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Abstract

Purpose Intra-limb and muscular coordination during gait are the result of the organisation of the neuromuscular system,
which have been widely studied on a flat terrain. Environmental factors, such as the inclination of the terrain, is a challenge
for the postural control system to maintain balance. Therefore, we hypothesised that the central nervous system flexibly
modifies its control strategies during locomotion on slopes.

Methods Ten subjects walked on an inclined treadmill at different slopes (from —9° to+9°) and speeds (from 0.56 to
222 m s_l). Intra-limb coordination was investigated via the Continuous Relative Phase, whereas muscular coordination
was investigated by decomposing the coordinated muscle activation profiles into Basic Activation Patterns.

Results A greater stride to stride variability of kinematics was observed during walking on slopes, as compared to walking
on the level. On positive slopes, the stride period and width present a greater variability without modification of the time-
pattern of the muscular activation and of the variability of intersegmental coordination. On negative slopes, the stride width
is larger, the variability of the stride period and of the inter-segmental coordination is greater and the basic activation patterns
become broader, especially at slow speeds.

Conclusion Our findings suggest that the control strategy of downhill walking corresponds to a more conservative gait pat-
tern, which could be adopted to lower the risk of falling at the cost of a greater energy consumption. In uphill walking, where
metabolic demands are high, the strategy adopted may be planned to minimise energy expenditure.

Keywords Coordination - Neuromuscular control - Basic activation pattern - Continuous relative phase

Abbreviations w;, 0; Lower-limb segment angular velocity and
CRP Continuous relative phase position
GRF Ground reaction force Pin Phase angle
EMG Records of the electrical activity produced by din CRP angle

skeletal muscles MARP Mean absolute relative phase
TO Toe off DP Deviation phase of the CRP
COP Centre of pressure FWHM  Full width at half maximum
FC Foot contact CI Co-activation index
F.F ) F, Lateral, fore-aft and vertical component of the NNMF Non-negative matrix factorisation

GRF P, W Basic activation patterns and associated
d, d, Lateral and fore-aft position of the COP weighting components

VAF Variability accounted for
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organised in order to produce a functional movement pat-
tern (Bernstein 1967). For example, lower-limb segment
covariation during walking might relate to more global kin-
ematic variables, such as limb length and limb orientation
(Dewolf et al. 2018; Ivanenko et al. 2007; Catavitello et al.
2018). Such intra-limb coordination can be investigated
by means of the Continuous Relative Phase (CRP). CRP
is derived from the angle-velocity phase portrait that con-
tains both spatial and temporal information of two segments
(Van Emmerik and Wagenaar, 1996). Furthermore, CRP
variability indicates the adaptability of the neuromuscular
system to different walking conditions. Large variations are
synonymous with decreased stability—defined as the ability
to recover from perturbations (Byrne et al. 2002; Chiu and
Chou 2012, 2013; Yen et al. 2009).

Such intra-limb coordination depends on the activation of
the multiple lower-limb muscles. To simplify the production
of movement, the limb muscle activities can be decomposed
into a linear combination of a small set of time-dependent
commands (so-called the ‘basic activation patterns’), the
activation of muscles in common patterns (Ivanenko et al.
2004). The number of basic activation patterns recruited to
perform a movement and their timing have been linked to the
specific ability to perform complex locomotor tasks—such
as changing speed (Yokoyama et al. 2016; 2017), cadence
(Monaco et al. 2010) or step width (Martino et al. 2015)—in
patients with specific mobility impairment—such as stroke
patients (Clark et al. 2010; Cheung et al. 2012), children
with cerebral palsy (Steele et al. 2015) or with ageing (Allen
and Franz 2018). Particularly, fewer and wider basic activa-
tion patterns are associated with impaired locomotor coor-
dination and balance control.

Both the intra-limb and muscular coordination underly-
ing human walking have been widely studied on flat ter-
rain. However, on a daily basis, environmental factors, such
as the inclination of the terrain, are often encountered and
require a modification in the gait pattern. Among others,
the slope affects the pendulum-like mechanism of walking
(Gottschall and Kram 2006; Gomeiiuka et al. 2014, 2016;
Dewolf et al. 2017), the lower limb kinematics (Dewolf et al.
2018; Leroux et al. 2002; Prentice et al. 2004), the force and
joint moment production (Lay et al. 2006; Mclntosh et al.
2006) and muscle activities (Dewolf et al. 2019; Lay et al.
2007; Pickle et al. 2016). These modifications of the gait
pattern occur to increase/decrease the potential energy of the
body each step but also to ensure stability, especially at slow
speeds (Birn-Jeffery and Higham 2014; Dewolf et al. 2018;
Hunter et al. 2010; Monsch et al. 2012). The coordination of
lower-limb segments and muscle activities while walking on
a slope has also been investigated and reveals adaptations in
the organisation of the neuromuscular system (Janshen et al.
2017; Rozumalski et al. 2017; Saito et al. 2018), particularly
at slow walking speeds (Dewolf et al. 2018, 2019).
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These studies show how the central nervous system modi-
fies its control, however only a few explain the reasons of
these changes. Hunter et al. (2010) show that, in downhill
walking, stability plays a central role in shaping the move-
ment. It is also suggested that the adaptive changes observed
both on positive and negative slopes, are aimed to increase
gait stability (Ferraro et al. 2013; Vieira et al. 2017) and to
reduce the risk of falling (Sheehan and Gottschall 2012).

