{: SCISPACE

formerly Typeset

@ Open access « Posted Content - DOI:10.1101/2020.10.28.358788

Neuromuscular control of gait stability in older adults is adapted to environmental
demands but not improved after standing balance training — Source link [/

Leila Alizadehsaravi, Sjoerd M. Bruijn, Wouter Muijres, Ruud A.J. Koster ...+1 more authors

Institutions: VU University Amsterdam

Published on: 28 Oct 2020 - bioRxiv (Cold Spring Harbor Laboratory)

Topics: Gait (human) and Balance (ability)

Related papers:

Long-Term Adaptations to Unexpected Surface Perturbations: Postural Control During Stance and Gait in Train
Conductors

Nordic Walking improves trunk stability and gait spatial-temporal characteristics in people with Parkinson disease.
The influence of locomotor training on dynamic balance during steady-state walking post-stroke.
Age differences in adaptation of medial-lateral gait parameters during split-belt treadmill walking

Walking cadence affects the recruitment of the medial-lateral balance mechanisms

Share this paper: @ ¥ M &

View more about this paper here: https:/typeset.io/papers/neuromuscular-control-of-gait-stability-in-older-adults-is-
56t6ipq20u


https://typeset.io/
https://www.doi.org/10.1101/2020.10.28.358788
https://typeset.io/papers/neuromuscular-control-of-gait-stability-in-older-adults-is-56t6ipq20u
https://typeset.io/authors/leila-alizadehsaravi-38nx7i8v8t
https://typeset.io/authors/sjoerd-m-bruijn-2c2o2agp1z
https://typeset.io/authors/wouter-muijres-17twsnswjn
https://typeset.io/authors/ruud-a-j-koster-owfugsj6aw
https://typeset.io/institutions/vu-university-amsterdam-2i0ocm9k
https://typeset.io/journals/biorxiv-318tydph
https://typeset.io/topics/gait-human-3pfwk0qd
https://typeset.io/topics/balance-ability-1nli470y
https://typeset.io/papers/long-term-adaptations-to-unexpected-surface-perturbations-nmd6sjp8w9
https://typeset.io/papers/nordic-walking-improves-trunk-stability-and-gait-spatial-2qscct23ti
https://typeset.io/papers/the-influence-of-locomotor-training-on-dynamic-balance-2rj9adbl5e
https://typeset.io/papers/age-differences-in-adaptation-of-medial-lateral-gait-2g043va9ma
https://typeset.io/papers/walking-cadence-affects-the-recruitment-of-the-medial-5e99ddg900
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/neuromuscular-control-of-gait-stability-in-older-adults-is-56t6ipq20u
https://twitter.com/intent/tweet?text=Neuromuscular%20control%20of%20gait%20stability%20in%20older%20adults%20is%20adapted%20to%20environmental%20demands%20but%20not%20improved%20after%20standing%20balance%20training&url=https://typeset.io/papers/neuromuscular-control-of-gait-stability-in-older-adults-is-56t6ipq20u
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/neuromuscular-control-of-gait-stability-in-older-adults-is-56t6ipq20u
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/neuromuscular-control-of-gait-stability-in-older-adults-is-56t6ipq20u
https://typeset.io/papers/neuromuscular-control-of-gait-stability-in-older-adults-is-56t6ipq20u

DN AW =

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.28.358788; this version posted October 28, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Neuromuscular control of gait stability in older
adults is adapted to environmental demands but not

improved after standing balance training

Leila Alizadehsaravi', Sjoerd M. Bruijn!, Wouter Muijres’-#, Ruud A.J. Koster!, Jaap H. van
Dieén!”
I Department of Human Movement Sciences, Faculty of Behavioural and Movement

Sciences, Vrije Universiteit Amsterdam, Amsterdam, The Netherlands

#a Current Address: Human Movement Biomechanics Research Group, Katholieke
Universiteit Leuven, Leuven, Belgium

* Corresponding author

E-mail: j.van.dieen@vu.nl (J.H.v.D.)


https://doi.org/10.1101/2020.10.28.358788
http://creativecommons.org/licenses/by/4.0/

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.28.358788; this version posted October 28, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

perpetuity. It is made available under aCC-BY 4.0 International license.

