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Terrestrial locomotion requires coordinated bilateral activation of limb muscles, with left–right alternation in walking or run-
ning, and synchronous activation in hopping or skipping. The neural mechanisms involved in interlimb coordination at birth
are well known in different mammalian species, but less so in humans. Here, 46 neonates (of either sex) performed bilateral
and unilateral stepping with one leg blocked in different positions. By recording EMG activities of lower-limb muscles, we
observed episodes of left–right alternating or synchronous coordination. In most cases, the frequency of EMG oscillations
during sequences of consecutive steps was approximately similar between the two sides, but in some cases it was considerably
different, with episodes of 2:1 interlimb coordination and episodes of activity deletions on the blocked side. Hip position of
the blocked limb significantly affected ipsilateral, but not contralateral, muscle activities. Thus, hip extension backward
engaged hip flexor muscle, and hip flexion engaged hip extensors. Moreover, the sudden release of the blocked limb in the
posterior position elicited the immediate initiation of the swing phase of the limb, with hip flexion and a burst of an ankle
flexor muscle. Extensor muscles showed load responses at midstance. The variable interlimb coordination and its incomplete
sensory modulation suggest that the neonatal locomotor networks do not operate in the same manner as in mature locomo-
tion, also because of the limited cortical control at birth. These neonatal mechanisms share many properties with spinal
mammalian preparations (i.e., independent pattern generators for each limb, and for flexor and extensor muscles, load, and
hip position feedback).
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Significance Statement

Bilateral coupling and reciprocal activation of flexor and extensor burst generators represent the fundamental mechanisms
used by mammalian limbed locomotion. Considerable progress has been made in deciphering the early development of the
spinal networks and left–right coordination in different mammals, but less is known about human newborns. We compared
bilateral and unilateral stepping in human neonates, where cortical control is still underdeveloped. We found neonatal mecha-
nisms that share many properties with spinal mammalian preparations (i.e., independent pattern generators for each limb,
the independent generators for flexor and extensor muscles, load, and hip-position feedback. The variable interlimb coordina-
tion and its incomplete sensory modulation suggest that the human neonatal locomotor networks do not operate in the same
manner as in mature locomotion.

Introduction
Limbed locomotion requires coordinated bilateral muscle activa-
tion, with left–right alternation in walking or running, and syn-
chronous activation in hopping or skipping. The rhythm and
pattern of muscle contractions are determined by spinal inter-
neuronal networks controlling motoneuron activity (Kiehn, 2016;
Grillner and El Manira, 2020; Maxwell and Soteropoulos, 2020;
Rancic and Gosgnach, 2021). These spinal networks include ipsi-
laterally projecting interneurons for intralimb muscle coordina-
tion and contralaterally projecting commissural interneurons
for interlimb coordination. In adults, the strength of the spinal
connections is constantly adjusted by intrinsic changes in spinal
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excitability, sensory feedback, and supraspinal signals, allowing
animals to adapt stance-to-swing transition and limbs kinemat-
ics to speed and direction changes or external perturbations
(Butt et al., 2002; Pearson, 2004; Rossignol, 2006; Grillner and
El Manira, 2020; Frigon et al., 2021).

How does interlimb coordination develop? Considerable pro-
gress has been made in deciphering the underpinnings of early
development of the spinal networks in different mammalian spe-
cies (Branchereau et al., 2000; Clarac et al., 2004; Kudo et al.,
2004; Goulding, 2009; Arber, 2012; Bernhardt et al., 2013).
Bilateral rhythmic bursting patterns of motoneurons are revealed
in embryonic and fetal rodent preparations, progressively evolv-
ing from mainly synchronous to mainly alternating patterns
between the limbs (Bernhardt et al., 2013). Kittens spinalized
soon after birth adjust hindlimb locomotion so that the left and
right hindlimbs can step at different speeds on a split-belt tread-
mill (Forssberg et al., 1980). Spinal cords isolated from neonatal
rodents produce left–right alternating neuronal activity on
bath application of neurotransmitters (Kudo and Yamada,
1987; Kremer and Lev-Tov, 1998; Jiang et al., 1999; Hägglund
et al., 2013). Importantly, locomotor-like rhythmic bursting
can be induced unilaterally (Kudo and Yamada, 1987; Hägglund
et al., 2013) and independently in flexor or extensor networks
(Hägglund et al., 2013), consistent with a distributed, modular
organization of central pattern generators (Grillner, 1985; Kiehn,
2016).