An optimal neuromuscular control of gait from one stride
to the next requires a low stride to stride variability (Haus-
dorff et al. 2001; Vieira et al. 2017). This moderate variabil-
ity is a proof of the ability of the central nervous system to
cope with unexpected perturbations or errors of execution
(Santuz et al. 2018) and contrasts with a rigid unadaptable
control system (Cappellini et al. 2016; Martino et al. 2015).
An absence of variability will lessen the multiple possible
patterns available to negotiate challenging environments. For
instance, when toddlers walk on terrains of different inclina-
tions, their adaptability is very limited, and the flexibility of
the kinematic pattern is restricted (Dominici et al. 2010). In
contrast, a large amount of stride-to-stride variability may
be indicative of poor task performance, since subjects are
incapable of appropriately selecting a motor strategy from
a large number of possibilities to achieve a desired target
(Vieira et al. 2017). For instance, a greater variability is cor-
related with a greater falling risk (Maki 1997), and is thus an
indicator of reduced stability (Hausdorff 2007).

Due to the greater instability documented on slopes
(Sheehan and Gottschall 2012; Vieira et al. 2017), especially
on negative slopes (Hunter et al. 2010; Monsch et al. 2012),
we hypothesise that the kinematic inter-stride variability will
increase as compared to level walking. In addition, we also
hypothesise that the modification of muscular coordination
will be similar to the adaption observed during locomotion
with challenged stability (Santuz et al. 2018, 2020). In par-
ticular, based on the adjustment of motor control strategies
when stability is decreased (Martino et al. 2015; Santuz et al.
2018, 2020), we expect a consistent set of neural control ele-
ments but a widening of the basic activation patterns.

Methods
Subjects

Data were collected at the same time and on the same sub-
jects as in the study of Dewolf et al. (2017). Six male and
four female subjects (22.2+2.4 y.o., mass: 69.2+14.4 kg,
height: 1.75+0.10 m, mean + SD) took part in the study.
All subjects were students at the Université catholique
de Louvain (UCLouvain, Belgium) and all reported to
be in good health. Informed consent was obtained and
experimental procedures were performed according the
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Declaration of Helsinki and were approved by the Ethics
Committee of the Université catholique de Louvain (Ref.
No: 2015/06JUL/372).

Procedure and data collection

Subjects were asked to walk on an instrumented treadmill
that could be adjusted at four different inclinations (0°, 3°,
6° and 9°). The belt turned forwards to simulate uphill walk-
ing or backwards to simulate downhill walking. Six subjects
walked on the seven slopes (0°,+3°,+6°,4+9°); due to the
duration of the experiments, two subjects only walked at
0° and +6° and two at 0° and +9° out of time constraints.
At each slope, half of the subjects started walking uphill
and the other half downhill to avoid fatigue bias. Further-
more, the resting period between each trial lasted at least 3’
(> 15" when the slope of the treadmill had to be changed).
Each condition lasted about 2 from which the last 30" were
recorded. Subjects went through the seven different speeds
per slope (between 0.56 and 2.22 m s‘l, with an increase
of 0.28 m s™! between trials) before moving on to the next
slope. At the highest speed, four subjects were spontane-
ously running, especially on steep slopes and traces were
therefore not recorded.

The instrumented treadmill (Arsalis, Belgium) consisted
of a modified commercial treadmill (h/p/Comos-Stellar,
Germany, belt surface: 1.6 x0.65 m, mass: ~240 kg) com-
bined with four force transducers (as in Dewolf et al. 2016).
The force transducers measured the three components of
the ground reaction forces (GRF) exerted by the treadmill
on the feet.

Kinematic data were recorded at 100 Hz using a
high-speed video camera (BASLER AS501k, resolution
1280 1024 pixels, aperture time: 3 ms) fixed on the ground
3 m to the side of the treadmill, perpendicular to the plane
of progression. Fourteen reflective markers were glued on
the skin on each side of the subject at the following posi-
tions: the chin-neck intersect, the greater trochanter, the
lateral femoral condyle, the lateral malleolus, heel and the
fifth metatarsophalangeal joint. The final two markers were
placed on either side at a point midway between the greater
trochanter and the lateral femoral condyle on the lateral side
of the thigh, in case the hand hid the hip marker. The hori-
zontal and vertical coordinates of the markers in the sagittal
plane were measured in each frame. A spline function was
fitted through the coordinate data, sampled at 100 Hz, to
smoothen and interpolate the signal to 1000 Hz [as in (Gam-
belli et al. 2016)].