Abstract

Balance training aims to improve balance and transfer acquired skills to real-life tasks and
conditions. How older adults adapt gait control to different conditions, and whether these
adaptations are altered by balance training remains unclear. We investigated adaptations in
neuromuscular control of gait in twenty-two older adults (72.6 + 4.2 years) between normal
(NW) and narrow-base walking (NBW), and the effects of a standing balance training program
shown to enhance unipedal balance control in the same participants. At baseline, after one
session and after 3-weeks of training, kinematics and EMG of NW and NBW on a treadmill
were measured. Gait parameters and temporal activation profiles of five synergies extracted
from 11 muscles were compared between time-points and gait conditions. No effects of balance
training or interactions between training and walking condition on gait parameters or synergies
were found. Trunk center of mass (CoM) displacement and velocity (vCoM), and the local
divergence exponent (LDE), were lower in NBW compared to NW. For synergies associated
with stance of the non-dominant leg and weight acceptance of the dominant leg, full width at
half maximum (FWHM) of the activation profiles was smaller in NBW compared to NW. For
the synergy associated with non-dominant heel strike, FWHM was greater in NBW compared
to NW. The Center of Activation (CoA) of the activation profile associated with dominant leg
stance occurred earlier in NBW compared to NW. CoAs of activation profile associated with
non-dominant stance and non-dominant and dominant heel strikes were delayed in NBW
compared to NW. The adaptations of synergies to NBW can be interpreted as related to a more
cautious weight transfer to the new stance leg and enhanced control over CoM movement in
the stance phase. However, control of mediolateral gait stability and these adaptations were not

affected by balance training.
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Introduction

Falls in older adults mostly occur during walking [1]. Therefore, skills acquired during
standing balance training should transfer to gait and improve gait stability [2]. While on one
hand effects of balance training have been described as task specific [3], on the other hand,
transfer from standing balance training to gait stability has been suggested by improved clinical
balance scores and gait parameters [4,5]. Consequently, the existence of skill transfer from
standing balance training as well as the mechanisms underlying such transfer, if present, are
insufficiently clear.

Increased variability and decreased local dynamic stability of steady-state gait were shown
to be associated with a history of falls in older adults [6]. From a mechanical perspective, larger
mediolateral center of mass excursions and velocities would be expected to cause an increased
fall risk [7] and both these parameters as well as their variability are larger in older than young
adults [8]. When facing environmental challenges, such as when forced to walk with a narrow
step width, individuals need to adapt their gait. Older adults show more pronounced adaptations
to narrow-base walking compared to young adults [8], possibly because they are more cautious
in the presence of postural threats [9]. Transfer of standing balance training to gait would be
expected to result in increased gait stability, decreased CoM displacement and velocity, and
decreased CoM displacement variability. In addition, an interaction between training and
stabilizing demands may be expected. Increased confidence after training may result in less
adaptation to a challenging condition. On the other hand, balance training may enhance the

ability to adapt to challenging conditions.
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The central nervous system is thought to simplify movement by activating muscles in
groups, called muscle synergies, with the combination of synergies shaping the overall motor
output [10,11]. Muscle synergies consist of time-dependent patterns (activation profiles) and
time-independent factors (muscle weightings). Human gait has been described with four to
eight muscle synergies [12—14] and reactive balance control was found to have four shared
synergies with walking [14], which could be important for transfer from balance training to
gait. Due to aging and changes in sensory and motor organs, adapted synergies are likely
required to maintain motor performance [15,16]. Synergy analyses of gait revealed either fewer
synergies in older adults than in young adults [17] or no differences [18]. Motor adaptation is
assumed to result from altering synergies in response to task and environmental demands
[19,20]. For example, widened activation profiles appear to be used to increase the robustness
of gait in the presence of unstable conditions or unpredictable perturbations [20,21]. Long-term
balance training might alter synergies in gait, and adaptation of synergies to task demands as
has been shown in dancers [22,23] to achieve the alterations in CoM kinematics.

