion 3 ect the interpretation of muscle activity. Therefore, in peepl
during activities such as walking in conditions aecting the with neurological conditions, itis also suggested to notmalize
neuromuscular systeml). In children with cerebral palsy the SEMG datai3 19-22).
(CP), three-dimensional gait analysis (3DGA) with simakaus The dierent ways of normalizing SEMG data are used
SEMG measurements is often conducted to get insight inténterchangeably when investigating muscle coactivation.
muscle activity as part of treatment prescriptions and evadwat Although the majority of the studies in the literature usually
of treatment e ect. Cerebral palsy, the most common cause aiormalize the SEMG data prior to calculating the coactivation
physical disability in childhood, is characterized by insient  index (9, 12, 13,23, 24), using absolute data has been suggested to
motor activity such as reduced muscle strength and poor lwaan be bene cial because it prevents unnecessary data tranafam
but also increased motor activity such as spasticity andsskee (19). Calculations are often done using a ratio, and therefore,
muscle coactivationZ 3). Those features of children with CP normalizing the SEMG data prior may normalize the data twice.
may impair function in general and gait in particular. Comparedin addition, Lamontagne et al.2() argue for using absolute
to typically mature gait, children with CP have shown dewin  values when calculating the coactivation index in populagion
in dierent gait phases and greater physiological variabilitywith weak muscles, because the sEMG values could be low
during walking ¢, 5). during walking, and normalizing to a percent of a peak value
Muscle coactivation, de ned as simultaneous activity ofbefore coactivation index calculations in such cases nmay tie
agonist and antagonist muscles crossing the same joint, isam overstated index.
normal motor control strategy to increase joint stabilitych Similar to this lack of standardization of SEMG normalizatjo
coordination 6, 7). During complex tasks, such as walking,di erent indices are used for calculating the coactivatioleéx.
coactivation occurs prominently at certain phases during thé=or instance, the muscle activity of the antagonist could be
gait cycle, ensuring stability and allowing e cient walki§). = compared either to the muscle activity of the agonist only
Excessive and/or prolonged coactivation, however, mayecausr to the total muscle activity of both the agonist and the
ine cient movements by reducing exibility and adaptabifit antagonist25). Comparisons between studies are di cult, and it
and increasing the loading of the joints, and thus, energst cois challenging to form an overall picture of the mechanism whe
(6, 7, 9, 10). Therefore, a main treatment goal for ambulatory di erent approaches are used?%).
children with CP is to make walking easier, through, for Therefore, the overall aim of this article was to investgae
example, normalizing altered muscle activity and coadtivat e ect of SEMG normalization on the interpretation of muscle
(11). However, the role of the increased coactivation in chalir activity and coactivation. The specic aim was to evaluate th
with CP has been questioned in several studies, and the g&lin between-subject variability and group di erences betweka t
are con icting (9, 12-14). Coactivation may be quanti ed using healthy legs of TD children and the a ected legs of ambulatory
a coactivation index, which is a value calculated to represerhildren with CP. In addition, di erences between two indice
the amount of coactivation between the given muscles. Rialen used for calculating the coactivation index were examined.
challenges when it comes to investigating and interpreting

muscle activity and coactivation, which also may explain thq ATERIALS AND METHODS
diversity of ndings, could be choice of approach for handling

the SEMG data and calculations of the coactivation inde3. ( This is a retrospective cross-sectional study, based partly o
The amplitude of the SEMG represents the number of motolhaseline data from an ongoing randomized controlled trizd)(
units recruited and their ring rate and patternl€). However, and partly on clinical data from regular outpatient follow-up a
the amplitude is a ected by several other factors, such asitlée s St. Olavs University Hospital, Trondheim, Norway.
shape, and material of the electrode and the distance between
the electrodes and the active muscle tissue, largely datedm Participants
by the subcutaneous fat layer, causing nonphysiologiceldest-  In total, 23 ambulatory children diagnosed with unilateral o
subject variability. To adjust for this variability and @l for  bilateral spastic CP and classi ed with Gross Motor Function
comparison between participants, SEMG signals are commonl(glassi cation System level | or Il were included in this study
normalized to a standard value, usually peak SEMG obtainedlges ranged between 6 and 17 years. Exclusion criteria were
during a maximal voluntary isometric contraction (MVICLE).  botulinum toxin A treatment in the lower limb muscles in the
Children, and especially children with neurological comtis, preceding last 3 months, and surgery in the legs in the precedin
such as CP, may have diculties in performing an MVIC 24 months prior to inclusion. Eleven typical developing (TD)
because it is challenging to voluntarily produce maximal ofeis children, within the same age range, were included as nefere
activation (L2, 13, 17). In this case, normalizing to peak SEMG Participant characteristics are presentedTable 1 The study
obtained during the speci c task to be evaluated, that is dgri was approved by the Regional Committee for Medical and Health
walking, is considered a feasible and appropriate approash ( Research Ethics in Middle Norway (REK Central), and a written
18). However, the peak sEMG during walking may occur atconsent in accordance with the Declaration of Helsinki was
di erent phases of gait for typically developing (TD) children signed by the parents or guardians prior to participation.
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TABLE 1 | Descriptive data presented as number (n) or as mean standard Walking speed, cadence, and step length were normalized to
deviation (SD) for the different groups. leg length (m) as in HofZ9), using the following equations:
™ cp . . P

