The Cerebellum (2020) 19:583-596
https://doi.org/10.1007/s12311-020-01142-6

ORIGINAL PAPER m

Check for
updates

Impairment of Global Lower Limb Muscle Coactivation
During Walking in Cerebellar Ataxias

Lorenzo Fiori >3 . Alberto Ranavolo - Tiwana Varrecchia’* - Antonella Tatarelli '~ - Carmela Conte® -
Francesco Draicchio’ - Stefano Filippo Castiglia’ - Gianluca Coppola” - Carlo Casali” - Francesco Pierelli” -
Mariano Serrao’

Published online: 14 May 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

The aim of this study was to investigate the time-varying multi-muscle coactivation function (TMCY) in the lower limbs during
gait and its relationship with the biomechanical and clinical features of patients with cerebellar ataxia. A total of 23 patients with
degenerative cerebellar ataxia (16 with spinocerebellar ataxia, 7 with adult-onset ataxia of unknown etiology) and 23 age-, sex-,
and speed-matched controls were investigated. The disease severity was assessed using the Scale for the Assessment and Rating
of Ataxia (SARA) in all patients. During walking, simultaneous acquisition of kinematic, kinetic, and electromyography data was
performed using a motion analysis system. The coactivation was processed throughout the gait cycle using the TMCT, and the
following parameters were measured: synthetic coactivation index, full width at half maximum, and center of activity.
Spatiotemporal (walking speed, stance duration, swing duration, first and second double-support durations, step length, step
width, stride length, Center of Mass displacement), kinetic (vertical component of GRFs), and energy consumption (total energy
consumption and mechanical energy recovered) parameters were also measured. The coactivation variables were compared
between patients and controls and were correlated with both clinical and gait variables. A significantly increased global TMCf
was found in patients compared with controls. In addition, the patients showed a significant shift of the center of activity toward
the initial contact and a significant reduction in energy recovery. All coactivation parameters were negatively correlated with gait
speed, whereas the coactivation index and center of activity were positively correlated with both center-of-mass mediolateral
displacement values and SARA scores. Our findings suggest that patients use global coactivation as a compensatory mechanism
during the earliest and most challenging subphase (loading response) of the gait cycle to reduce the lateral body sway, thus
improving gait stability at the expense of effective energy recovery. This information could be helpful in optimizing rehabilitative
treatment aimed at improving lower limb muscle control during gait in patients with cerebella ataxia.
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Introduction and wide-step walking with large variabilities in all global
and segmental gait parameters [1-10], which lead to a
Gait ataxia is one of the most important features of de-  loss of the physiological harmonic structure of the human

generative cerebellar diseases. It is described as irregular ~ gait [11]. Such gait abnormalities are present in various
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locomotor tasks in daily life activities [7, 12—16] and in-
evitably worsen with the decline of gait function over
time [11], thus predisposing patients to a high risk of
falling in the early and intermediate stages (when they
are still able to walk) [17-19] and causing them to lose
their walking autonomy in the advanced stages of the
disease [9].

In general, the ataxic gait reflects both the primary defi-
cit, which is related to the lost ability of the cerebellum to
process multi-sensory features and to provide an “error-cor-
rection mechanism” [6, 20, 21], and the compensatory
mechanisms, which are used by patients to maintain dynam-
ic stability during walking [7, 10, 22—-24]. Beyond enlarging
the base of support, another important compensatory strat-
egy adopted by patients with cerebellar ataxia (CA) is to
increase the coactivation of the antagonist muscles at a
single-joint level, in an attempt to compensate for muscle
hypotonia and irregular trajectories [8, 11, 16, 25, 26].
Furthermore, it has been demonstrated that patients with
CA show widened muscle activation patterns with a signif-
icant temporal shift of the center of activity (CoA) [25].
These changes have also been observed in healthy individ-
uals during unstable dynamic conditions (e.g., walking on a
beam or on a slippery surface) [27], suggesting that the
central nervous system (CNS) adopts a global compensato-
ry strategy by involving the central pattern generators to
deal with poor balance, namely by prolonging the duration
of the basic patterns of muscle activity [27].