We investigated the adaptations in neuromuscular control of gait in older adults between
normal and narrow-base walking, and the effect of short- and long-term standing balance
training on this. To this aim, we used data from a previous study on standing balance training,
from which we previously reported positive effects of training on standing balance robustness
and performance, both after a single training session and after three weeks of training [24].
Here, we evaluate skill transfer to normal walking and narrow-base walking on a virtual beam,
both on a treadmill. We used foot placement error to assess performance of narrow-base
walking [25]. We focused on mediolateral balance control, as larger mediolateral instability
has been shown to be associated with falls in older adults [26,27] and beam walking challenges
mediolateral stability. We calculated the CoM displacement and CoM displacement variability,

CoM velocity and the LDE as measures of gait stability and extracted muscle synergies to
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79  characterize effects on the neuromuscular control of gait and of adaptations to narrow-base

80  walking.

31 Methods

82 The methods described here in part overlap with our previous paper [24], as data were

83  obtained in the same cohort.

34 Participants
85 Twenty-two older (72.6 = 4.2 years old; mean + SD, 11 females) healthy volunteers

86  participated in this study. Participants were recruited through a radio announcement, contacting
87  older adults who previously participated in our research, flyers and information meetings.
88  Individuals with obesity (BMI > 30), cognitive impairment (MMSE<24), peripheral
89  neuropathy, a history of neurological or orthopedic impairment, use of medication that may
90 negatively affect balance, inability to walk for 4 minutes without aid, and performing sports
91  with balance training as an explicit component (e.g., Yoga or Pilates) were excluded. All
92  participants provided written informed consent before participation and the procedures were
93  approved by the ethical review board of the Faculty of Behavioural & Movement Sciences,

94 VU Amsterdam (VCWE-2018-171).

95 Experimental procedures

96 Participants completed an initial measurement to determine baseline values (Pre), a single-
97  session balance training (30-minutes), a second measurement (Postl) to compare to baseline
98  to assess short-term training effects, a 3-week balance training program (9 sessions x 45
99  minutes training), and a third measurement (Post2) to compare to baseline to assess of long-

100  term training effects (Fig 1).
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101 The measurements consisted of one experimental condition on a robot-controlled platform
102 (balance robustness) and two experimental conditions performed on a treadmill: virtual-
103 narrow-base walking (Fig 2) and normal walking.

104 The training sessions consisted of exercises solely focused on unipedal balancing with
105  blocks of 40-60 second exercises in which balance was challenged by different surface
106  conditions, static vs dynamic conditions, perturbations, and dual tasking (e.g. catching,
107  throwing and passing a ball) [28]. Participants performed the exercises in a group of two
108  (except for the first, individual session) and always under supervision of the physiotherapist in

109 our research team.

110 Instrumentation and data acquisition

111 Balance robustness and performance were evaluated using a custom-made balance platform
112 controlled by a robot arm (HapticMaster, Motek, Amsterdam, the Netherlands) and results
113 were reported previously [24]. To quantify transfer to gait, participants were instructed to walk
114  for 4.5 minutes at a constant speed of 3.5 km/h on a treadmill with an embedded force plate.
115  For safety reasons, handrails were installed on the either side of the treadmill, and an
116  emergency stop button was placed within easy reach (MotekForcelink, Amsterdam, the
117  Netherlands). We assessed walking in two conditions, normal walking and narrow-base
118  walking, in a randomized order, with a minimum of 2 minutes seated rest in between
119  conditions. In narrow-base walking, participants were instructed to placing their entire foot
120  inside the beam as accurately as possible over a green light-beam path (12 cm width) projected
121  in the middle of the treadmill (Bonte Technology/ForceLink, Culemborg, The Netherlands)
122 [25].

123 Kinematics data were obtained by two Optotrak 3020 camera arrays at 50 Hz (Northern
124  Digital, Waterloo, Canada). 10 active marker clusters (3 markers each) were placed on the

125  posterior surface of the thorax (1), pelvis (1), arms (2), calves (4), and feet (2) (Fig 2). Positions
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126  of anatomical landmarks were digitized by a 4-marker probe and a full-body 3D-kinematics
127  model of the participant was formed relating clusters to the neighboring landmarks [29]. The
128  position of the foot segments was obtained through cluster markers on both feet, digitizing the
129  medial and lateral aspects of the calcaneus, and the heads of metatarsals one and five [25].
130  Additionally, to calculate the foot placement error in narrow-base walking, position and
131  orientation of the projected beam was determined by digitizing the four outer bounds of the
132 beam on the treadmill.