Normalized walking spe€d speed” (leg length 9.81m=s)
N 1 23 Normalized cadenc® cadence’ (leg length 9.81m=s?)
Unilateral right/left/bilateral (n) — 9/8/6 Normalized step IengtD step Ienglﬁeg Iength
GMFCS 1/l (n) — 17/6
Gender, female/male (n) i 716 The gait cycle was divided into six phases based on detected
Age, years (mean  SD) 94 13 1731 events Figure 1). The rst of these phases was the weight
Height, cm (mean - SD) 1364 9.3 1477181 acceptance phase, lasting from ipsilateral foot strike to
Weight, kg (mean - SD) 336 83 421 182 contralateral foot o. This was followed by midstance,
Left leg length, cm (mean  SD) 706 64 77299 continuing to the point where ipsilateral knee moment changed
Right leg length, cm (mean  SD) 70.9 64 775 97 from external exion to extension. If this change did not arcas
TD, typically developing children; CP, children with cerebral palsy;M#CS, Gross Motor t.he.eXtemallknee moment was contlnuqusly In exion, .the mean
Function Classi cation System. timing of this event for the equal leg in the respective group

was used (i.e., healthy leg in TD/a ected leg in CP unilateral
or CP bilateral). From this event, terminal stance started a
) continued to the contralateral foot strike, before preswiasting
Procedure and Equipment to ipsilateral foot o . Then initial swing started and contied
Walking was assessed using 3DGA (Vicon Motion Systems, Ltda ipsilateral peak knee exion, preceding midswing/terminal
Oxford, UK). Ten cameras with a sampling frequency of 200 Hawing lasting to ipsilateral foot strike.
and three AMTI force plates (Watertown, MA, USA), with a  Hip exion/extension, knee exion/extension, and ankle
sampling frequency of 1,000Hz were positioned along a 7-rdorsi/plantar exion were time-normalized to the gait cyclEhe
walkway. Sixteen re ective markers were placed on anatdmicangles at each percentage of the gait cycle were estimateihigy u
landmarks on the lower limbs, according to the Vicon Plug-in a spline t.
Gait model ¢7). Participants were instructed to walk barefoot  The raw SEMG data were band-pass ltered using an eighth-
back and forth the walkway at a self-selected, comfortablerder Butterworth Iter with cuto frequency at 30 and 300 Hz.
walking speed. A minimum of three trials with at least two clea After visually inspecting the data, for all SEMG channels and
foot strikes on the force plates for each leg were obtained. each percentage of the gait cycle, an SEMG root mean square
During the 3DGA, concurrent SEMG of m. tibialis anterior (RMS) value was calculated with a window of 50 ms. For each
(TA), m. soleus (SOL), m. gastrocnemius medialis (GM)SEMG channel, the highest RMS value (peak RMS) was obtained
m. rectus femoris (RF), and m. hamstring medialis (HM),and used for normalization. In addition, the RMS of each SEMG
was recorded bilaterally using wireless SEMG (Myon AGchannel was calculated for each of the six gait phases asdle ne
Schwarzenberg, Switzerland). Skin preparation and SEM@hove and illustrated inFigure 1 To evaluate the e ect of
electrode placement were done according to the SENIAMormalization, both absolute SEMG-RMS amplitude®/j and
(Surface Electromyography for the Non-Invasive Assessmient normalized to the peak RMS obtained during the complete gait
Muscles) guidelines2g). The SEMG recordings were ampli ed cycle were included in the analyses, henceforth referredsto
by a 1,000 gain with a sampling frequency at 1,000 Hz. SEMG-RMS-abs and SEMG-RMS-norm, respectively.
After visually inspecting the data and assurance of low
intrasubject variability, spatiotemporal gait parameters,
Data Analysis !(inematicg, and SEMQ-RMS amlplitudes were averaged over the
From the TD children and the children with bilateral CP, both InC!Fjr?(ae(cj:ct)relliltisvtaoti(;zt?r:rc]isf(\:/\rl]alsisalrgj:?e\ﬁgfélI six gait phases
Ijr%?at\évglecg gﬁﬁﬁielg étfec?lr:;;lﬁ:s. iEéﬁjrgeg_]?rhceh;igfgmwnhacross three muscle pairs (TA/GM, TA/SOL, and RF/HM) using

from TD children and the a ected legs from children with CP the following two indices, ):

henceforth will be referred to as TD and CP, respectively. SEMG, )
Nexus software (Oxford Metrics, Oxford, UK) was used CoAL D 2 . ntagonist - 100
to process kinematic data, de ne gait cycles, detect events, SEMGygonistC SEMGintagonist
and calculate the spatiotemporal parameters walking speed SEMGintagonist
; Co D ——— 100
(m/s), cadence (steps/min) and step length (m), and export SEMGgonist