As for the development of left–right coordination in humans,
it is hypothesized that it shares many similarities with that of
other mammals (Forssberg, 1992; Yang et al., 2004; Lacquaniti et
al., 2012). Human fetuses exhibit a rich repertoire of leg move-
ments, including single-leg or double-leg kicks, and interlimb
alternation with variable phase (Einspieler et al., 2021). Neonatal
kicking movements exhibit both synchronous and alternating
left–right coordination (Thelen and Fisher, 1982; Piek, 2002). In
addition, newborn infants can step on the ground if supported
(Forssberg, 1985; Yang et al., 1998b; Dominici et al., 2011), also
demonstrating episodes of synchronous or alternating left–right
coordination (Thelen and Fisher, 1982; Siekerman et al., 2015).

Although the basic spinal infrastructure of locomotor
control probably is similar across mammals and other verte-
brates (Grillner and El Manira, 2020), cortical control plays a
much more significant role in human adult locomotion than
in other animals (Nielsen, 2003; Yang and Gorassini, 2006).
Accordingly, the neural substrates of left–right coordination may
be difficult to disentangle when cortical signals start overruling
other signals during development (Ritterband-Rosenbaum et al.,
2017). In this respect, newborns represent an ideal model system
to study the role of subcortical and sensory contributions, with
very limited contribution of cortical control. Neonate stepping
mainly reflects spinal and brainstem control, as shown by step-
ping anencephalic neonates (Peiper, 1961). During normal devel-
opment, the corticospinal system (CST) reaches the lumbosacral
cord at 29 gestational weeks, but the pattern of motoneuron
innervation and conduction velocities of CST start converging
toward mature values only;6months after birth, and CST mye-
lination is completed at ;1–2 years of age (Eyre, 2007; Ten
Donkelaar et al., 2014; Williams et al., 2017).

Here we describe a series of experiments in neonates per-
forming both bilateral and unilateral stepping. Unilateral step-
ping was obtained by holding one lower limb stationary in
different positions, while the other limb stepped on the treadmill
belt. By comparing bilateral and unilateral stepping, we aimed at
uncovering the potential role of unilateral rhythm generators, as

well as the interlimb coordination that mainly depends on sub-
cortical mechanisms and sensory inputs.

Materials and Methods
Participants
We studied stepping responses in 46 full-term neonates, 25 females, and
21 males, 1–20d of age (median age, 2 d postpartum; interquartile range,
6 d), 50.76 2.2 cm body (crown-to-heel) length, and 3.246 0.42 kg in
weight. Their Apgar (1953) score (a clinical index ranging from 0 to 10
for the evaluation of the newborn based on five items: heart rate, respira-
tion, muscle tone, reflex reaction, and skin color) was.7 at 1 and 5min.
All neonates had an uneventful delivery and perinatal history. These
children had been preselected by the neonatologist a few minutes before
the recording as those able to perform some stepping movements.
The experiments were performed at the well infant maternity ward of
the Casilino Hospital and San Giovanni Hospital. The experimental pro-
cedures described below, conducted in accordance with the World
Medical Association Declaration of Helsinki for medical research involv-
ing human subjects, were approved by the Research Ethics Committees
of ASL Roma C (protocol CEI/15843 study no. 609, and protocol 27593
study no. 38.15) and the Santa Lucia Foundation (protocol CE-
PROG.273–22). Both parents (when available) provided informed con-
sent to participate in the study after the nature of the study was
explained, and one parent always provided written informed consent.
Deidentified data from the participants were used in all analyses and
figures.