In a recent study [28], a new method for sample by sample
analysis of the simultaneous coactivation of many muscles has
been developed, proposing a time-varying multi-muscle
coactivation function (TMCY). In healthy individuals, such
global coactivation can be modulated to stabilize the limb
during the most unstable (lower) or the most demanding
(higher) gait speeds, allowing the adaptation to environmental
demands and, at the same time, optimizing both energy con-
sumption and energy recovery [29]. This method may enable
understanding of the global strategy achieved by the CNS in
modulating the activation/deactivation of many lower limb
muscles during gait, irrespective of both the agonist-
antagonist interaction at a single-joint level [16] and the mod-
ular architecture [30]. Our hypothesis herein is that patients
with CA might be using a whole-limb compensatory strategy
by coactivating many lower limb muscles to deal with the
enlarged center-of-mass (CoM) oscillations, and that the
coactivation might be correlated with the biomechanical and
clinical features of patients with CA.

The aims of this study were as follows: (i) to investigate the
TMCHf in the lower limbs during gait in patients with CA; (ii)
to compare the data of patients with CA with those of healthy
subjects (HS); and (iii) to correlate the global coactivation
parameters with the biomechanical (i.e., Center of Mass
(CoM) displacement) and clinical features.
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Materials and Methods
Subjects

Twenty-three patients (7 women, 16 men; age 50.0 = 11.7
years; weight 70.2 £ 12.4 kg; height 167.3 = 8.2 cm) with
degenerative CA were enrolled. Fourteen patients had a diag-
nosis of autosomal dominant ataxia (spinocerebellar ataxia
[SCA]; eight with SCA1 and six with SCA2), whereas the
other seven had sporadic adult-onset ataxia of unknown etiol-
ogy (SAOA). The severity of the disease was rated using the
Scale for the Assessment and Rating of Ataxia (SARA).

No patient was found to have visual impairment, whereas
almost all patients had oculomotor abnormalities such as gaze
nystagmus or square wave jerks during pursuit movements.
All patients exhibited cerebellar atrophy on magnetic reso-
nance imaging. Moreover, all patients were able to walk alone
without any kind of aid on a level surface and to perform the
required task. Because patients with SCA may show signs
other than cerebellar features, we only included those who
exhibited gait disturbances that were exclusively cerebellar
in nature at the initial evaluation. The patients’ characteristics
are summarized in Table 1.

A total of 23 age-, sex-, and speed-matched HS were also
enrolled as a control group (7 women, 16 men; age 48.4 + 14.0
years; weight 73.2 & 14.5 kg; height 169.5 &= 8.2 cm).

All subjects provided informed consent before taking part
in the study, which complied with the Helsinki Declaration
and had local ethics committee approval.

Procedure

All participants involved in the study were preliminary
instructed about the correct experimental procedures and
underwent practice tests to familiarize themselves with the
experimental set up [31]. Each participant was asked to walk
barefoot for approximately 8 m along the laboratory pathway
while looking straight ahead. Patients with CA were asked to
walk 10 times (10 trials) at a self-selected, comfortable speed.
On the other hand, the HS were asked to walk 10 times at a
self-selected speed and 10 times at a slow speed (slower than
self-selected). Because we were interested in natural locomo-
tion, only general, qualitative, and verbal instructions (no an-
alog or digital metronomes were used) were provided. A 1-
min break was provided between each walking trial to avoid
the onset of muscle fatigue.

Gait Analysis

For the acquisition of gait kinematics, a stereo-
photogrammetric motion analysis system with optoelectronic
technology was used (SMART-D System; BTS, Italy, Milan).
Eight infrared cameras (sampling rate 300 Hz) and 22
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Table 1 Patients’ characteristics.
SARA, Scale for the Assessment Patient Gender Age (years) Body weight (kg) Diagnosis SARA (total)
and Rating of Ataxia, SCA
spinocerebellar ataxia, SAOA CAl M 69 107 SCA2 18
sporadic adult-onset ataxia CA2 M 45 69 SCA2 15
CA3 F 65 67 SAOA 15
CA4 M 42 65 SCA1 7
CAS M 37 69 SCA2 18
CA6 M 49 75 SAOA
CA7 M 32 51 SCA1
CAS8 M 40 87 SCA2 22
CA9 F 55 67 SAOA 14
CA10 F 59 62 SAOA 12
CAll F 72 58.5 SAOA
CAI12 M 57 66 SAOA
CAIl3 M 45 80 SCA1
CAl4 M 52 86.5 SCA1
CAlS F 56 55 SCA1 15
CAl6 F 63 72 SAOA 10
CA17 F 48 67 SCA2 13
CAI8 M 47 78 SAOA 15
CAI19 M 49 74.5 SCA1 11
CA20 M 46 69 SAOA 12
CA21 M 33 51 SCA1 3
CA22 M 43 66 SCA1 8
CA23 M 46 71.5 SCA2 16