c3d- les with data from the 3DGA. Raw SEMG signals were

visually inspected for artifacts and noise using Myon ProEM@n coactivation index 1 (CoAl), the antagonist activity was
(Myon AG, Baar, Switzerland). A customized MATLAB programnormalized in relation to the mean total muscle activity and
(R2018b; MathWorks, Inc., Natick, MA, USA), written using themultiplied by two to counterbalance the activity of the aggni
Biomechanical Toolkit (Btk Development Core Team, versior(8). In coactivation index 2 (CoA2), the antagonist was expgdss
0.3.0.), was used for processing the c3d- les. as a percentage of agonist muscle activity only. For both @sjic
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7 _ AL
Foot strike Contralateral ~ Knee moment changes Contralateral Foot off Peak knee Foot strike
foot off from flexion to extension foot strike flexion
{ ) I\ ) ) ) J
Y | [ f [ |
Weight acceptance Mid stance Terminal stance Pre swing Initial swing Mid-/terminal swing

FIGURE 1 | lllustration of a complete gait cycle with the right leg's evets, separating the six gait phases: weight acceptance, mistance, terminal stance, preswing,
initial swing, midswing/terminal swing.

a coactivation index of 100% represents equal activity of th®ABLE 2 | Spatiotemporal gait parameters of the healthy legs of typily
agonist and antagonist muscles, whereas 0% represents Soﬁngloping children (TD) and the deviation of the affectedds of children with
agonist activation. cerebral palsy (CP) from TD, presented as mean with 95% con dece interval (Cl).
The de nitions of agonist and antagonist muscles are often ™ Deviations of CP from TD
based on the magnitude of the SEMG amplitude, where the higher
signal is assigned to the agoni$g). However, this presumption
may not hold in a population with altered muscle activity, yormaiized walking speed  0.46  0.43 049 008 011 0.05
especially during complex tasks such as walking. It is thegefoR;majized cadence 487 450 524 57 103 12
necessary to allow for changes in the agonist and antag@iést  normalized steplength 081 077 086 011 016 0.06
throughout the gait cycle, based on the biomechanical iONCt  time in single support (%)  40.7 397 418 136 27 01
of the muscles around the knee and anklé,(30). For TA/GM  Time in double support (%) 17.9 162 197 11 11 33
and TA/SOL coactivation, TA was de ned as agonist during the
weight acceptance phase, working to control lowering of thog fo S'9" cant group differences (p< 0.05) presented in bold.
and during initial and midswing/terminal swing, lifting #hfoot
from the ground, and ensuring foot clearance. Gastrocnemiucoactivation muscle pair of interest was set as dependerahari
medialis and SOL were de ned as agonists during midstancéeg as xed e ect, and subject as random e ect. Normality of
terminal stance, and preswing, where they are main contdtsut residuals was checked by visual inspection of QQ plots. Where
to stabilize, control for ankle dorsiexion, and prepare for residuals were not normally distributed, analysis was aoldéily
foot 0. For RF/HM coactivation, RF was de ned as agonistcarried out using log-transformed data. In case of simi&suits,
during weight acceptance, limiting the magnitude of exionp values from the analysis with non-log-transformed data,
occurring as the foot strikes the ground, midstance and teah  henceforth referred to as original analysis, are preserikzin
stance, initiating knee extension, and preswing, contnglifior ~ with 95% CI values for TD and mean with 95% CI deviations of
knee exion. Hamstring medialis was de ned as agonist dgrin the CP group from TD are retrieved from the original analyses
initial and midswing/terminal swing, initiating knee emn and all cases. Signi cance was sepat 0.05, and trends are reported
preparing for foot clearance, and controlling for knee extens Wwherep< 0.1.
and decelerating the swinging leg, respectively.

Mean 95% ClI Mean 95% CI

- : RESULTS
Statistical Analysis

Statistical analyses were carried out using MATLAB (R2018B,wenty-two healthy legs from TD children and 29 a ected
MathWorks, Inc.). From the kinematic data (hip, knee, and enk legs from children with CP were included for the analyses.
joint angles) and sEMG-RMS amplitudes per percentage of th®patiotemporal gait characteristics are presentethinle 2 The
gait cycle, group (TD and CP) averages and 95% con dencg&P group had signi cantly lower normalized walking speed and
interval (Cl) were calculated and displayed. For each peaggnt normalized cadencep(< 0.01) and shorter normalized step
of the gait cycle, the CP group data were de ned as di erentrfro length D 0.02) compared to the TD group. The percentage
TD when the average of the group did not overlap with the 95%ime in single support (midstance and terminal stance combjned
Cl of the other group. was signi cantly shorter for the CP group(< 0.04), whereas
Between-group (TD vs. CP) di erences in the spatiotemporathere was no di erence between the groups in percentage time
gait parameters, sEMG-RMS amplitudes, and coactivatiom double support (weight acceptance and preswing combined,
indices for the six di erent gait phases were tested usingaline p D 0.3). The relative duration of the di erent gait phases varied
mixed models. The spatiotemporal gait parameter, muscle dsetween the groups, where the CP group had signi cantly longe
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1Dl
I CP affected leg