Experimental design
Barefoot neonates stepped on a treadmill, with the belt moving at 0.05
m/s. We used a motorized pediatric treadmill (Carlin’s Creations), with
a walkable surface of 51� 31 cm (length � width). Limb kinematics was
recorded at 100Hz by means of a motion capture system (SIMI) with
three video cameras (resolution, 640� 480 pixels) positioned around the
treadmill. Reflective markers (diameter, 9 mm) were attached on each
side of the child to the skin overlying the following landmarks: greater
trochanter (GT), lateral femur epicondyle, lateral malleolus (LM), and
fifth metatarso-phalangeal joint (VM). EMG activity was recorded by
means of surface electrodes from the following muscles from each side
of the body: biceps femoris (BF), tibialis anterior (TA), rectus femoris
(RF), and gastrocnemius lateralis (LG). Because of the small size of these
muscles in neonates and the possibility of local electrical cross talk, we
could not determine the specific compartment from which we were re-
cording. All EMGs were recorded at 2000Hz using the wireless Zerowire
system (Aurion), with a bandwidth of 20–1000Hz. To minimize cross
talk, we used miniature (recording diameter, 2 mm), reusable Ag-AgCl
surface EMG disk electrodes (Beckman Instruments). To minimize
movement artifacts, preamplified EMG sensor units were attached at the
wrist of the neonatologist holding the child, and twisted pairs of wires
;25 cm length (between electrodes and units) were fixed along the neo-
nate’s limb using elastic gauze. The sampling of kinematic and EMG
data was synchronized.

After the markers and the EMG electrodes had been positioned, the
neonates were held upright under the arms by the neonatologist, with
the feet soles touching the treadmill surface. The neonatologist slightly
tilted the child forward to facilitate the stepping response and supported
the minimum possible amount of the child weight. To study unilateral
stepping, while the child was stepping on the treadmill, his/her left limb
was suddenly blocked by an experimenter (different from the person
holding the child) in a middle (approximately vertical), anterior (hip
flexion), or posterior (hip extension) position. To this end, the experi-
menter held the left foot of the child in the hand, gently but firmly (Fig.
1A). After a variable amount of time of unilateral stepping, the blocked
limb was suddenly released. Because of the erratic nature of neonatal
stepping, we could not control the position or phase of the stepping limb
at the time of release of the blocked limb. The neonatologist tried to pro-
vide the same handling of the child across all conditions.

Stepping was more easily elicited when the neonates were alert
(Thelen et al., 1982). Accordingly, no recording was conducted if the
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child was drowsy or asleep. Each testing session, including markers and
electrodes placements, lasted ;30min. A total of 322 and 571 steps was
recorded during bilateral and unilateral stepping, respectively (Table 1).
Not all children performed all tests (bilateral stepping, and unilateral
stepping with anterior, middle, or posterior block). As shown in Table 1,
the number of steps typically performed by the neonates was low,
because of the well known difficulty of eliciting sustained stepping in
neonates (Forssberg, 1985; Thelen and Ulrich, 1991; Yang et al., 1998b).

Data analysis
Data analysis was performed using custom-written programs in
MATLAB (MathWorks).

Selection of stepping movements and spatiotemporal gait parameters.
Stepping movements were identified from video recordings. Both bilat-
eral and unilateral stepping were determined using the same criterion,
namely a contact of the right foot with the treadmill belt starting with
the fifth metatarso-phalangeal joint ahead of the greater trochanter and
ending with the fifth metatarso-phalangeal joint posterior to the greater
trochanter, followed by a swing phase during which the foot was brought
ahead of the hip for the next contact with the belt. The steps during
which the transition from bilateral to unilateral stepping occurred (and
vice versa) were not included in the analysis, except when explicitly
stated. The start and end of the stance phase were determined based
on the timing of the local minima of the vertical displacement of the
foot marker (VM), assisted by visual inspection of video recordings
(Dominici et al., 2007; Ivanenko et al., 2013; La Scaleia et al., 2018). The
stride duration was defined as the time interval between two successive
foot touch-down (TD) events of the right limb. The stance and swing
phases were defined as the time intervals between TD and the successive

ipsilateral toe-off (TO), and between TO and the successive ipsilateral
TD, respectively. The interstride variability of stride and swing duration
was computed by averaging the SD of each phase duration of every
child.

Several previous studies of neonates selected for analysis a few con-
secutive strides involving alternating (left–right) foot placements (Yang
et al., 1998b; Dominici et al., 2011; Ivanenko et al., 2013; Sylos-Labini et
al., 2017, 2020). Importantly, here we included in the analysis all success-
ful steps (as defined above) regardless of whether or not there was left–
right alternation, since we were interested in the patterns of interlimb
coordination regardless of the phase.