Electromyographic (EMG) activities from 16 muscles on
the right side of each subject were recorded at 2 kHz using a
Delsys Trigno Wireless System (Boston, MA): erector spi-
nae (ES) at L2 level, gluteus maximus (Gm), gluteus medius
(Gmed), sartorius (SART), tensor fasciae latae (TFL),

adductor longus (ADD), vastus medialis (VM), vastus lat-
eralis (VL), rectus femoris (RF), long head of the biceps
femoris, (BF), semitendinosus (ST), tibialis anterior (TA),
medial gastrocnemius (MG), lateral gastrocnemius (LG),
soleus (SOL) and peroneus longus (PERL). After prepar-
ing the abraded shaved skin with ether and alcohol, EMG
electrodes were placed based on suggestions from SENIAM
(seniam.org), the European project on surface EMG. To
ensure correct placement of EMG electrodes, muscle bel-
lies were located by means of palpation and the electrodes
were oriented along the main direction of the fibres (Kendall
et al. 2005; Winter 1991). We verified electrode position
and signal quality by visually inspecting the EMG signals
while subjects contracted each instrumented muscle. In cer-
tain conditions, some electrodes became partially detached
and were removed on a subject-specific basis. The average
number of muscle EMG traces from each subject in each
condition was 15.3. Acquisition of the EMG, kinematic, and
kinetic data was synchronised.

Data analysis
Division of stride

The stride period was defined as the time between two suc-
cessive right foot contacts (FC). FC and toe off (TO) were
estimated from the displacement of the centre of pressure
(COP) on the belt. The lateral (d,) and fore-aft (d,) position
of the COP was computed from the GRFs using the proce-
dure described in Dewolf et al. (2018):

. —M, — hF,
= )
L _ M.~ hF, o
y Fz ’

where F\, F, and F, are the lateral, fore-aft and vertical
GRFs, respectively; M, and M, the moment components in
the force transducer coordinate system; and / is the vertical
distance between the force transducers and the tread-sur-
face (Xu et al. 2015). The stride width was then defined as
max (d,)—min (d,) over a stride. We also assessed the inter-
stride variability by calculating the mean standard deviation
(SD) of the stride period.

Kinematics

From marker locations, the orientation of the thigh, shank
and foot relative to the vertical axis (elevation angle) were
computed as described in Borghese et al. (1996). For each
subject, elevation angles were truncated on a stride-by-
stride basis and interpolated to 400 points across the time
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of each complete gait cycle (i.e. every 0.25% of the stride).
The inter-stride angular variability was assessed by calcu-
lating the mean standard deviation of the thigh, shank and
foot elevation angles.

Intra-limb coordination was assessed by using the
Continuous Relative Phase (CRP) technique (Ogaya et al.
2016; Ranavolo et al. 2013; Yen et al. 2009). A custom-
written Labview (National instruments, Inc.) program was
used to calculate the CRP values as described hereafter.
For each of the 400 interpolated data points within a gait
cycle, the lower-limb segment angular velocities (w;) and
positions (6,) were first normalised on a stride-per-stride
basis. In order to fit the normalised values between — 1
and+ 1, w;y and 6, were computed as followed:

;

PN = max (|wl|) ’ ®)

o — s 6; — min (6,) X
M7\ max (01-) — min (91') o ©®

where i =[1:400]. The phase portrait of each lower-limb
segment elevation angle was generated by plotting its nor-
malised angular velocity (w,y) against its normalised angu-
lar position (6,y). Once the phase portrait was obtained, the
phase angle (¢;y) was calculated as:

_1 Oin
@iy = tan”! - (5)
iN

The CRP angle (¢;y) between each pair of lower-limb
segments was then computed by subtracting the value
of the phase angle of the distal segment from that of the
prOXimal segment (¢i,lhigh— shank = @i thigh ~ Pi shank and
¢[,shank—foot = @i shank — (pi,foot)' The intra-limb coordina-
tion and its variability were then assessed by measuring
the mean absolute relative phase (MARP) and the devia-
tion phase (DP). MARP ;o hank and MARP oy oo Were
computed by averaging over the stride the absolute val-
ues of @; iioh — shank AN P; ghank - foor FESPECtively, whereas
DP yigh-shank and DPg, 0 oo Were calculated by averaging
the corresponding standard deviations. MARP provides
a measure of intra-limb coordination: a low MARP indi-
cates that the movements of adjacent segments are in-
phase while a greater MARP indicates that the movements
become more out-of-phase and behave in a less similar
manner. DP represents the stride-to-stride variability and
provides a measure of stability in the organisation of the
neuromuscular system: a low DP indicates a more rigid
coordination between two adjacent segments (Stergiou
etal. 2001).

@ Springer

Assessment of EMGs

The raw EMG signals were high-pass filtered (30 Hz), then
rectified and low-pass filtered with a zero-lag third-order
Butterworth filter (10 Hz). To reduce residual baseline
noise, which appears as offsets in the EMG envelopes,
we subtracted the minimum signal from each EMG. The
time scale was normalised by interpolating individual gait
cycles over 400 points. For each individual, the EMG sig-
nal from each muscle was normalised to its peak value
across all trials.

For each condition and for each EMG waveform, the full
width at half maximum (FWHM) was calculated as the dura-
tion during which the EMG activity exceeded the half of
its maximum (Martino et al. 2014). The mean FWHM was
also calculated by averaging the FWHM of the 16 muscles
studied.