Extension / Flexion (°)

Extension / Flexion (°)

Plantarflexion / Dorsiflexion (°)

0 10 20 30 40 50 60 70 80 90 100
% Gait cycle

Weight Mid Terminal Pre-swing Initial Mid-/terminal
acceptance stance stance swing swing

FIGURE 2 | Sagittal-plane joint kinematics. At the top hip extension/ &ion; in the middle, knee extension/ exion; and at the bottomankle plantar exion/dorsi exion.
Time normalized to 0 to 100% of the gait cycle. Presented as men (solid line) with 95% con dence interval (shaded area). Etvertical lines represent the mean timing
of the different events dividing the gait cycle into six gajthases (named at the bottom line). Gray color is used for thedalthy legs of typically developing children and
red for the affected legs of children with CP. lllustrationsfdhe right leg's events, separating the different phases, @ seen at the top.

time in preswing and initial swing compared to T[p O 0.002 average gait pattern was very similar when presented as SEMG-
andp < 0.001). The di erences in mean timing of the detectedRMS-abs or SEMG-RMS-norm, because the gait phases with high
events separating the gait phases are illustrated as vditieal and low amplitudes hardly changeBligure 3). However, it seems
in Figures2 3. The CP group had increased hip exion of that the between-subject variability (thickness of the dgth

7 degrees during terminal stance and preswitiiggre 2.  area) in both the TD and CP groups is more evenly distributed
During the majority of the gait cycle, the CP group had in@ed during the gait cycle after normalization than befofgdure 3).
knee exion, except for during preswing and initial swing. TheHowever, for TA, GM, SOL, and RF, the between-subject
di erence was largest (10 degrees) during weight acceptancevariability is less from terminal stance phase and throughba
and midswing/terminal swing. The CP group had degrees gait cycle prior to normalization.
plantar exion at foot strike, while the TD group was in a nealr The residuals from the linear mixed model either were not
position. This was also seen during midswing/terminal swingnormally distributed or had an outlier for the majority (26 of
However, late in the weight acceptance phase, during midsetan80) of the SEMG-RMS-abs variables and for 13 of 30 variables
and start of the initial swing, the CP group had increasedsdor of the SEMG-RMS-norm. These variables were log transformed,

exion of about the same size. and the results were similar to the original analysis for 35 o
o o the 39 variables in total. The four variables with changexliits
Effect of Normalization on Muscle Activity are marked with in Table 3 One variable (HM SEMG-RMS-

Figure 3shows muscle activity during the complete gait cycle fombs during preswing) had an outlier that remained following
TA, GM, SOL, RF, and HM using SEMG-RMS-abs and sEMGlog transformation. We conducted the analysis both with and
RMS-norm for the TD and CP groups. In both groups, thewithout this outlier, and it did not change the statisticabrats;
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% Gait cycle % Gait cycle
Weight Mid Terminal Pre-swing Initial Mid-/terminal Weight Mid Terminal Pre-swing Initial Mid-/terminal
acceptance  stance stance swing swing acceptance stance stance swing swing

FIGURE 3 | (A) Root mean square (RMS) surface electromyographic (SEMG) qiitude (mV, SEMG-RMS-abs) and(B) RMS of SEMG normalized to peak RMS
obtained during the gait cycle (%, SEMG-RMS-norm) for the venuscles. Time normalized to 0 to 100% of the gait cycle. Preseted as mean (solid line) with 95%
con dence interval (shaded area). The vertical lines represt the mean timing of the different events dividing the gattycle into the six gait phases (named in the
bottom line). Gray color is used for the healthy legs of typadly developing children and red for the affected legs of chiren with CP. lllustrations of the right leg's
events, separating the different phases, are seen at the tap