Kinematic parameters. The acquired kinematic data were low-pass
filtered at 10Hz with a zero-lag Butterworth fourth-order filter. The ki-
nematic data were then time interpolated over individual step cycles to
fit a normalized 200-point time base. To characterize the kinematics of
the right limb during either bilateral or unilateral stepping in the sagittal
plane, we calculated the following parameters: the range of motion of the
thigh, shank, and foot angle relative to the vertical, the values of these

Table 1. Number of steps per neonates

Number
of neonates

Number
of steps

Median (interquartile range)
steps per neonate

Bilateral stepping 37 322 6 (7)
Unilateral stepping
Anterior 32 161 4 (3)
Middle 43 253 4 (5)
Posterior 30 157 5 (4)

Figure 1. A, Illustration of one neonate performing unilateral stepping with one limb manually blocked in the middle position. B, Examples of raw EMGs and limb kinematics during bilateral
and unilateral stepping with the limb blocked in the middle position in two different neonates. VMz, Vertical coordinate of the fifth metatarsal marker. Traces include the transition from bilat-
eral to unilateral stepping or the contrary (vertical line marks transition). Notice that a brief segment of RF activity of the stepping limb of neonate b16 was corrupt and has been replaced by a
zero line.
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segment angles at TD and TO, and the anteroposterior (10), lateral (y),
and vertical (z) excursion of the fifth metatarso-phalangeal joint trajecto-
ries normalized to limb length (defined as the distance between GT and
LM). As a measure of similarity between bilateral and unilateral step-
ping, we computed the cross-correlations among thigh, shank, and foot
angles of individual steps, and the average traces of bilateral stepping.
The cross-correlation provides information about similarities or dissimi-
larities in temporal characteristics (time lag) and shape characteristics
(r value). We used a Fisher Z-transformation to compute the average
coefficient of correlation in each condition.

EMG parameters. Raw digitized EMG data were first inspected visu-
ally to detect artifacts and remove the corrupted data segment from fur-
ther analysis. Muscles within the steps containing parts of traces that
were removed, were not analyzed. Over a total of 7144 recorded EMGs
(eight muscles per 893 steps), 864 traces were not considered. The
remaining EMG data were high-pass filtered at 60Hz, full-wave rectified,
and low-pass filtered at 10Hz to obtain the envelope time series. All fil-
ters were zero-lag fourth-order Butterworth filters. As in the case of the
kinematic data, the processed EMG data were time interpolated over a
normalized 200-point time base. For each muscle of both limbs, we com-
puted the mean activation over each step cycle. In addition, we calcu-
lated the center of activity (CoA) over each step cycle as the angle of the
vector (circ_moment.m function in the CircStat MATLAB toolbox 8),
which points to the center of mass of the circular distribution using the
following formulas:

A ¼
X200

t¼1
ðcosu t � EMGtÞ; (1)

B ¼
X200

t¼1
ðsinu t � EMGtÞ; (2)

CoA ¼ tan�1ðB=AÞ: (3)

The CoA has been previously used to characterize the temporal shifts
of EMG activity (Yakovenko et al., 2002; Ivanenko et al., 2006; Sylos-
Labini et al., 2011, 2014; Dewolf et al., 2021) when one cannot reliably
identify a single peak of activity, as was the case here. The CoA was con-
sidered only for those cycles in which the EMG waveform was not uni-
formly distributed along the cycle (Rayleigh test for nonuniformity of
circular data, p, 0.05). The duration of the muscle activation was esti-
mated using the full-width at half-maximum (FWHM), defined as the
duration during which the EMG activity exceeded half of its maximum
(Martino et al., 2014; Dewolf et al., 2020).

Interlimb EMG coupling. To characterize the interlimb coupling of
EMG activity in bilateral and unilateral stepping, we computed the dif-
ference between the CoA (DCoA) of the EMG envelopes of the two
limbs. Given the high variability of interlimb coupling, we defined the
interlimb coupling as alternating when the phase (DCoA) was .25%
and ,75% of the step cycle. Interlimb coupling was defined as synchro-
nous when the phase was between�25% and 25% of the step cycle.