reflective markers positioned above the anatomical reference
points were used, as previously reported [32]. In detail, the
markers were positioned above the cutaneous projections of
the spinous processes of the seventh cervical and sacral verte-
bra and bilaterally on the acromion, superior anterior iliac
spine, large trochanter, lateral femoral condyle, fibula head,
lateral malleoli, and metatarsal head. In addition to the
markers directly applied to the skin, sticks or rods of variable
length (from 7 to 10 cm) were used, positioned at one-third of
the length of the body segment (femur and leg).

Ground reaction forces (GRFs) were acquired using
two dynamometer platforms (Kistler 9286B; Kistler,
Winterthur, Switzerland) that were longitudinally con-
nected to each other but displaced by 0.2 m in the
lateral direction (sampling rate 1200 Hz).

A wireless (Wi-Fi) 16-channel acquisition system
(FreeEMG 1000; BTS SpA, Milan, Italy) was used to measure
the superficial myoelectric activity. A preprocessing filtering
and denoising procedure were performed. The lower and up-
per cutoff frequencies of the Hamming filter were 10 and 400
Hz, respectively, whereas the common mode reaction ratio
was 100 dB (with a sampling frequency of 1 kHz). The probes
were placed over the muscles of interest using Ag/AgCl
pregelled electrodes (H124SG; Kendall ARBO, Donau,
Germany) according to the recommendations of the Atlas of

Muscle Innervation Zones [33]. As the motor disturbances
were symmetrical in our patients, we focused our analyses
on the right-leg locomotor output. Therefore, the electrodes
were placed over the following right-sided muscles: gluteus
medius, rectus femoris, vastus lateralis, vastus medialis, tensor
fascia latae, semitendinosus, biceps femoris, tibialis anterior,
gastrocnemius medialis, gastrocnemius lateralis, soleus, and
peroneus longus.

Speed Matching Procedure

Given the expected slower gait in patients with CA than in
controls, to avoid biases due to the speed dependency of ki-
nematic and electromyographic (EMG) parameters, we
matched the gait speed between the two groups. The walking
speed matching procedure was performed as follows:( i) only
strides in which the participants (patients and healthy controls)
impacted the force platforms with heel were selected; (ii) for
each ataxic patient, the average speed and the standard devia-
tion of the selected steps were calculated; (iii) these mean
values were used to select the steps in each age- and sex-
matched control, at either self-selected or slow speed, such
that the average value of the walking speed fell within the
mean + SD of the corresponding ataxic patient (see Fig. 1a).
Unpaired two-sample # test was used to verify that the mean
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Fig. 1 a Speed values for two representative patients with cerebellar
ataxia (CA3 and CAl1) and the speed values at self-selected and slow
speeds for the age- and sex-matched healthy subjects (HS3 and HS11):
CA3 was speed matched with self-selected speed of HS3 while CA11

speed values were not statistically different between groups
(patients 3.35 = 1.19 km/h, controls 3.42 + 1.04 km/h, p =
0.83, d = 0.06; Fig. 1b).

Data Analysis

All data were processed using the MATLAB R2018b calcu-
lation environment (version 9.5; MathWorks, Natick, MA,
USA) and the Analyzer software (BTS). In order to obtain a
complete data set of EMG, kinetic, and kinematics measure-
ments during the “steady state” walking (avoiding the initial
and terminal steps), we considered only the central strides in
which the subject impacted the force platforms with heel.
Since five was the minimum number of steps in which each
participant struck the force platforms, we chose to analyze
these five central strides for all participants.

Surface EMG Parameters

The raw surface EMG (sEMG) signals were visually
inspected to delete gait cycles with artifacts. Then the signals
were filtered in the band of interest (20-450 Hz) with a
Butterworth infinite impulse response digital band-pass filter
of the fifth order to reduce movement artifacts (electrode-skin)
and other components of high-frequency noise. Thereafter, to
extract the muscle activity profile, an adaptive algorithm for
the extraction of the SEMG envelope was applied [34].