thus, results from the original analysis are presenfeble 3 For sSEMG-RMS-norm (column BFigure 3 and Table 3,
shows gait phase averaged sEMG-RMS-abs and sEMG-RMBe CP group showed similar amplitudes as the TD group
norm amplitudes for the six gait phases for the TD group andn only two to three of the six gait phases, except for HM
for the deviation of the CP group from TD. where no signi cant group di erences were observed. Tilsali
For SEMG-RMS-abs amplitudes (column Kjgure 3 and anterior was borderline signi cantly reduced for the CP gp
Table 3), in all muscles, both the TD and CP groups had similarcompared to the TD group during weight acceptance phade (
values during at least four of the six gait phases. Tibialis@mt  0.07) and signi cantly reduced during midswing/terminavisng
was, however, signi cantly reduced for the CP group during(p D 0.04). During preswing, TA was signi cantly increased
initial and midswing/terminal swingf D 0.05 andp D 0.001, for the CP group p D 0.05). Gastrocnemius medialis and SOL
respectively). Gastrocnemius medialis and SOL were signtlg ~ were signi cantly increased for the CP group during weight
reduced for the CP group during terminal stange D 0.002 acceptance phasep (D 0.02 andp D 0.001, respectively).
and p D 0.001, respectively) and initial swing D 0.03 for During terminal stance, GM was reduced for the CP group
both). Rectus femoris was signi cantly increased for the CRp D 0.01), and there was a trend toward a reduction in SOL
group during weight acceptance D 0.04). During midstance, (p D 0.06). During initial swing, SOL was signi cantly reduced
this increase was borderline signi canp © 0.08). Although in the CP group p D 0.05). Rectus femoris was signi cantly
the average HM amplitude for the CP group was above the TDPeduced for the CP group during terminal stange @ 0.02),
group during almost the whole gait cycle, no signi cant gpou preswing p D 0.003), initial p D 0.05), and midswing/terminal
di erences were found in this muscle. swing (D 0.04).
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TABLE 3 | Muscle activity for healthy legs of typically developing dkdren (TD) during six gait phases and the deviation of thefatted legs of children with cerebral palsy
(CP) from TD, presented as mean with 95% con dence interval (g

(A) SEMG-RMS-abs ( mV) (B) SEMG-RMS-norm (%)

TD Deviation of CP from TD TD Deviation of CP from TD
Phases Mean 95% CI Mean 95% Cl Mean 95% CI Mean 95% Cl
TIBIALIS ANTERIOR
Weight acceptance® 150.8 85.0 216.5 10.3 94.6 74.0 95.6 84.6 106.6 13.1 27.3 1.0
Midstance 59.1 33.2 85.0 1.3 32.3 35.0 40.9 29.2 52.6 1.4 16.7 13.8
Terminal stance 37.3 28.3 46.2 3.6 15.0 7.7 32.0 20.9 43.0 1.8 124 15.9
Preswing 27.0 17.9 36.1 5.8 6.3 17.8 20.3 12.9 27.7 9.7 0.1 19.42
Initial swing 81.8 62.3 101.2 -16.9 —42.1 8.3 64.8 50.3 79.3 7.3 26.1 115
Midswing/terminal swing 74.2 61.7 86.7 28.1 44.4 11.9 59.5 47.7 71.2 16.0 31.4 0.5
GASTROCNEMIUS MEDIALIS
Weight acceptance 51.4 4.2 98.6 18.3 43.8 80.3 425 28.9 56.2 21.0 3.3 38.7
Midstance® 64.7 33.6 95.9 3.2 43.7 37.2 49.6 39.0 60.1 5.6 8.2 19.3
Terminal stancé 112.4 87.2 137.6 53.9 86.5 21.2 81.5 71.0 92.1 18.2 32.2 4.1
Preswing® 40.8 16.5 65.1 15.9 46.6 14.9 25.1 145 35.8 6.0 7.6 19.6
Initial swing 39.5 24.4 54.7 22.0 —41.3 -2.8 33.0 21.8 44.2 10.7 254 4.1
Midswing/terminal swing 26.3 16.2 36.5 6.3 19.4 6.8 19.5 14.1 24.9 6.9 0.3 14.1
SOLEUS
Weight acceptance 107.9 16.7 199.1 42.7 70.4 155.8 43.9 32.1 55.8 26.3 10.7 41.8
Midstance® 85.3 39.1 131.5 2.9 60.4 54.6 43.7 337 53.7 2.8 10.4 16.1
Terminal stancé 96.1 78.9 113.4 38.6 61.1 16.1 67.1 52.3 81.9 18.1 37.3 11
Pre—swing® 36.7 22.6 50.9 11.0 28.7 6.7 25.7 14.6 36.9 4.6 18.6 9.4
Initial swing 66.1 36.3 95.9 41.3 78.2 4.4 32.7 21.3 44.1 14.8 29.4 0.2
Mid—/ terminal swing 30.9 18.2 43.6 6.6 22.9 9.7 18.8 134 24.2 1.7 8.8 5.4
RECTUS FEMORIS
Weight acceptance® 55.0 9.9 100.1 55.6 2.8 113.92 78.3 68.7 87.9 6.8 19.2 5.6
Midstance® 42.6 24 82.8 55.2 4.2 106.22 61.3 49.3 733 5.0 20.4 10.3
Terminal stancé 24.0 11.9 36.1 0.3 15.3 15.8 39.4 30.1 48.6 14.7 26.6 2.9
Preswing® 40.2 13.8 66.5 20.2 54.9 14.4 45.7 34.3 57.1 235 38.5 8.5
Initial swing 28.8 121 45.6 12.9 8.7 34.6 53.6 41.8 65.4 15.8 31.2 0.3
Midswing/terminal swing 235 14.1 32.9 3.3 8.7 15.3 42.0 32.0 52.1 13.7 26.7 0.7
HAMSTRING MEDIALIS
Weight acceptance 62.3 28.6 95.9 18.4 25.6 62.5 86.7 73.1 100.3 10.2 28.2 7.8
Midstance 49.0 14.2 83.7 17.9 26.7 62.6 62.8 52.6 73.1 6.1 19.7 7.5
Terminal stance 24.2 55 53.8 22.6 16.4 61.6 40.0 29.7 50.2 0.3 13.6 13.0
Preswing 15.3 4.2 34.8 15.6 10.3 41.4 30.5 19.9 41.1 0.9 14.4 12.6
Initial swing 38.8 10.8 66.9 7.9 435 27.7 40.3 29.4 51.2 5.8 19.9 8.2
Midswing/terminal swing 49.9 16.6 83.2 6.8 36.7 50.3 59.9 51.1 68.6 8.0 19.6 3.6