Frequency analysis.We decomposed the time series of LG envelopes
of both limbs in their Fourier series components (fast Fourier transform;
fft.m built-in MATLAB function) for bilateral stepping and unilateral
stepping. For this analysis, we required that at least five consecutive steps
were performed. We considered the frequency with the highest magni-
tude as the dominant frequency of each limb. These frequencies were
considered similar between limbs if they did not differ by .50%. In
these cases, we computed the phase difference between the dominant
frequency of the LG activities of the two limbs. If the frequencies were
considered as different, we compared the LG activation intervals of both
limbs, using the methods of Staude and Wolf (1999) and Staude et al.
(2001). The onset times of each burst of LG activity were determined.
Episodes of different left–right coordination were determined by visual
inspection of burst activation by two different experimenters independ-
ently. One burst on the blocked limb during each step of the stepping
limb was considered as 1:1 interlimb coordination, two bursts on the
blocked limb during one step of the stepping limb or one burst of the
blocked limb every two steps of the stepping limb were considered as 2:1

interlimb coordination, and no or tonic activity on the blocked limb was
considered as 0:1 coordination. The inter-rater concordance was 92.5%.
For the steps without agreement, the opinion of a third independent ex-
perimenter was asked.

Release of the blocked limb. The start and end of perturbations were
determined by visual inspection of the video. We considered the TA acti-
vation elicited by the sudden release of the blocked limb. The onset time
of a burst of TA activity closest to the release was determined (Staude
and Wolf, 1999; Staude et al., 2001). TA burst onsets occurring during
the first 400ms after the release were considered in the analysis. In the
Results, we report the statistics of TA burst onsets in milliseconds (reso-
lution of EMG signals), but the actual temporal accuracy was limited by
the video recording at 100Hz (see above) and the visual detection of
release time.

Statistical analysis
Descriptive statistics included the mean6 SD values across all strides of
all participants of a given condition (ensemble average) for normally dis-
tributed samples, or the median and interquartile range values for non-
normally distributed samples. Sample normality was assessed using the
Kolmogorov–Smirnov test. To evaluate whether the parameters from
bilateral and unilateral stepping with the leg blocked in middle position
had a statistically significant difference in mean or median values, we
used either the Student’s t test (for normally distributed samples) or the
Mann–Whitney U test (for non-normally distributed samples). The
effect of blocked limb position was compared using either the one-way
ANOVA (for normal samples) or the Kruskal–Wallis test (for non-nor-
mal samples). The post hoc Tukey–Kramer multiple-comparison test
was used. We used circular statistics for the CoA of each muscle. In par-
ticular, we used the Watson–Williams test to characterize the mean
CoA, and the Watson’s U2 test to compare the distribution of CoA in
each condition (Landler et al., 2021). The post hoc Tukey–Kramer multi-
ple-comparisons test was also used. We used the Rayleigh test for non-
uniformity of circular data to check whether EMG waveforms or CoA
samples were distributed uniformly around the cycle or had a narrow
distribution with a mean direction. A nonuniform CoA distribution
indicates that one type of interlimb coordination was more frequently
performed. If significant, the mean vector angle relative to the step cycle
(referred to as the circular mean) and the mean vector length were calcu-
lated. The mean vector length (0, r, 1) is a measure of angular varia-
tion, with r= 0 indicating a random distribution (Batschelet, 1981). All
statistical hypotheses were rejected at a� 5%. Statistical analyses were
performed with the statistical software package SPSS (version 23.0;
IBM).

Data availability
All data generated or analyzed during this study are included in
this published article. Additional data are available from the corre-
sponding authors on reasonable request. All analysis codes have
been published, and appropriate references are given in the article.
Implementation details will be provided from the corresponding
authors on reasonable request.

Results
General movement characteristics
We monitored bilateral stepping and unilateral stepping in neo-
nates held upright on a treadmill. During unilateral stepping, the
left lower limb was blocked in anterior, middle, or posterior posi-
tion, while the right lower limb was free to move. Exemplary
recordings of limb kinematics and bilateral raw EMG activities
are plotted in Figures 1-3. All neonates who produced bilateral
steps also stepped unilaterally when one limb was blocked. After
blocking the left limb, the right limb generally continued step-
ping on the treadmill (Fig. 1B, neonate b35). After the release of
the blocked limb, in most cases both limbs stepped on the tread-
mill (Fig. 1B, b16). Details of the responses after the release will
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be reported in a subsequent section (Release of the blocked
limb).