For each subject, the elaborated sEMG signals of
each muscle were amplitude-normalized with their peak
values calculated over all steps considered and time-
normalized to the duration of the cycle and reduced to
201 samples using a polynomial procedure [29]. The
gait cycle was defined as the time between two
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was speed matched with slow speed of HS11. b Mean speed values (+
SD) for CA and HS at speed matched, HS at slow speed, and HS at self-
selected (squares) and mean speed values for each subject for CA and HS
at speed matched, HS at slow speed, and HS at self-selected (circles)

successive foot contacts of the same leg, and the heel-
strike and toe-off events were determined [35].

From the processed sEMG signals, the simultaneous acti-
vation of the 12 lower limb muscles using the TMCf[28, 29,
35-38] was calculated. This method defines a time-dependent
function, calculated as follows [29]:

TMCY (d(i), i)

(1— : ),( M EMG,(i) /M)’

1 + e ad@b) | max,—1. y[EMG,,(i)]

where M is the number of muscles considered, EMG,,(i) is
the SEMG sample value of the mth muscle at instant 7, @, and b
are constants equal to 12 and 6 respectively [28], and d(i) is
the mean of the differences between each pair among the 12
EMG,,(i) samples at instant i:

. S i |[EMG,, (i)~EMG, (i)
"’(’)_< (M1 2(M-2)1)) )

where M! / (2! (M — 2)!) is the total number of possible
differences between each pair of EMG,,(i). TMCT (d(i), i) is a
function with values ranging between 0 and 100, which indi-
cate absent and maximum coactivations, respectively.

The following parameters within the gait cycle were
calculated: (i) the synthetic coactivation index (CI), which
represents the average of the coactivation level (%), cal-
culated as the mean value of the TMCf [28, 29]; (ii) the
full width at half maximum of the TMCf (FWHMrpcy),
which reflects the sum of the time durations within the
gait cycle during which the TMCT curve is higher than its
half maximum [29]; (iii) the CoA of the TMCf
(CoArmcy), which describes the position where the largest
muscle coactivation occurs within the gait cycle [29].
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Given the cyclic behavior of gait, it could be useful
to transform and plot the data in polar coordinates (po-
lar direction denotes the phase of the gait cycle, with
angle O that varies from 0° to 360°) that allow to ex-
press the continuity between the end of gait cycle (ter-
minal swing subphase) and the onset of a new one
(loading response subphase). For this, the CoArycr,
which contains spatiotemporal information, was calculat-
ed on the TMCf curves transformed in polar coordinates
and it was also plotted in polar coordinates [25, 39].

The CoArmcr was calculated as the angle of the vector
(first trigonometric moment) that points to the CoM of that
circular distribution using the following formulas:

(cost; x TMCY;)
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I
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and (iv) the coefficient of multiple correlations (CMC),
which measures the overall waveform similarity of a group
of curves (the closer to 1 the CMC is, the more similar are the
waveforms) [29, 40-42]. The CMC was calculated within
subjects (CMCys), between subjects (CMCgg), and between
groups (CMCpgg) using the mean curves of TMCf according
to the following formula:

(v o) yiste (ve)’
(v v-0)2Yis e (s

CMC = |1-

where 7'=201 (number of points within the curve), N is the
number of curves, y is the value at the 7th point in the ith
curve, y, is the average at point ¢ over the 2 curves, and y is the
grand mean of all y;.

Kinetic Parameters

The vertical component of GRFs (vertical force [VF])
was measured by the dynamometric platforms for each
gait cycle and normalized both to the stance phase du-
ration, using a polynomial interpolation procedure in
100 samples, and to each subject’s body weight [35].

To characterize the spatial and temporal profile of the VF
curves, the indexes of the full width at half maximum
(FWHMy) and that of the CoA (CoAvr) [25, 29] were mea-
sured. In particular, the CoAyr was evaluated using the same
formula of CoAtyicr where the polar direction denotes the
phase of the stance cycle instead of gait cycle.