We also assessed a co-activation index (CI) between the
antagonistic muscle groups at the level of the thigh (quadri-
ceps vs hamstring) and of the shank (triceps vs TA). There-
fore, the mean activity of the quadriceps was assessed at each
instant by averaging the EMG amplitudes of the RF-VL-VM
muscles, that of the hamstring by averaging BF-ST and that
of the triceps by averaging SOL-MG-LG. For each of the
400 points of the gait cycle, the highest activity between the
quadriceps and the hamstring muscles (or between triceps
and TA) is defined as EMGyy; and accordingly, the lowest
activity as EMG;; . The co-activation indexes (CI) at the
level of the thigh or the shank were then computed over
the stride as follows (Mari et al. 2014; Martino et al. 2014):

- 31 ([EMGy + EMG, | /2) x (EMG; /EMGy)
a 400 ‘

(6)
A small CI represents a low level of co-activation
(Rudolph et al. 2000).

Basic activation patterns

Basic activation patterns are component factors that can
account for a considerable fraction of the total EMG pat-
tern variance in a large number of muscles active during
locomotion (Ivanenko et al. 2004). These basic patterns
were extracted using the non-negative matrix factorisation
(NNMF) algorithm. For every subject, slope and speed, the
average muscle excitations normalised to its peak value
across all trials were concatenated into an m X n matrix (M),
where m indicates the number of muscles and # is the num-
ber of time- normalised samples (400). The NNMF algo-
rithm was applied to M in order to identify the underlying
basic activation patterns P and associated weighting com-
ponents W (Lee and Seung 2001), as follows:
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Fig. 1 a Stride period (left),
stride period variability (mid-
dle) and step width (right) dur-
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mean function (KaleidaGraph 0.05
4.5; Synergy Software, USA)

Thigh

M=PxW+e, @)

where e is the residual error matrix. The algorithm searches
for an approximate solution to minimise the root-mean-
squared error between M and P X W. For a given number
of motor components (see below), the factorisation uses an
iterative method starting from randomly chosen initial con-
ditions for P and W (Gizzi et al. 2011; Ivanenko et al. 2005;
Sartori et al. 2013). Because the root-mean-squared error
may have local minima, the best solution was selected out
of 100 runs to find W and P from multiple random start-
ing values. The goodness of the pattern decomposition was
assessed with the percent of variability accounted for index
(VAF; Torres-Oviedo et al. 2006), defined as:
SSE

VAF=1- TSS’ )
where SSE is the sum of squared errors between the experi-
mental and reconstructed excitations and TSS is the total
sum of squares (Dominici et al. 2011; Ivanenko et al. 2006;
Sartori et al. 2013). To determine the minimum number of
basic activity patterns which best accounts for the EMG data
variance, we iterated analyses by varying the number of syn-
ergies between 1 and 8. Four motor modules were assumed
for each condition (as in previous study, e.g. Dominici et al.
2011; Dewolf et al. 2019; Baggen et al. 2020) because it
accounted for >90% of total variance (Torres-Oviedo and
Ting 2007; Saito et al. 2018) and adding an additional

Stride period variability Stride width
10% 02m
8% 0.15m It
6% | JERE R At o
0.1m ? . -
4% |y PPN I
0.05m
2% '~~<8
RSN S T
0% L . om s
2 3 4 5 6 7 8 2 3 4 5 6 7 8
-1
Speed (km h )
Inter-stride variability (°)
0.25 - Shank 0.2 Foot
021
0.15
0.15 |
01}t
0.1 e .\\‘
.. 0.05 AN
0.05 | '\‘g\_.__“.___;___# *~-_'____t____8___*
oL 0
2 3 4 5 6 7 8 2 3 4 5 6 7 8

Speed (km h'1)

component increased VAF by < 5% (see results). This dou-
ble criterion approach was selected in order to adequately
reproduce relevant features of the synergy compositions.

To compare spatio-temporal characteristics, individual
synergies obtained from different subjects were pooled and
matched based on the correlation of their structure (W) using
a custom cluster analysis algorithm. In brief, each pattern
was ordered based on the degree of similarity across sub-
jects, which was evaluated based on the best-matching scalar
product of weighting coefficient normalised to Euclidean
norm (Cheung et al. 2005; Dewolf et al. 2019; Martino et al.
2015). For each basic activation pattern, the peak value and
the full width at half maximum (FWHM) was calculated as
the period during which the EMG activity exceeded the half
of its maximum (Martino et al. 2015). In addition, similari-
ties of the associated weighting coefficient between level and
slope walking at each speed of progression were assessed
by measuring the scalar product between data of individual
subjects walking on slope and its data walking on the level
at matched speed.

Statistics

Data were grouped into speed-slope classes. To obtain one
value per subject in each class, all strides of a subject in a
given class were averaged. The mean and standard deviation
of the population were then computed in each class (grand
mean). The statistical analysis was designed to assess the

@ Springer
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effect of speed, slope and of the interaction between these
two factors. A two-level linear mixed model ANOVA with
post-hoc Bonferroni correction (PASW Statistics 19, SPSS
inc®, IBM company, USA) was applied: speed and slope
were set as fixed effects, and the subject was set as a random
effect. The normality of the residuals was checked visually
with QQ-plots. Normality of the residuals was not assumed
for 4 variables (stride period variability, thigh and shank
inter-stride variability and ES FWHM). In those cases, an
inverse transformation was applied and the normality of the
residuals was then assumed. A a-threshold of 0.05 was used
throughout to assess statistical significance.
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Nomalized angular position

Results
General gait parameters

A two-level linear mixed model ANOVA has been conducted
to examine the effect of slope and speed on the stride period,
the stride period variability and the stride width (Fig. 1a).
No statistically significant interaction between the effects
of slope and speed is found on the stride period (F'=23.9;
p=0.08), on the stride period variability (F=1.8; p=0.06)
or on the stride width (F=1.2; p=0.321).