Figure 2A shows individual traces and ensemble averages of
the segment angles relative to the vertical of the stepping limb
during both bilateral and unilateral stepping. Notice that, in con-
trast with the anatomic hip angle, these segment angles (includ-
ing the thigh angle) do not depend on the tilt of the body.
Despite the considerable interstep variability, it can be seen that
the kinematics of the right limb was similar during unilateral and
bilateral stepping. In both cases, backward movements of the
thigh, shank, and foot segments during stance were followed by a
triple forward movement during swing (Fig. 2A). The average
cross-correlations of all individual steps with the ensemble aver-
age traces of bilateral stepping (Fig. 2B) were not significantly
different between bilateral stepping and unilateral stepping with
the left limb blocked in the middle position (Mann–Whitney U
test; thigh: Z = �0.62, p = 0.533; shank: Z = �1.78, p = 0.074;
foot: Z =�0.81, p = 0.421). The time lag of the cross-correlations
also was not significantly different between the two conditions
(Mann–Whitney U test; thigh: Z = �0.13, p = 0.898; shank: Z =
�1.36, p = 0.173; foot: Z =�0.21, p = 0.833).

Some differences between bilateral and unilateral stepping
emerged when considering the stride parameters (Fig. 2C).
When the left limb was blocked in the middle position, on aver-
age the duration of the stride was 1.03 s longer than that during
bilateral stepping (Mann–Whitney U test; Z =�9.74, p, 0.001),
and the duration of the swing phase was 0.43 s longer than dur-
ing bilateral stepping (Mann–Whitney U test; Z = �6.31, p ,
0.001). These two increments were proportional to each other, so
that the ratio between swing and stance duration was not signifi-
cantly different between the two conditions (Mann–Whitney U
test; Z = �1.12, p = 0.262). In addition, the variability of stride
and swing duration across individual cycles was significantly

greater during unilateral than bilateral stepping (Mann–Whitney
U test; stride: Z = �3.62, p , 0.001; Student’s t test; swing: t =
�4.23, p, 0.001).

Foot displacement (estimated from the VM range of motion)
was significantly greater in the anteroposterior direction, but not
in the vertical and lateral directions during unilateral stepping
compared with bilateral stepping (Student’s t test; anteroposte-
rior: t = �4.71, p , 0.001; Mann–Whitney U test; lateral: Z =
�1.50, p = 0.133; vertical: Z = �1.18, p = 0.236). The range of
shank segment motion was also significantly greater during uni-
lateral stepping, whereas the thigh and foot ranges of motion
were similar in both conditions (Student’s t test; thigh: t= 1.17,
p = 0.242; Mann–Whitney U test; shank: Z = �3.85, p , 0.001;
foot: Z =�1.53, p = 0.236).

Interlimb EMG coupling
Figure 3 reports the raw EMG traces for different neonates
during bilateral (Fig. 3A) and unilateral (Fig. 3B) stepping.
Time-varying muscle activities shared many qualitative fea-
tures between bilateral and unilateral stepping, but there were
also some important quantitative differences. During both
bilateral and unilateral stepping, BF, RF, and LG muscles of the
right limb tended to be coactivated over most of the stance
phase, while TA was mainly active during the swing phase. The
EMG activity of the left limb was modulated approximately
out of phase with the corresponding activity of the right limb
in several strides of both bilateral stepping (e.g., b35, b21, b3)
and unilateral stepping (e.g., b27e2, b35), resulting in quasi-
alternating coordination. In other cases, however, the EMG activ-
ity of the left limb was modulated approximately in phase with the
right limb activity in both bilateral stepping (e.g., b40) and unilat-
eral stepping (e.g., b27e1, b35), resulting in quasi-synchronous
coordination. Notice that both modes of interlimb coordination,

Figure 2. Kinematics of the stepping limb. A, Thigh, shank, and foot elevation angles of all steps of bilateral and unilateral stepping with the limb blocked in middle position in gray, ensem-
ble-average traces (i.e., average across steps in all neonates) in black. B, Coefficient of correlation and time lag of the cross-correlations between each individual trace and the ensemble-aver-
age trace of bilateral stepping. C, Average stride and swing duration; interstride variability; range of motion of the thigh, shank, and foot angles; and the excursion of the fifth metatarso-
phalangeal joint in horizontal (x), lateral (y), and vertical (z) direction. Asterisks denote significant differences.
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alternating and synchronous, could occur in the same child during
separate stepping episodes (e.g., b27e1 vs b27e2) or even during
consecutive strides of the same episode (e.g., b35).