Cross-Correlation Analysis

Cross-correlation analysis [43] was used to evaluate the sim-
ilarity in shape and timing between the VF and TMCf curves.
The normalized cross-correlation function (R,,(k)) was calcu-
lated between the VF and TMCf mean curves of all subjects
only for the stance phase, according to previous methods [29,
44]. In general, the R,,(k) function shows similarity in shape
and timing of events between two signals through the varia-
tion of amplitude (from O to 1) and the variation of distribution
in time (from 0 to the total recorded duration in both positive
and negative directions). We calculated the maximum value of
R.(k) for both HS (Rys mqy) and patients with CA (Rey max)
as a shape similarity index and the temporal shift between the
0 temporal point and the occurrence of R,,,, (7 ), and (7 c4)
as the timing similarity index.

Energetic Behavior

The kinematic data were time-normalized to the duration of the
cycle and reduced to 201 samples using a polynomial procedure.

To obtain information on the mechanical energy expendi-
ture involving the whole skeletal muscle system during walk-
ing, we measured energy recovery and energy consumption in
relation to the whole-body CoM [37, 45, 46].

The whole-body CoM was calculated using the “recon-
structed pelvis method” [37, 47, 48] considering the kinematic
data. In this method, the CoM coincides with the pelvic center,
which is the geometric center of the triangle formed by the
markers over the two anterior superior iliac spines and the
sacrum.

For each subject’s CoM, the total mechanical energy (E)
was calculated as sum of the kinetic (£) and potential (£p)
energies during the gait cycle. Ey was calculated as the sum of
the kinematic energies on the x (Eiy), ¥ (Exy), and z (Ey,) axes:

1
Ey :Ekx+Eky+Ekz sz(Vz—FV/‘%—‘rvg)

where m, vy, vy, and v, are the mass and velocity compo-
nents of the CoM, respectively, whereas E,, was calculated as
follows:

E, = mgh

where 4 is the vertical () CoM component and g is the
gravitational acceleration.

The fraction of mechanical energy recovered during each
walking step (R-step) [49] was calculated as follows:

Wy + Wi W _ ( W, )

R_Ste = e E———
P Wi rwy W+ Wi
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where W,", Wy, and W, represent the positive work
(sum of the positive increments over one step) produced by
the gravitational potential energy, kinetic energy of forward
motion, and total mechanical energy, respectively. The total
energy consumption (TEC) was calculated as follows [29,
45]:
W+

TEC = —=
0.21

which has been normalized to the body weight and step
length.

For each subject, the R-step and the normalized TEC values
of all steps were averaged.

Spatiotemporal Parameters

The following time-distance gait parameters were calculated
for each subject: walking speed (km/h), stance duration (%
gait cycle), swing duration (% gait cycle), first and second
double-support durations (% gait cycle), step length (% limb
length), step width (% limb length), stride length (% limb
length), and displacement (m).

The coefficients of variation (CVs) of the step length, the
step width, and stride length parameters were calculated as
reported by Serrao et al. [14]:

SD-100
mean

CV =

The CV is a measure of the variability of a data set, in
which the closer to 0 the CV is, the less variable are the data.

Statistical Analysis

All calculated parameters were averaged by considering five
strides. A priori power analysis using the G*Power computer pro-
gram [50] indicated that a total sample of 21 participants would be
needed to detect large effects (d = 0.8) with 80% power using a ¢
test for independent measures between means with o = 0.05.

The Shapiro-Wilk test was used for the preliminary study
of normal data distribution. The unpaired two-sample ¢ test
(ttest) or Mann-Whitney (MW) test was used to evaluate dif-
ferences in kinematic, kinetic, spatiotemporal, energetic, and
EMG data between patients with CA and HS.

We used the Watson-Williams test for circular data [51]
which allows to compare mean angles with two or more samples
and is equivalent, for angles, of an ANOVA/Kruskal-Wallis test.
Specifically, we used this test to evaluate differences in CoA
values, reported with polar representation, of both the TMCf
and VF curves between patients with CA and HS.

A p value of < 0.05 was considered statistically significant.
Cohen’s d values were evaluated to estimate the effect size,
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considering small (< 0.5), medium (from 0.5 to 0.8), and large
(> 0.8) effects.

The Pearson or Spearman test was used to investigate any
correlations between global coactivation parameters and clin-
ical and gait variables. Partial correlations were used to control
for gait speed.

Statistical analysis was performed using MATLAB
R2018b.