Simple main effect analysis reveals that (1) at all slopes,
the stride period is significantly smaller as speed increases
(F=71.1; p<0.001) and (2) as compared to level walk-
ing the stride period is significantly reduced when walking
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Fig.3 Mean absolute relative phase, MARP (upper panels) and the
deviation phase, DP (bottom panels) of the thigh-shank (left panels)
and shank-foot (right panels) segment-coordination during walking
on a+9° positive slope (red symbols) and —9° downhill slope (blue
symbols) as a function of speed. In each panel, interrupted lines cor-
respond to the data obtained during level walking. Other indications
as in Fig. 1

downhill (F=19.3; p<0.001). Furthermore, both speed and
slope affect stride period variability (F=19.1; p <0.001
and F=117.7; p<0.001, respectively). Bonferroni post-
hoc reveals that the stride period variability is significantly
greater when walking on a+9° or —9° slope, as compared
to the level (p <0.001 for —9° &+ 9°). Speed and slope
also affect stride width (F=8.2; p<0.001 and F=56.3;
p <0.001, respectively). Bonferroni post-hoc reveals that
the stride width is significantly greater when walking on
a+9° or —9° slope, as compared to the level (p <0.001 for
—9° and +9°).

Intra-limb coordination and its variability

The mean curves of thigh shank and foot elevation angles
and phase portrait at 3 different speeds and at —9°, 0°
and 4+ 9° are presented in Fig. 2a and B. A two-level lin-
ear mixed model ANOVA has been conducted to examine
the effect of slope and speed on inter-stride variability of
thigh, shank and foot elevation angles, on MARP and DP
Of &; high — shank a0 @; ghank — roor (Fig. 3). No statistically
significant interaction between the effects of speed and
slope is found on inter-variability of thigh, shank and foot
elevation angles (F=0.7; p=0.841, F=0.8; p=0.700 and
F=0.9; p=0.586, respectively). Simple main effect analy-
sis reveals that thigh, shank and foot inter-stride variability

are reduced with increasing speed (F'=59.8; p <0.001 for
thigh, F=71.6; p<0.001 for shank and F=26.1; p <0.001
for foot). The slope of the terrain also affects the inter-
stride variability (F=38.3; p<0.001 for thigh, F=10.6;
p <0.001 for shank and F=4.3; p=0.002 for foot). As
compared to the level, Bonferroni post-hoc reveals that
(1) the thigh inter-variability is significantly greater when
walking on a -6° and -9° slope (p <0.001 on both slopes),
(2) shank variability is increased on a+ 6° and + 9° slope
(»=0.001 on both slopes) and (3) foot variability is signif-
icantly greater when walking on a -9° slope, as compared
to the level (p =0.001).

A statistically significant interaction between the
effects of slope and speed is found on MARP ;o pani @and
MARP oot F=1.7; p=0.08 and F=6.3; p<0.001).
Simple main effect analysis reveals that both MARP i1 hank
and MARP, .. .o decrease with increasing speed (F=23.0;
p<0.001 and F=128.3; p<0.001, respectively). In addi-
tion, MARPiop snank and MARP, i o are also affected
by slope (F=39.8; p<0.001 and F=28.6; p<0.001,
respectively): as compared to the level, at slow speeds
MARP pioh shank 1S greater on negative slopes whereas at fast
speeds, MARP i, shank 18 greater on positive slopes. The
major difference in MARP, .\ .o OCcurs at slow speeds on
positive slopes.

No statistically significant interaction between the effects
of slope and speed is found on DPy;oh shank @0d DP oy oor
(F=1.7; p=0.08 and F=1.4; p=0.169). Simple main
effect analysis reveals that DP o ghank @nd DP o ooc
decrease with increasing speed (F=45.4; p<0.001 and
F=31.0; p<0.001, respectively). In addition, DPy;oh shank
and DPg,, .\ 1o are also affected by slope (F=16.1; p <0.001
and F=6.7; p<0.001, respectively). Bonferroni post-hoc
reveals that both DPyion shank and DP gy, oo, are significantly
greater when walking on a -6° and -9° slope as compared to
the level (p <0.006).

The coordination of muscular activity

Typical traces of the 16 raw EMG data are presented in
Fig. 4. A two-level linear mixed model ANOVA has been
conducted to examine the effect of slope and speed on the
average and individual FWHM of lower-limb muscles and
on CI between the thigh and shank (Fig. 5). The FWHM of
all lower-limb muscles except the ADD and BF decreases
with speed of progression (F>3.6; p <0.02). The slope of
the terrain also affects the FWHM: as compared to the level,
Bonferroni post-hoc reveals that ES, GM, RF, MG, LG, SOL
and PERL have a greater FWHM in — 9° downhill walking
whereas Gmed, TFL and ST have a greater FWHM in +9°
uphill walking. The mean FWHM across 16 lower-limb
muscles is reduced with the speed of progression (F=79.1;
p<0.001) from 30.8% at 0.56 ms™' to 19.5% at 2.22 ms™".
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Fig.4 Raw EMG patterns of 16
lower-limb muscles during one
stride of walking at~1.39 m s~
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The average FWHM also differs with the slope: as com-
pared to the level, FWHM is increased when walking on a
— 9° slope (27.1% vs. 21.7%; p <0.001) whereas the mean
FWHM is not affected on a+9° slope (21.7% vs. 21.5%;
p=0.99).