133 Surface electromyography (EMG) data were recorded from 11 muscles; 5 unilateral
134  muscles of the dominant leg: tibialis anterior (TAD), vastus lateralis (VLD), lateral
135  gastrocnemius (GLD), soleus (SOD), peroneus longus (PLD) and, 6 bilateral muscles: rectus
136  femoris (RFD, RFN), biceps femoris (BFD, BFN) and gluteus medius (GMD, GMN) muscles.
137  Bipolar electrodes were placed in accordance with SENIAM recommendations [30]. EMG data
138  were sampled at a rate of 2000 Hz and amplified using a 16-channel TMSi Porti system (TMSi,
139  Twente, The Netherlands). The dominant leg was the leg preferred for single-leg stance. Focus
140  was on this leg, because we extensively assessed unipedal balance control on this leg as

141  reported earlier [24].

142 Data analysis

143 Gait events

144  The first 30 seconds of all gait trials were removed, to discard the habituation phase. Heel-
145  strikes were detected through a peak detection algorithm based on the center of pressure [31].
146  This algorithm proved to be precise when the center of pressure moved in a butterfly pattern.
147  However, for narrow-base walking, the feet share a common area in the middle of the treadmill,
148  therefore, identification of which leg touched the surface was problematic. Hence, heel-strikes

149  were detected based on the center of pressure peak detection, but the associated leg was
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150  identified based on kinematic data of the foot marker. 160 strides per participant per condition

151  were used to calculate all gait variables (i.e. stability variables and muscle synergies).

152 Gait stability

153 To evaluate gait performance, foot placement errors were determined as the mean
154  mediolateral distance of the furthest edge of the foot from the edge of the beam. If the foot was
155  within the beam the error equals zero.

156 The trajectory of the center of mass (CoM) of the trunk was estimated from mediolateral
157  trunk movement [32,33]. As gait stability variables, we calculated mean and standard deviation
158  of the peak-to-peak mediolateral trunk CoM displacement and mean of CoM velocity per
159  stride. In addition, local dynamic stability was evaluated using the local divergence exponent,
160  LDE, based on Rosenstein’s algorithm [34,35]. We used the time normalized time-series (i.e.
161 160 strides of data were time normalized to 16000 samples, preserving between stride
162  variability) of trunk vCoM to reconstruct a state space with 5 embedding dimensions at 10
163  samples time delay [33]. The divergence for each point and its nearest neighbor was calculated
164  and the LDE was determined by a linear fit over half a stride to the averaged log transformed

165  divergence.

166 Muscle synergies
167 EMG data were high-pass (50 Hz, bidirectional, 4th order Butterworth) [20] and notch

168 filtered (50 Hz and its harmonics up to the Nyquist frequency, 1 Hz bandwidth, bidirectional,
169  1st order Butterworth). The filtered data were Hilbert transformed, rectified and low-pass
170  filtered (10 Hz, bidirectional, 2nd order Butterworth). Each channel was normalized to the
171  maximum activation obtained for an individual per measurement point per trial. Synergies were
172 extracted from 11 muscles using non-negative matrix factorization. Five synergies were
173  extracted from the whole dataset, to account for a minimum of 85% of the variance in the EMG

174  data (Fig 3). It has been shown that perturbations during walking change the temporal
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175  activation profiles as compared to normal walking, while muscle weightings are preserved [36].
176  Therefore, in the current study we fixed muscle weightings between conditions and time-
177  points. These muscle weightings were extracted from the concatenated EMG data of both
178  conditions at all time-points. This allowed for objective comparison of synergy activation
179  profiles between normal and narrow-base walking and between time-points. Consequently, the
180  time-normalized EMG data of the muscles Wyj x 2 x 100 x 160), Was factorized to two matrices:
181  time-invariant muscle weightings, Hy x 5, and temporal activation profiles of the factorization,
182 Msy 2x100x160), Where 11 was the number of muscles, 5 the number of synergies, 2 the number
183  of conditions, 100 the number of samples in each stride and 160 the number of strides.
184  Afterwards, we reconstructed the temporal activation profiles using pseudo-inverse
185  multiplication, for the comparison of activation profiles between conditions and time-points.