Muscle activity presented as (A) RMS of SEMG amplitude ¥/, SEMG-RMS-abs) and (B) RMS of SEMG normalized to peak RMS obtained during the geycle (%, SEMG-RMS-norm).
Negative values indicate lower values for the CP group compared to TI3igni cant group differences (p< 0.05) presented in bold and p< 0.1 presented in italic. Analysis conducted
on log-transformed data. Gait phases where the given muscle is de ned as agonist. RMS, root meanguiare; SEMG, surface electromyography.

Effect of Normalization on Calculations of indicating higher activity of the antagonist than the agsni
the Coactivation Index muscles. For normalized CoA2 values (CoA2-norm, column B,
Both absolute (column AFigure 4) and normalized (column B, Figure 5), this was only seen once in TD and in ve of 18 muscle
Figure 4) CoA1 values (CoAl-abs and CoAl-norm, respectivelypairs and gait phases in the CP group.
were, in general, higher than 50% for both the TD and CP groups. For CoA2, only TA/GM CoA2-abs during midswing/terminal
The CoA1l values in RF/HM were relatively high and oftenswing and TA/GM CoA2-norm during weight acceptance phase
100% Figure 4), indicating equal activity of the agonist and were normally distributed. The rest of the variables were
antagonist muscles. Absolute CoA2-values (CoA2-absnuolu log transformed, resulting in normally distributed residsia
A, Figure 5) were higher than 100% in three and six of 18 muscld-or 27 of the 34 variables, the results were similar for
pairs and gait phases in the TD and CP group, respectivelyhe log-transformed analysis as the original analysis. Rer t
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A Coal using absolute SEMG [__JTDleg B coal d using normalised SEMG
I CP affected leg
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100 - 100 1
50 - 50 1
0 HM HM 0 RF HM HM
Weight Mid Terminal Pre swing Initial Mid-/terminal Weight Mid Terminal Pre swing Initial  Mid-/terminal
acceptance stance stance swing swing acceptance stance stance swing swing
FIGURE 4 | Coactivation index 1 (CoA1l) calculated usingA) absolute SEMG-RMS amplitudes (CoAl-abs) angB) using normalized SEMG-RMS amplitudes
(CoA1-norm), presented as mean with 95% con dence intervalCalculated for three coactivation muscle pairs: tibialisrgerior/gastrocnemius medialis, tibialis
anterior/soleus, and rectus femoris/hamstring medialis, foeach of the six gait phases (named in the bottom line). The agist in the coactivation index muscle pair is
indicated for each gait phase below each subplot. TA, tibi&@ anterior; GM, gastrocnemius medialis; SOL, soleus; RFectus femoris; HM, hamstring medialis.
*Signi cant group differences f < 0.05), p < 0.1.

seven remainingp values from the log-transformed analysisto be increased in the CP group during terminal staneB® (0.05),
are presented. and the increase was signi cant during preswirg® 0.004).
For CoAl-abs (column AFigure 4), TA/GM was increased in In the other four gait phases, there were no di erences between
the CP group compared to the TD group during terminal stancethe groups.
(p < 0.01), had a trend to be reduced in the CP group during For CoA2-abs (column AFigure 5, TA/GM was increased
initial swing (p D 0.1), and was similar for both groups in the in the CP group compared to TD during terminal stance
other four phases. Tibialis anterior/SOL was increased@@PF (p D 0.002), but was similar between the groups in the other ve
group during weight acceptancp D 0.02) and terminal stance gait phases. Tibialis anterior/SOL was increased in the Cpgro
(p < 0.01) and was similar between the groups in the other fouduring weight acceptance phage 0.03) and during terminal
phases. Rectus femoris/HM showed no signi cant di erencestancefD 0.01) but were similar between the groups in the other
between the TD and CP groups (pl> 0.1). four phases. A borderline signi cant decrease was seen iCthe
For CoAl-norm (column BFigure 4), TA/GM was increased group for RF/HM during weight acceptance phap@®(0.08), but
in the CP group compared to TD during weight acceptanceno di erences between the TD and CP groups were seen for the
(p< 0.001), and midswing/terminal swing D 0.002), and there rest of the gait phases.
was a trend toward an increase in terminal stanped(0.06). For CoA2-norm (column BFigure 5), TA/GM was increased
In the other three phases, there were no di erences between the CP group compared to TD during weight acceptance phase
the groups. Tibialis anterior/SOL was increased in the CRigro (p< 0.001) and during midswing/terminal swing D 0.002). In
during weight acceptanc@ & 0.001), there was a trend towards the four gait phases in between, there were no di erences l@iwe
an increase in terminal stancp D 0.08), and was similar for the the groups. Tibialis anterior/SOL was increased in the CP grou
groups in the other four phases. Rectus femoris/HM had a trenduring weight acceptance phase € 0.001), and there was a
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FIGURE 5 | Coactivation index 2 (CoA2) calculated usingA) absolute SEMG-RMS amplitudes (CoA2-abs) angB) using normalized sSEMG-RMS amplitudes
(CoA2-norm), presented as mean with 95% con dence intervalCalculated for three coactivation muscle pairs: tibialisrgerior/gastrocnemius medialis, tibialis
anterior/soleus, and rectus femoris/hamstring medialis, foeach of the six gait phases (named in the bottom line). The agist in the coactivation index muscle pair is
indicated for each gait phase below each subplot. TA, tibi& anterior; GM, gastrocnemius medialis; SOL, soleus; RFectus femoris; HM, hamstring medialis.