No statistically significant interaction between the effects
of slope and speed is found on the CI of both the thigh and
the shank muscles (F'=0.4; p=0.988 and F=0.9; p=0.568).
Simple main effect analysis reveals that the CI of the thigh
and of the shank muscles decreases with increasing speed
(F=28.5; p<0.001 and F=35.3; p<0.001, respectively).
In addition, both ClIs are also affected by slope (F=16.8;

@ Springer

p<0.001 and F=12.1; p<0.001, respectively): Bonferroni
post-hoc reveals that the two Cls are significantly greater
when walking on a positive + 9° slope, as compared to walk-
ing on the level (p <0.001).

Analysis of dimensionality with the NNMF method
shows that the EMG activity changes during slope walking
are captured by a small number of motor modules (Fig. 6).
The total VAF percentage by four basic patterns is equal
to 92.4 +£1.6% and adding an additional component only
increased VAF by 3.43 +0.37%.The average basic activation
patterns and the associated weighting coefficients are pre-
sented across slopes at three different speeds (Fig. 6a). The
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Fig.5 a Full Width Half A
Maximum (FWMH) of the

16 lower-limb muscles during
walking at~1.39 ms™' on a
—9° downhill slope (blue), on
the level (grey) and on a+9°
uphill slope (red). Symbol

60% |

40%

FWHM

of the muscles as in Fig. 4. b 20% |
The mean FWHM across the ‘
16 lower-limb muscles during ' H I] ﬂ
-7 "SART TFL ADD | WL RF BF ST TA MG LG SOL PERL

walking on a —9° slope (blue),

on the level (grey) and on

a+9° slope (red) as a func- B
tion of speed. ¢ Co-activation
index (see methods) between
knee flexor and extensor (left)
and between ankle flexor and
extensor (right) as a function of . +

speed. In b and ¢, interrupted +

lines correspond to the data 20% ol }
obtained during level walking.
Other indication as in Fig. 1

mean FWHM

40%

0%

Speed (km h™)

muscle weightings are generally similar between conditions
as compared to level (scalar product mean + SD 0.74 +0.24).
However, significant effects of speed and slope are observed
(Fig. 6a): the similarities with level walking are greater at
fast walking speeds (F'=3.97; p=0.029) and on positive
than on negative slopes (F=4.83; p=0.033).

The timing of activity peaks (Fig. 3b) is relatively invari-
ant across speeds and slopes. However, the amplitude of
the basic activation patterns are modified with speed and
slope. The peak value of the four basic activation patterns
increases with speed of progression (F=348.9; p<0.001)
from —9° to+9° (F=106.9; p<0.001). In particular, the
slope mainly affects the magnitude of the second pattern
(interaction: F'=13.2; p <0.001), occurring at the end of the
stance and corresponding to the propulsion phase (Ivanenko
et al. 2004; Dewolf et al. 2019): its peak decreases in down-
hill walking and increases in uphill walking, as compared
to the level (0.29+0.51% at —9° vs. 0.516 +0.02% at 0° vs.
0.70+0.02% at+9°; p<0.001).

A two-level linear mixed model ANOVA has been
conducted to examine the effect of slope and speed on
the VAF and on the mean FWHM of the four basic acti-
vation patterns (Fig. 6b). No statistically significant inter-
action between the effects of slope and speed is found on
VAF and FWHM of the basic activation patterns (F=0.9;
p=0.520 and F=1.2; p=0.341). The VAF of the four basic
activation patterns slightly decreases with speed of pro-
gression (F=9.5; p<0.001). The slope of the terrain also
affects the VAF (F'=9.6; p<0.001): in particular, the vari-
ance accounted for only one basic pattern is much greater
in downhill walking as compared to the level (27 +1.2%

M Gmed SART TFL ADD VM

C co-activation index (Cl)

RF-VL-VM vs. ST-B MG-LG-SOL vs. TA

10| 10 |
.
. ,_”’ l '
. 2o P’y ;’_.'
o4 *-«i___i-——#-“‘.’"
0 oL
2 3 4 5 6 7 8 2 3 4 5 6 7 8

Speed (km h™)

in level walking vs. 55.6+1.4% in downhill walking;
p<0.001).

The average FWHM across the four basic activation pat-
terns is reduced with the speed of progression (F=40.7;
p<0.001) from 22.3% at 0.56 m s~ to 15.9% at 2.22 ms~".
The mean FWHM also differs with the slope: as com-
pared to the level, FWHM is increased in downhill walk-
ing (17.0+£0.4% on the level vs. 19.1+0.4% at —6° and
20.4 +0.5% at —9°; p<0.001) whereas positive slopes do
not affect significantly the mean FWHM (17.0+0.4% on the
level vs. 18.9+0.5% at+9°; p=0.058).