We quantified the timing of rectified, low-pass filtered EMG
activity in terms of its CoA over all step cycles in which the EMG
waveform was not uniformly distributed along the cycle
(Rayleigh test). Figure 4 reports the polar histograms of
the CoA of the recorded muscles of the right limb versus
the normalized step cycle during bilateral (Fig. 4A) and uni-
lateral (Fig. 4B) stepping. The distribution of these CoAs
was narrowly tuned (Rayleigh test, p, 0.001), indicating a
relatively consistent timing of peak activation. In bilateral
stepping (Fig. 4A), the circular mean of the CoA (Fig. 4A,
red arrow) was 25.4 6 18.9% (circular SD), 80.36 17.2%,
30.3 6 15.9%, and 31.9 6 12.1% of the step cycle for the BF,
TA, RF, and LG, respectively. During unilateral stepping
(Fig. 4B), the circular mean of the CoA was 34.1 6 18.7%,
81.66 15.2%, 30.8 6 16.4%, and 33.0 6 13.3% of the step
cycle for the BF, TA, RF, and LG of the stepping limb,
respectively. The mean CoA of BF was timed slightly but
significantly later in unilateral stepping (Watson–Williams
test; F(1,457) = 10.8, p = 0.001). However, the mean CoA of
the other muscles did not differ significantly between uni-
lateral and bilateral stepping (Watson–Williams test; TA:
F(1,520) = 0.5, p = 0.464; RF: F(1,503) = 0.06, p = 0.798; LG:
F(1,508) = 0.6, p = 0.423).

To estimate the phase of interlimb coupling of EMG activ-
ities, we computed the difference between the CoA (DCoA) of a
given muscle of the left limb and that of the right limb. Figure 4
reports the results clustered in two main subsets, alternating and
synchronous, based on the DCoA of LG muscle. We chose to
refer to this muscle because the CoA dispersion (circular SD)
across steps was significantly smaller for LG than for the other
muscles (Watson’s U2 test; LG vs BF: U2 = 1.73, p, 0.001; LG vs
TA: U2 = 6.52, p , 0.001; LG vs RF: U2 = 0.44, p , 0.001). We
classified the steps as alternating when DCoA of LG was between
25% and 75% of the step cycle, and as synchronous when DCoA
of LG was between �25% and 125% of the step cycle. The pie
charts in the insets report the percentages of these two classes. A
further class (no EMGmodulation) of the pie charts includes the
steps in which the LG envelope of one or both limbs was distrib-
uted uniformly around the cycle (Rayleigh test, p. 0.05).

The percentage of alternating steps was higher during bilat-
eral stepping (77%) than unilateral stepping (40%). Moreover, in
these alternating steps, the modulation of EMG activities was
more consistently out of phase (;50% of the phase shift along
the cycle) in the former than the latter condition. Thus, in bilat-
eral stepping, the mean DCoA values were 48.46 1.7%, 49.86
9.8%, 31.86 11.7%, and 43.26 2.9% for LG, BF, TA, and RF,
respectively. All these values were statistically significant (r=
0.76, p , 0.001; r = 0.18, p = 0.004; r = 0.15, p = 0.014; r = 0.52,
p , 0.001, for LG, BF, TA, and RF, respectively). The circular

Figure 3. Recorded bilateral EMG profiles during bilateral and unilateral stepping with the limb blocked in the middle position. A, Examples of raw EMGs of two consecutive steps in four dif-
ferent neonates during bilateral stepping. Note that alternations between left (light gray) and right (dark gray) limb muscles are mostly observed. B, Examples of raw EMGs of two consecutive
steps in three different neonates during bilateral stepping. Both alternate and synchronous muscle activation of the stepping limb (light gray) and the blocked limb (blue) are observed. VMz,
Vertical coordinate of the fifth metatarsal marker.
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mean of CoA over the alternating steps was 77.3 6 4.8%,
24.66 9.8%, 77.1 6 2.1%, and 79.6 6 1.6% of the step cycle for
the BF, TA, RF, and LG of the left limb, respectively.