*Signi cant group differences p < 0.05), p < 0.1.

trend toward an increase during terminal stanpdX0.09). There  Muscle Activity
were no di erences between groups in the other four gait phase©ur results showed that normalization did not a ect the avgea
Rectus femoris/HM had a borderline signi cant increase ireth muscle activity pattern during gait within the TD or CP grouptb
CP group during terminal stance(D 0.05). During preswing, a ected the between-subject variability within the groupsidhne
the increase in the CP group was signi captd 0.004). In the di erence in muscle activity between groups. Moreover, muscle
remaining gait phases, there were no di erences between the Taxtivity deviations of the CP group from TD varied across the
and CP groups. ve investigated muscles.

Normalization of sEMG amplitudes is used to reduce

between-subject variability caused by nonphysiologicetofa
DISCUSSION in order to compare physiological di erences between muscles,
individuals or sessionslLg, 22, 31). However, it has been argued

The aim of this article was to investigate the eect ofthat as a consequence of normalizing the clinically relevant
SEMG normalization on the interpretation of muscle activity physiological variability could also be reduced)( Our results
and coactivation. Therefore, dierences in muscle activityshow that the large between-subject variability seen in SEMG-
and coactivation indices between the healthy legs of TIRMS-abs during one to two specic gait phases is entirely
children and the aected legs of ambulatory children with equalized after normalizatiorF{gure 3. This was seen in both
CP were examined using both absolute and normalizegroups. In the TD group, large between-subject variability in
SEMG-RMS amplitudes (SEMG-RMS-abs and SEMG-RMSEMG-RMS-abs was seen during weight acceptance phase for
norm, respectively). A secondary aim was to evaluate di eesnc TA and SOL and during terminal stance for GM. In the CP
between two indices for calculating the coactivation index group, TA, GM, SOL, and RF all showed large variability during
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weight acceptance phase only. The remainder of the gait cydeiring weight acceptance and treat with botulinum toxin A,
( 85%) showed low variability in SEMG-RMS-abs, suggestingr as reduced activity during terminal stance and treat with
low nonphysiological between-subject variability. This yma strength training?
indicate that the children have clinically relevant vaioat in
muscle activity during some gait phases, which are dimirisheMuscle Coactivation
by normalization. There are several approaches for calculating the coactivatio

The overall muscle activity pattern in both groups wasindex, and in this article, we have looked closer at two inglice
very similar across the two approaches of handling the sEM@mmonly used. Our results showed statistically increased
data, because the gait phases with high and low amplitude®activation indices in the CP group compared to TD in three
barely changedHigure 3). This is in accordance with previous and four of 18 investigated muscle pairs and gait phases using
research evaluating the methods of sEMG normalization ombsolute (CoAl-/CoA2-abs) and normalized (CoAl-/CoA2-
healthy controls {8-20) and patients with stroke 19, 20). norm) sEMG values, respectively. Although the two indices
However, the deviations of the CP group from TD varied betwee showed the same signi cant deviations in the CP group from
the two approaches applied in this article. Increased SEMGED, the values in CoA2Rigure 5 were in general substantially
RMS-abs for CP in one gait phase, for instance, changed tugher than CoAl valued={gure 4). Additionally, the between-
reduced amplitude after normalization in another gait phasesubject variability was greater in CoA2 compared to CoAl, and
or the other way around. Speci cally, as seenFigure 3and as the variables of CoA2 had to be log transformed prior to
quanti ed in Table 3 TA showed some reduced activity in the analysis, CoA1l may therefore be more easily used when testing
CP group compared to TD from initial swing to early weight group di erences. Hence, the following paragraphs will be Hase
acceptance phase for both SEMG-RMS-abs and sEMG-RM8r CoALl.
norm. However, these deviations reached statistical signce In phases where there is low agonist activity and already very
in di erent phases for the two approaches (both swing phasekigh coactivation indices in TD, even higher indices in CRruat
for sEMG-RMS-abs, whereas only the midswing/terminal swindgpe expected. The TD group show clear agonist SEMG burst
for sEMG-RMS-norm, in addition to bordeline signi cance at during weight acceptance, initial and midswing/terminalisgv
weight acceptance phadeble 3. Moreover, the TA amplitude for TA, during terminal stance for SOL and GM and thus low
during preswing seemed somewhat increased in the CP group babactivation indices<75%) for both absolute and normalized
was only signi cantly increased after normalization. Thautd  values. Our ndings indicate increased coactivation indax
be a physiological compensation for the reduced activityryri the CP group in 60% of these gait phases. These increased
swing, or a result of normalization. coactivation indices are in line with expectations and preasio