Discussion

The present study examines the intra-limb and muscular
coordination of walking on different slopes and at vari-
ous speeds. Our results show modifications of general gait
parameters, intra-limb coordination and EMG activity when
walking on a slope. These observations support our hypoth-
esis that the adjustment of motor control strategies on slopes,
suggesting a more challenging task for the neuromuscular
control, are similar to those observed during locomotion
with a reduction of stability (Martino et al. 2015; Allen and
Franz 2018; Santuz et al. 2018, 2020).

When gait stability is confronted with an irregular terrain
or even with a virtual environment, strides become shorter
and wider as the perturbation intensity increases (Hak et al.
2012; Santuz et al. 2018). Similar adaptive changes of stride
length and width have been observed in patients with known
balance disorders, such as patients with cerebellar ataxia
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(Martino et al. 2015). Indeed, ataxic patients have a reduced
stride length and a larger stride width than healthy adults.
When walking on a slope, strides become wider than on a
flat terrain (Fig. 1a). Furthermore, on negative slopes, strides
become shorter (Fig. 1a and Mclntosh et al. 2006). These
observations suggest that the adaptations of gait parameters
are similar to the strategy adopted to ensure gait stability.
Walking on uneven surfaces or with perturbations of bal-
ance has also been associated with greater gait variability

@ Springer
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(McAndrew et al. 2010; Santuz et al. 2018). As observed,
the inter-stride period variability increased on slopes which
is in accordance with the higher trunk acceleration variabil-
ity in inclined terrains (Vieira et al. 2017), an indicator of
poorer task performance that also seems to play a role to
explain the higher metabolic cost (Rosa et al. 2018). Indeed,
greater variability has been suggested to be detrimental to
system performance. For example, Hunter et al. (2010) show
that, in downhill walking, ensuring gait stability is done at
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«Fig.6 A: The panels on the lines labelled P; present the basic activa-
tion patterns as a function of time during walking at 0.83, 1.39 and
1.94 m s~! on different slopes (negative slopes: toned-down blue
colours, positive slopes: toned-down red colours). Time is expressed
relative to the stride period: 0% and 100% correspond the right foot
contact. The panels on the lines labelled W; present the corresponding
group mean weights assessed using non-negative matrix factorisation.
The basic activation patterns are labelled in a “chronological” order:
P1-W1 appears around foot contact, P2-W2 corresponds roughly at
the end of single stance, P3—W3 occurs roughly during double con-
tact and at the beginning of swing phase and P4-W4 at the end of
swing phase. Each curve represents the ensemble-averaged pattern for
a specific slope. The numbers on the top of each plot represent the
mean scalar product of weights of individual subjects at —9° (blue)
and +9° (red) with individual subjects on the level. b Cumulative per-
cent of variance (VAF) explained by the n first basic EMG patterns
at all speeds and slopes (left). Negative slopes correspond to toned-
down blue colours and positive slopes correspond to toned-down red
colours. VAF if the number of patterns is constraint to one (right)
during walking on a+9° positive slope (red) and —9° downhill slope
(blue) as a function of speed. ¢ Average Full width half maximum
(FWHM) across the four basic patterns during walking on a —9°
downhill slope (blue) and on a+9° uphill slope (red) as a function of
speed. In b and ¢, interrupted lines correspond to the data obtained
during level walking and symbols and bars represent the grand means
and SDs of all subjects (SDs are presented only when the length of
the bar exceeds the size of the symbol)

the expense of walking economy. Indeed, subjects adopt a
more conservative gait strategy: they walk with decreased
stride periods and stride lengths, increased metabolic rate
and demonstrated a greater stride to stride variability and
modify the nonlinear dynamics of gait (Monsch et al. 2012).
The adaptations in stride length, width and variability have
also been associated with increased risk of falls (Maki
1997). This last author shows that individuals with higher
variability and wider step width experienced a greater num-
ber of falls. Even though variability is a necessary charac-
teristic in adaptability, our results suggest that inclined ter-
rain increases gait variability (Sheehan and Gottschall 2012;
Vieira et al. 2017).

From a kinematic point of view, the control of gait coordi-
nation was investigated by means of the CRP technique. The
choice of such method instead of others based on principal
component analysis (e.g. Borghese et al. 1996; Noble and
Prentice 2008) was done so to quantify the variability (DP)
of the coupling relationship between two adjacent segments.
Our findings suggest that adjustments to speed changes are
mainly accomplished by changing the MARP, .+ . and
to a lesser extent the MARP y;oh snank- A smaller MARP
indicates a more in-phase behaviour of the inter-segmen-
tal relationships. This is in accordance with Bianchi et al.
(1998), Grasso et al. (2000) and Dewolf et al. (2018), who
showed that the phase shift of the shank angle relative to the
thigh angle and that of the foot angle relative to the shank
angle decreases with increasing speed. The adjustments
of CRP to slope are mostly accomplished by changing the
MARP io_shank 10 downhill walking and by changing the

MARP, . «foor 10 uphill walking. Indeed, as compared to
level walking, the thigh segment elevation angle is modi-
fied on a negative slope, whereas the shank elevation angle
is modified on a positive slope (Fig. 2a). In both situations,
the variability increases (Fig. 1b) and the range of motion
decreases (Dewolf et al. 2018).