186 To compare activation profiles, we evaluated the full width at half maximum, FWHM, per
187  stride for each activation profile (defined as the number of data points above the half maximum
188  of activation profile, after subtracting the minimum activation [37]). In addition, we evaluated
189  the center of activity, CoA, per stride defined as the angle of the vector that points to the center
190  of mass in the activation profile transformed to polar coordinates [20,38]. FWHM and CoA
191  were averaged over 160 strides per participant per condition. For CoA data, circular averaging

192  was used.

193 Statistics

194 Effects of time-point (Pre, Post1, Post2) on foot placement errors were tested using a one-
195  way repeated measures ANOVA. Post-hoc comparisons (paired sample t-tests), with Holm’s
196  correction for multiple comparisons were performed to investigate the effect of short- and long-
197  term training (Pre vs Postl and Pre vs Post2, respectively).

198 Two-way repeated-measures ANOVAs were used to identify main effects of time-point

199  (Pre, Postl, Post2) and condition (normal and narrow-base walking) on trunk kinematics CoM
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200  displacement, CoM displacement variability, vCoM and LDE, as well as, on the FWHM. When
201  the assumption of sphericity was violated, the Greenhouse-Geisser method was used. In case
202  of a significant effect of time-point, or an interaction of time-point x condition, post hoc tests
203  with Holm’s correction for multiple comparisons were performed. To identify effects on CoA,
204  parametric two-way ANOVA for circular data was used using the Circular Statistic MATLAB

205  toolbox [39]. In all statistical analyses o = 0.05 was used.

206 Results

207  One participant was not able to perform the treadmill walking trials for the full duration and

208  data for this participant were excluded.

209 Gait performance

210 In contrast with robustness and performance in unipedal balancing [24], performance in
211  narrow-base walking, as reflected in foot placement errors, did not did not improve as a result
212 of'training (F; 26725347-0.31, p = 0.63; Fig 3).

213

214 Training did also not significantly affect CoM displacement, CoM displacement variability,
215  and vCoM (F,.40-2.729, p = 0.082; F140-0.469, p = 0.628; F; 40-2.024, p = 0.145). Condition
216  significantly affected all three variables, with lower CoM and vCoM (F; 59-96.007, p < 0.001;
217 Fip0-168.26, p < 0.001, respectively, Fig 4), but larger CoM variability (F; 9 -4.678, p =
218  0.042), in narrow-base compared to normal walking. No significant interactions of time-point
219  x condition were found (p > 0.05).

220

221 Training did not significantly affect LDE (F, 49-0.205, p = 0.814), but condition did, with
222 lower values in narrow-base compared to normal walking (F, 59-26.223, p < 0.001, Fig 5). No

223  significant interaction of time-point x condition was found (F;324699-3.112, p = 0.078).

10
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224 Muscle synergies

225 Five muscle synergies were extracted with a fixed muscle weighting matrix H (Fig 6) and
226  activation profiles per individual per condition and time-point (Fig 7). This accounted for
227  87£2% of the variance in the EMG data.

228
229  Based on muscle weightings and activation profiles, the first synergy appeared to be

230 functionally relevant in the stance phase of the dominant leg, with major involvement of soleus
231 and gastrocnemius lateralis. The second synergy appeared to be related to the weight
232 acceptance phase of the dominant leg, where the quadriceps (vastus lateralis, rectus femoris)
233 muscles were mostly engaged. The third synergy resembled partial mirror images of synergies
234 1 and 2 for the non-dominant leg, but differed due to the fact that only a subset of muscles was
235  measured. It was mainly active in the non-dominant leg’s stance phase, with major involvement
236  of gluteus medius and rectus femoris. It lacks muscle activation related to push-off (represented
237  in synergy 1), because lower leg muscles were not measured and represented thigh muscle
238  activity related to weight acceptance (represented in synergy 2). The fourth synergy appeared
239  to anticipate dominant leg heel-strike with engagement mostly of the dominant leg’s biceps
240  femoris. Finally, the fifth synergy appeared to be the mirror image of the fourth synergy, with

241  pronounced engagement of the biceps femoris of the non-dominant leg.