Results
Demographic Characteristics

No significant differences were found between the CA and HS
groups in terms of age (50.0 = 11.7 years vs 48.4 = 14.0 years,
Pvw = 0.58), weight (70.2 + 12.4 kg vs 73.2 + 14.5 kg, pmw =
0.59), and height (167.3 + 8.2 cm vs 169.5 + 8.2 cm, Pyt = 0.37).

sEMG Parameters

In Fig. 2 were reported the results of coactivation analysis for
the 12 lower limb muscles during the gait cycle in both CA
and HS. In detail, the upper graphs in Fig. 2 a show all TMCf
curves of the 23 patients with CA (left graph) and of the 23 HS
(right graph), whereas the lower graphs show the mean values
of TMCT (average value in solid line and standard deviation
[SD] in light color) with own CI (average value in solid line
and SD in dotted line). Figure 2 b and ¢ show the mean values
of FWHM (presented with a polar graph and identified by the
colored area between the curves) and of CoA (presented with
a polar graph where the average values are the solid line and
SD the circular sector in light color), respectively.

The global coactivation, in terms of both CI and FWHM of
the TMCf, was significantly increased in patients with CA
compared with HS (Fig. 2a, b). Furthermore, patients with
CA shifted the global activation (i.e., CoOoATMCY) toward the
initial contact (Fig. 2¢). Specifically, patients with CA showed

Fig. 2 Simultaneous coactivation of 12 lower limb muscles in patients P
with cerebellar ataxia (CA) and healthy subjects (HS). a Time-varying
multi-muscle coactivation function (TMCY) curves: the upper graphs rep-
resent all TMCf curves of the 23 patients with CA and the 23 HS, whereas
the lower graphs show the mean values of TMCT (average value in solid
line and standard deviation [SD] in light color) with the coactivation
index (CI) (average value in solid line and SD in dotted line). b Full width
at half maximum (FWHM) of the TMCf: the TMCf (average and SD) is
presented as a polar graph and the FWHM is the colored area subtending
the curve. All quantities shown are expressed as a percentage of the gait
cycle. ¢ Center of activity (CoA) of the TMCT: each dot in the circumfer-
ence represents an individual subject’s mean CoA value, whereas the
mean value and SD of the CoA of all subjects are represented by the solid
line and the width of the circular sector (in light color), respectively
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Cl values of 17.18 £3.35% vs values of 11.01 & 1.81% of the
HS (pyest < 0.001, d = 2.28; see Fig. 2a) and FWHMryicr
values of 43.95 + 9.19% vs values of 37.57 + 8.70% of the
HS (pyest = 0.02, d = 0.75; see Fig. 2b), indicating a higher
coactivation level. In addition, patients with CA showed lower
values of CoA (16.51 £3.31%) than HS (19.66 £ 5.09%) (p =
0.001; see Fig. 2c), indicating a shift of the global activation
toward the initial contact (Fig. 2¢).

Moreover, the CA patients showed higher TMCF wave-
form similarity both within and between subjects: the
CMCysg values were significantly higher than HS (CMCyys
0.89 + 0.04 vs. 0.85 £ 0.06, ppw = 0.005, d = 0.85) and the
CMCgg values higher than HS (CMCpgg 0.84 vs. 0.80). Lastly,
a lower value of TMCF waveform similarity between groups
(CMCpgg = 0.70) was found.

Kinetic Parameters

The VFs of both patients with CA and the HS are shown in
Fig. 3 a as averaged curves and standard deviations, while Fig.
3 b and c show the mean values of FWHM (identified by the
colored area between the curves) and of CoA (average values
are the solid line and SD the circular sector in light color),
respectively. No significant difference was observed for
FWHMyr (83.47 = 7.19% vs 83.37 £ 4.45%; pyest = 0.95
see Fig. 3b) whereas a significantly lower value of CoAvr
was found in patients with CA than in HS (49.73 £ 4.01%
vs 52.52 + 1.31%, p = 0.001; see Fig. 3c),

Cross-Correlation Analysis

Figure 4 shows the results of the cross-correlation between the
TMCf and VF averaged curve values within the HS (Fig. 4a)
and CA groups (Fig. 4b), with the maximum point (R,,.,) and
the time of its occurrence (7%) obtained through a comparison
of the curves. The figure demonstrates that both the groups
showed a high degree of similarity: Ryg max Was 0.96 and
Rca max Was 0.94. Furthermore, the same values of 7 were
observed for the two groups: T ns and 7 ¢ were 9% (F ig. 4b).