The variability of inter-segmental coordination (DP;
Fig. 3) is significantly affected by slope and speed. Indeed,
DPigh-shank and DP .0y oo are greater at slow speeds and
in downhill walking. A small variability during locomotion
has been related to the capacity of maintaining dynamic bal-
ance (Buzzi and Ulrich 2004; Chiu and Chou 2012). On the
contrary, a large variability has been associated with a lower
ability to maintain balance, which in turn may increase the
risk of falling (Chiu and Chou 2012, 2013; Yen et al. 2009).
The large variability that we observed during slow downbhill
walking also suggests a more challenging task for the neu-
romuscular control (Hunter et al. 2010; Vieira et al. 2017).

When compared to level walking, muscular activities in
the lower-limb also provide evidence that subjects slightly
adjust their control strategies on slopes. At all slopes, the
average FWHM across the 16 lower-limb muscles decreases
when speed increases and, it is greater in downhill walk-
ing than on the level (Fig. 5b). The co-activation observed
between agonist/antagonist muscles (Fig. 5¢) is seen to
increase in uphill walking and in slow downhill walking.
While during downhill walking, this co- activation could
potentially be due to an instability brought on by the nega-
tive slope (Sheehan and Gottschall 2012; Vieira et al. 2017),
in uphill walking it is most likely due to a greater level of
muscle activation. In turn, the greater co-activation may
influence the cost of transportation and, consequently, the
optimal walking speed (Gomeifiuka et al. 2014, 2016).

The present analysis of muscle coordination using NNMF
showed that four muscle synergies accounted for>90% of
variability in the EMG profiles at each walking condition,
supporting the idea of a flexible use of fundamental syner-
gies during slope and level walking (Janshen et al. 2017,
Rozumalski et al. 2017; Saito et al. 2018). Although this
“program” is rather invariant across speeds and slopes
despite changes in the biomechanical task constraints, the
amplitude of the basic activation patterns and the associated
weighting coefficients (Fig. 6a) change with speed and slope.
In particular, the amplitude of the second basic component
P2, associated with the propulsion in late-stance (Neptune
et al. 2009; Dewolf et al. 2019) increases during uphill but
decreases during downhill walking (Fig. 6a). Moreover, the
VAF by the first muscular pattern is much greater in down-
hill walking than in level and uphill walking (Fig. 6b). While
the modifications of the neuromuscular pattern brought by
the slope are most likely too subtle to induce significant
modification of the number of basic activation patterns
(Fig. 6b; Janshen et al. 2017; Rozumalski et al. 2017; Saito
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et al. 2018), the VAF by only one synergy has been proposed
as a potential metric to assess the complexity of motor con-
trol (Steele et al. 2015) and has been associated with clini-
cal outcomes (Cruz-Montecinos et al. 2019). Therefore, the
results of the present study may indirectly suggest that the
complexity of motor control is reduced in downhill walking.

Another modification of the muscular coordination
on slopes is the wider FWHM across the 4 basic patterns
observed in downhill walking at slow speeds (Fig. 6¢). The
wider shape of muscle activities and basic activation pat-
terns have already been associated with variability in motor
control, as for example during walking and running on
uneven terrain (Santuz et al. 2018, 2020), in patients with
balance control disorder (Martino et al. 2015) or in children
with cerebral palsy (Cappellini et al. 2016).

Our results also support the hypothesis of a speed-depend-
ent control of locomotion (Biewener and Daley 2007; Dewolf
et al. 2018; Full and Koditschek 1999; Yokoyama et al. 2016,
2017). Indeed, the similarities of associated weighting coef-
ficients between slope and level walking are smaller at slow
speeds (Fig. 6), especially on negative slopes. Similar trends
are observed on kinematic coordination (Fig. 3; Dewolf et al.
2018). When walking slowly, the body centre of mass remains
close to the polygon of support and the variability of the sys-
tem is greater than at fast speeds, most likely because stabil-
ity relies on a voluntary coordination of movement involv-
ing higher brain centers [sic] (Biewener and Daley 2007).
As speed increases, the variability of the system decreases.
Biewener and Daley (2007) hypothesised that the control of
these fast movements depends more strongly on responses
originated at more local levels [sic].

In summary, our findings suggest that the control strategy
of downhill walking are similar to the more cautious gait
pattern observed when stability is challenged (Santuz et al.
2018, 2020; Martino et al. 2015). Indeed, on a negative slope
the stride width is wider, the variability of the stride period
and of the inter-segmental coordination is greater and the
basic activation patterns become broader. In such a challeng-
ing situation, this strategy may increase the ability to recover
from perturbations of the system and may be adopted to
lower the risk of falling at the cost of a greater energy con-
sumption (Hunter et al. 2010; Monsch et al. 2012). On posi-
tive slopes, we found a greater variability of stride period
and a greater stride width without temporal rearrangement
of basic activation patterns and without modification of the
variability of intersegmental coordination. In uphill walking
where metabolic demands are high (Margaria 1968; Minetti
et al. 1993), this strategy may be planned to make the mini-
misation of energy expenditure a priority.
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