242 FWHM
243 None of the FWHMs were significantly affected by training. FWHMs were found to be

244 smaller in narrow-base compared to normal walking in the synergies associated with weight
245  acceptance of the dominant leg and the stance phase of the non-dominant leg (synergies 2 & 3;
246  (F120-92.86, p <0.001; Fy5p-17.06, p <0.001, respectively, Fig 8). In contrast, FWHM of
247  synergies associated with heel strike appeared to be greater in narrow-base compared to normal

248  walking, but only significantly so for the non-dominant leg (synergies 4 & 5, F20-2.198,p =

11


https://doi.org/10.1101/2020.10.28.358788
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.28.358788; this version posted October 28, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

249  0.153; Fy0 = 8.603, p = 0.008 respectively, Fig 8). In none of the synergies, FWHM was

250  significantly affected by the interaction of time-point x condition (P > 0.05).

251 CoA
252 None of the CoAs were significantly affected by training (p > 0.05). CoA of synergy 1,

253  associated with dominant leg stance, occurred significantly earlier in narrow-base compared to
254  normal walking (F; 5 - 6.005, p = 0.015, Fig 8). CoAs of synergy 3 associated with non-
255  dominant stance leg and synergies 4 and 5, associated with heel strike, were delayed in narrow-
256  base compared to normal walking (F; 2 - 9.832, p = 0.002; F, 5 - 22.109, p < 0.001; F; 5 -

257  18.308, p <0.001, respectively, Fig 8).

258  Discussion

259 We investigated the transfer of the effects of standing balance training to gait control, by
260  studying gait adaptations to narrow-base walking. We previously reported improvements in
261  robustness and performance of standing balance after short- and long-term standing balance
262  training [24], but here we found no improvements due to training in foot placement error and
263  CoM kinematics during normal or narrow-base walking. Participants adapted their CoM
264  kinematics to foot placement constraints, despite not managing to step consistently within the
265  virtual beam. These adaptations to narrow-base walking did not show an interaction with
266  training. Furthermore, participants adapted to narrow-base walking by modifying activation
267  profiles of their synergies. Standing balance training did not affect these activation profiles,
268  nor their adaptation to narrow-base walking.

269 In line with literature [8], our participants appeared to control CoM movements more
270  tightly during narrow-base walking than during normal walking, as reflected in a lower CoM
271  displacement and velocity. However, again in line with literature [8], variability of CoM

272  displacement was larger in narrow-base walking. This larger variability might reflect on-line
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273  corrections of the CoM trajectory to match it to the constrained foot placement. Confronted
274  with a narrower base, older adults reduced mediolateral CoM displacement and velocity more
275  than young adults [8]. This stronger response might be caused by more cautious behavior, and
276  apparently our balance training did not alter it. Possibly, gait training has more potential to
277  affect balance confidence in gait [40].

278 Five synergies described leg muscle activity across narrow-base and normal walking,
279  together accounting for 87% of the variation in muscle activity. In spite of differences in
280  muscles measured, participant age and walking conditions between studies, (the number of)
281  these synergies resemble results reported in previous literature [10,41-45]. In our analysis, we
282  kept the muscle weighting in these synergies, constant between conditions and time-points.
283  Participants adapted the activation profiles of these synergies to the gait condition, but no
284  effects of training were observed.

285 The FWHM of the activation profiles were different between conditions but were not
286  affected by training. An increase of FWHM has been suggested to increase the robustness of
287  gait [20], but in narrow-base walking our participants only increased the FWHM of the
288  activation profile associated with non-dominant leg heel strike (synergy 5), although a similar
289  tendency could be observed for the dominant leg (synergy 4). These adaptations of the
290  activation profiles may reflect increased activity to enhance control over foot placement or to
291  enhance robustness of the new stance leg in preparation for weight transfer. In contrast,
292 participants shortened the FWHM of the activation profiles associated with the stance phase of
293  the non-dominant leg and weight acceptance of the dominant leg. These synergies share muscle
294 activation related to weight acceptance and the change in the activation profiles is mainly
295  wvisible in a slower build-up of muscle activity (Fig 7). This may reflect a slower weight
296  acceptance by the new support leg, possibly related to the lower activation peak during push-

297  off observable in synergy 1.