In the TD group, GM and SOL were especially active duringstudies evaluating coactivation during walking in childreith
three gait phases: the end of weight acceptance phase, termi@® ©, 12).
stance, and initial swingF{gure 3). During the end of weight However, there is no general agreement on the role of
acceptance, GM and SOL seemed somewhat increased in the coactivation in populations with neurological disorders,
CP group. However, they were signi cantly increased onlgraft beyond abnormal levels that have been reportéd, (32).
normalization. During terminal stance, GM and SOL activity Potential explanations for our increased coactivation dedi
in the CP group was decreased using sEMG-RMS-abs, bwill be discussed below. During weight acceptance, the calf
after normalization only GM was still signi cantly decreas  muscles—based coactivation indices (TA/GM and TA/SOL)ewver
Similarly, during initial swing, GM and SOL activity in the increased in the CP group for both CoAl-abs and CoAl-norm
CP group was decreased using SEMG-RMS-abs, but only SQdlthough not statistically signi cant for TA/GM with CoAl
remained signi cantly decreased after normalization. Iet@8P abs). For CoAl-abs, neither the agonist TA was decreased,
group, RF activity was increased using SsEMG-RMS-abs duringpr the antagonist calf muscles (GM and SOL) increased, but
weight acceptance and possible during midstance, but there wefor CoAl-norm, the antagonist calf muscles were increased
no di erences between the groups for the last four gait phase#n addition to somewhat decreased agonist TA. Using CoAl-
After normalization, the amplitudes were decreased for tiie Cnhorm, it seems that at least some of the children with CP
group from terminal stance to midswing/terminal swing, md  showed increased index due to increased coactivation of the
di erences were seen for the rst two phases. calf muscles. During terminal stance, however, the in@éas

Despite these alterations in deviating amplitudes of the CRoactivation index accompanied by a largely reduced agonist
group from TD, in a clinical perspective, evaluating the ollera calf muscle activity without increased antagonistic TAhabt
muscle activity pattern may often be more essential in detgct weakens the hypothesis of increased TA coactivation. Sigila
phasic abnormalities rather than relative to TD amplitud2g)(  the increased coactivation index for the normalized TA/GM
Our results showed that the overall picture of the musclevatgti muscle pair during midswing/terminal swing was accompanied
pattern within each group did not seem to be so dierent by reduced agonist TA activation and not increased antagfani
between absolute and normalized sEMG amplitudes. HowevegM activity. Likewise, the increased coactivation indextaf
details can be of clinical relevance. To only base interficets.  normalized RF/HM muscle pair during terminal stance and
on absolute or normalized SEMG could have consequences fpreswing was not accompanied by increased antagonistic HM,
treatment prescriptions. Should we, for instance, interptet t but by decreased agonistic RF activity. It is di cult to know i
results as mainly overactivity of the calf muscles (GM andl)SO increased coactivation is due to excessive antagonistitsabir
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due to muscle weakness in the agonist, without any knowledgemplitudes are favorable in the interpretations of altered aofeis
of the underlying muscle activity. Moreover, a coactivatimex  activity and coactivation index.
of 100% represents equal activity of the agonist and antagoni
muscle but does not say anything about the amount of activityD ATA AVAILABILITY STATEMENT
Both muscles could potentially be highly active or somewhat
active, and the latter with a slight increase in antagonissole  The datasets generated for this study will not be made pyblicl
activity would lead to a highly increased coactivation ind€  available due to Norwegian legislation. Questions regaydie
decide whether the increased coactivation index is of @hi datasets can be sent to the corresponding author.
relevance, it is crucial to consider the underlying musciéviy
atthe same time. ETHICS STATEMENT

Additionally, the interpretation of the coactivation indes
closely related to the handling of the SEMG data. Using albeoluThe studies involving human participants were reviewed and
or normalized sSEMG-RMS amplitudes in the calculations giveapproved by Regional Committee for Medical and Health
di erent pictures of which gait phases the CP group deviate fronResearch Ethics in Middle Norway (REK Central). Written
TD, which emphasizes the complexity of the coactivation indeX informed consent to participate in this study was provided by th

participants' legal guardian/next of kin.
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