Energetic Behavior

Significantly lower R-step values were found in the CA group
than in the HS group (45.14 £ 9.52% vs 4.66 £ 6.50%, piest <
0.001; d = 1.17). No significant TEC values were found in
patients with CA compared with HS (0.54 £0.11 kcal/km - kg
vs 0.53 £ 0.09 kcal/km - kg; pyest = 0.51; d=0.11).

Spatiotemporal Parameters
Patients with CA showed significantly lower values than HS

of stride length (1.10 + 0.34% limb length vs 1.28 + 0.18%
limb length, pyest = 0.03, d = 0.66) and significantly higher
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Fig. 3 Vertical component (VF) of the ground force reaction (GFR) in | 2
patients with cerebellar ataxia (CA) and healthy subjects (HS). a VF
curves (average in solid line and standard deviation [SD] in light color).
b Full width at half maximum (FWHM) of the VF: the VF (average and
SD) is presented as a polar graph and the FWHM is the colored area
subtending the curve. All quantities shown are expressed as a percentage
of'the stance phase of the gait cycle. ¢ Center of activity (CoA) of the VF:
each dot in the circumference represents a single subject’s mean CoA
value, whereas the mean value and SD of the CoA of all subjects are
represented by the solid line and the width of the circular sector,
respectively

values than HS of in step width (0.33 £+ 0.06% limb length vs
0.25 = 0.03% limb length, pyes < 0.0001, d = 1.65), CV’s step
length (6.82£5.04 vs 3.35+1.69 , ppw < 0.001, d=0.92), CV’s
step width (9.89 = 6.02 vs 6.74 + 1.96 , pyess = 0.02, d = 0.71),
CV’s stride length (6.88 +5.22 vs 3.89 £2.57 , ppw = 0.02,d =
0.73), and CoM mediolateral displacement (0.08 + 0.03 m vs
0.07 £ 0.03 m, ppw = 0.04, d = 0.78). Whereas no significant
differences were found between the CA and HS groups in stance
duration (66.68 + 3.73% gait cycle vs 65.58 +2.93% gait cycle,
DPrest = 0.27, d = 0.33), swing duration (33.32 £ 3.73% gait cycle
vs 34.42 + 2.93% gait cycle, pyese = 0.27, d = 0.33), 1st double
support (16.42 + 3.38% gait cycle vs 15.68 + 2.82% gait cycle,
DPrest = 043, d = 0.24), 2nd double support (16.91 £ 4.64% gait
cycle vs 15.42 + 2.88% gait cycle, pyw = 0.27, d = 0.38), step
length (0.66 £ 0.12% limb length vs 0.70 £ 0.08% limb length,
Puest = 028, d = 0.32).

Correlation

Figure 5 shows the negative moderate correlation between gait
speed and CI (r=—0.65, p = 0.002), CoApce(r=—0.60,p =
0.005) and FWHMpcr (7 = — 0.59, p = 0.005). Furthermore,
Fig. 5 shows a significant positive partial correlation between
CI and both CoM mediolateral displacement values (» = 0.54,
p=0.01) and SARA scores (» = 0.45, p = 0.04) and between
CoArwcr and both CoM mediolateral displacement values (r
=0.55, p = 0.01) and SARA scores (r = 0.46, p = 0.03).

Discussion

The main results of this study can be summarized as follows:
(1) global coactivation was significantly increased in patients
with CA compared with HS, in terms of both CI and
FWHMrycg (i) patients with CA shifted the global activa-
tion CoArycr toward the initial contact; and (iii) the global
coactivation parameters were negatively correlated with gait
speed and positively correlated with both CoM lateral dis-
placement and SARA scores, whereas there was a lack of
correlation with energetic parameters and gait variability.