13


https://doi.org/10.1101/2020.10.28.358788
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.28.358788; this version posted October 28, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

298 The CoA of the activation profiles was different between conditions but was not affected
299 by training. Narrowing step width led to an earlier CoA of the activation profile associated with
300 dominant leg stance (synergy 1) and delayed CoAs of the activation profile associated with
301  dominant and non-dominant leg heel strikes (synergies 4 and 5). Earlier CoA in the dominant
302 leg stance phase appears to be a consequence of the reduction in activation during the second
303  peak of the activation profile (Fig 7). This reduction in activation would reflect a decrease in
304 muscle activity related to push-off and possibly reflects a more cautious gait. The earlier CoA
305 of the activation profile associated with heel strike reflects a more sustained activation
306 following a slower build-up (Fig 7). Again, this may be related to a more cautious walking but
307  also to active control over CoM movement during the stance phase. The latter is supported by
308 the fact that muscles that would contribute to mediolateral control, specifically tibialis anterior,
309  peroneus longus and gluteus medius are part of these synergies. To check that changes in CoA
310 and FWHM of the activation profiles were not due to changes in duration of gait phases, we
311  assessed single support and double support times as percentages of the stride times and no
312 effects of condition were found.

313 We studied effects of a balance training program of only 3-weeks. For transfer of acquired
314  skills to a new task, it may be necessary that a high skill level is achieved and possibly more
315 than 3 weeks are needed. Improved gait parameters were reported after 12 weeks of balance
316  training [5]. Therefore, a longer duration of training might have led to changes in mediolateral
317  gait stability.

318 In conclusion, older adults adapted mediolateral CoM kinematics during gait to narrow-
319  base walking and this was associated with changes in synergies governing the activation of leg
320  muscles. However, we found no evidence of a change in control of mediolateral gait stability,

321  nor of these adaptations as a result of balance training.
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454 Fig 1. Block diagram of the study; training and gait assessment.

455  Fig 2. Narrow-base walking on a treadmill.

456 Fig 3. Foot placement error in narrow-base walking at time-points Pre, Postl and Post2. Thin lines represent
457 individual subject data. Red horizontal lines indicate means over subjects.

458 Fig 4. a) Mediolateral center of mass displacement and b) variability, and ¢) center of mass velocity in narrow-
459 base and normal walking at time-points Pre, Postl and Post2. Thin lines represent individual subject data. Thick
460 horizontal lines indicate means over subjects. Black; normal walking, red; narrow-base walking.

461 Fig 5. Local divergence exponents in narrow-base and normal walking at time-points Pre, Postl and Post2. Thin
462 lines represent individual subject data. Thick horizontal lines indicate means over subjects. Black; normal
463  walking, red; narrow-base walking.

464 Fig 6. Time- time-invariant muscle weightings of synergies extracted from concatenated data, over all individuals,
465 conditions and time-points. Muscles monitored unilaterally on the dominant side (D): tibialis anterior (TA), vastus
466 lateralis (VL), lateral gastrocnemius (GLD, soleus (SO), peroneus longus (PLD), and muscle collected on the
467 dominant (D) and non-dominant side (N): rectus femoris (RFD, RFN), biceps femoris (BFD, BFN) and gluteus

468  medius (GMD, GMN) muscles.

469 Fig7. Activation profiles of the extracted synergies as time series and in polar coordinates in narrow-base and
470 normal walking at time-points Pre (solid), Postl (dash-dot) and Post2 (dotted). The x-axis in the Cartesian
471 coordinates represents one gait cycle. One gait cycle in polar coordinate is [0 27t]. Black; normal walking, red;

472  narrow-base walking.
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473 Fig 8. FWHM and CoA of five synergies, in narrow-base and normal walking at time-points Pre, Post] and Post2.
474 Thin lines represent individual subject data. Thick horizontal lines indicate means over subjects. Black; normal

475  walking, red; narrow-base walking.
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