In our study, patients with CA showed a significantly
marked (Cohen d > 0.8) increase in global coactivation, in
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Fig. 4 Cross-correlation. @ Mean curves of time-varying multi-muscle
coactivation function (TMCY) (continuous line) and vertical force (VF)
(dashed line), normalized to the maximum value among all subjects,
presented in the range of 0—1. b Cross-correlation curves between the

terms of both CI and FWHMrycr, compared with HS.
Furthermore, they also showed a shift of the CoArycr toward
the earlier subphase of the gait cycle compared with HS (i.e.,
initial contact; in the clockwise direction, as illustrated in Fig.
2c). These findings seem to suggest that patients with CA
increase the coactivation as a compensatory mechanism main-
ly during the loading response subphase, which represents the
most challenging biomechanical condition, when the body
weight is shifted from one limb to another and a response to
the perturbation induced by the GRF is needed [32, 52]. In this
regard, the correlation between CoArycr and both the CoM
lateral displacement and SARA score strongly suggests that
increased coactivation is a global compensatory mechanism to
cope with the enlarged lateral body sway resulting from the
lack of interjoint coordination and hypotonia, which, in turn,

GRO @ Springer

TMCT and the VF curves and their relative maximum value (R,,,,).
The dashed lines represent the temporal shift (7) of the cross-correlation.
All quantities shown are expressed as a percentage of the stance phase of
the gait cycle

are caused by cerebellar degeneration. However, the lack of
correlation with the R-step in CA, which is present in HS [29],
indicates that such a compensatory mechanism compromises
the ability of patients to recover energy during walking.
Interestingly, despite the global coactivation and GRF CoA
shifts (Figs. 2 and 3) in the CA group compared with the HS
group, no significant differences were found in the cross-
correlation analysis between the global coactivation and
GRF curves in patients with CA (Fig. 4). Notwithstanding
the cerebellar degeneration, patients with CA maintained the
same spatiotemporal relationship between muscle
coactivation and foot-ground interaction torques as the HS
[29], suggesting that the cerebellum is not involved in such a
motor control mechanism. This concept is further reinforced
by the observation that the coactivation curve similarity, as
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parameters that significantly differed between patients with cerebellar
ataxia and healthy subjects are plotted in this figure. Each point on the
graphs represents the value for the individual patient, and linear regres-
sion lines (solid line) with corresponding  and p values are reported. a

evaluated using the CMCs, was higher in patients with CA
than in HS. In addition, as the global coactivation curve peak

0.04 0.06 0.08 0.1 0.12 0.14 0.16
CoM displacement (m)
Relationships of the coactivation index (CI), center of activity (CoA), and
full width at half maximum (FWHM) to the mean gait speed. b CI and

CoA with the Scale for the Assessment and Rating of Ataxia (SARA)
score. ¢ CI and CoA with the center-of-mass mediolateral displacement

preceded the GRF peak (Fig. 4), a plausible interpretation of
the overall results is that patients with CA have increased level
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of global activation to both control and respond to the GRF,
which involves CNS structures other than the cerebellum, in
an attempt to minimize the CoM lateral displacements through
a feedforward mechanism [53, 54].

In our study, although patients with CA typically showed
increased gait variability, no significant correlations were
found with the global coactivation parameters. These findings
suggest that global coactivation is uniquely exerted to mini-
mize the CoM displacement rather than to stabilize the limb
motion and reduce the gait variability, as reported for single-
joint muscle coactivation [16]. Thereby, both global and
single-joint coactivations seem to deal with different aspects
of dynamic balance control.

A potential technical limitation of this study is that the
TMCT profile is strictly dependent on the normalization tech-
nique adopted. As we normalized the lower limb muscle
SEMG signals to the peak values across all trials, the normal-
ization to the maximal voluntary contraction was not consid-
ered. However, our choice was made because the maximal
voluntary contraction can be lengthy and hardly executable
in patients with motor impairment, thus making the normali-
zation poorly reliable [55].

In conclusion, the strength of this study lies in the use of a
novel method for investigating coactivation in patients with
gait ataxia disorder. Our results provided a time-varying char-
acterization, within the gait cycle, of the simultaneous activa-
tion of 12 lower limb muscles at a multi-joint level, without
requiring an a priori sorting of the agonist-antagonist muscles.
In detail, we observed increased global coactivation, which
likely reflects a compensatory mechanism adopted by patients
to stiffen the whole limb and to cope with the enlarged lateral
body sway. Such knowledge on how patients can increase or
reduce the coactivation of lower limb muscles within the gait
cycle may improve the ability of physicians to optimize reha-
bilitation strategies and may help technicians in designing new
types of orthoses.
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