In unilateral stepping, the mean DCoA was 45.16 3.3%
(r=0.66, p, 0.001), 0.86 8.5% (r = 0.34, p, 0.001), and 46.76
7.7% (r = 0.35, p , 0.001) for LG, TA, and RF, respectively.
Thus, while LG and RF were approximately out of phase between
the stepping limb and the blocked limb, TA was approximately
in phase. Indeed, the circular mean of CoA was 76.3 6 4.2%,
82.16 5.2%, and 82.5 6 8.9% of the step cycle for the LG, RF,
and TA of the blocked limb, respectively. Moreover, the distribu-
tion of TA DCoA was more narrowly tuned during unilateral
than bilateral stepping (Watson’s U2 test; U2 = 0.44, p , 0.001),
while the DCoA distributions of the other muscles were not sig-
nificantly different (Watson’s U2 test; p . 0.27). DCoA of BF

activity was uniformly distributed along the cycle (Rayleigh test,
p = 0.476), indicating a highly variable coupling of this muscle
between the limbs.

We found the opposite pattern of results for the steps classi-
fied as synchronous. The percentage of synchronous steps was
higher during unilateral stepping (56%) than the bilateral step-
ping (20%). Moreover, in these steps, the modulation of EMG
activities was more consistently in phase (;0% of phase shift
along the cycle) in the former than the latter condition. Thus, in
unilateral stepping, the mean DCoA was 3.86 2.4% (r= 0.73,
p , 0.001), 1.96 7.1% (r = 0.33, p , 0.001), and 1.16 10.6%
(r = 0.24, p = 0.007) for LG, BF, and RF, respectively. The DCoA
of TA activity was uniformly distributed along the cycle
(Rayleigh test, p = 0.321). In bilateral stepping, the mean DCoA
of LG was 0.46 4.1% (r = 0.64, p , 0.001). However, in this

Figure 4. A, B, Interlimb coupling during bilateral (A) and unilateral (B) stepping with the blocked limb in middle position. A, B, First line, Polar histograms of center of activity for bilateral
stepping versus normalized cycles discretized in 20 sectors; second and third lines, polar histograms of the phase lag between the center of activity of both limbs (DCoA) for bilateral stepping
versus normalized cycles discretized in 20 sectors; black arrows, progression time, with angle that varies from 0° to 360° corresponding to a 0% and 100% cycle. Bar height denotes the percent-
age of cycles whose center of activity (or DCoA) is located in the corresponding sector. Red arrows, Resultant (circular mean) center of activity (Rayleigh test for nonuniform circular distribu-
tions, p , 0.05). The pie chart presents the percentage of steps with alternate or synchronous LG bilateral activation, or with no modulation of LG EMG activity (i.e., where the center of
activity of one of the limbs was not identifiable; Rayleigh test, p. 0.05).
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condition, the DCoA of the other muscles was uniformly distrib-
uted along the cycle (Rayleigh test; BF: r = 0.26, p = 0.072; TA:
r = 0.14, p = 0.354; RF: r = 0.18, p = 0.246), indicating a highly
variable coupling of these muscles between the limbs.

As noticed above, we performed the classification of the steps
using the DCoA of LG muscle, the most narrowly tuned among
the recorded muscles. The classification was only modestly
affected by using the DCoA of RF or BF, whereas the use of TA
DCoA yielded greater differences given the idiosyncratic modu-
lation of this muscle described above.

The classification of alternating and synchronous EMG acti-
vations we reported above relied on broad time windows (50% of
the step cycle). If we used narrower time windows, the percent-
age of steps that did not fall in either class was considerable.
Thus, the percentage of alternating steps based on LG DCoA
between 45% and 55% of the step cycle was 20% and 8% for bilat-
eral and unilateral stepping, respectively. The percentage of syn-
chronous steps based on LG DCoA between �5% and 5% of the
step cycle was 4% and 11% for bilateral and unilateral stepping,
respectively. These results underscore the highly variable nature
of interlimb coupling in neonates.

Oscillation frequencies of EMG activity
The analysis of interlimb coordination reported in the pre-
vious section involved all single steps considered individu-
ally. Additional information can be gained by considering
sequences of consecutive steps. Indeed, interlimb coordina-
tion also may be affected by intrinsic rhythmic activations
of the muscles of the two limbs maintained over a sequence
of steps. In theory, rhythmicity may be similar or different
between the two limbs. To assess rhythmicity, we first se-
lected the cases with at least five consecutive steps, as in the
examples of Figure 5A. The data of nine neonates complied
with this requirement for bilateral stepping. For unilateral
stepping, the data of 5, 13, and 6 neonates with the leg
blocked in the anterior, middle, and posterior position,
respectively, complied with this requirement. In all of these
cases, we conducted a Fourier analysis of the LG envelope
(Fig. 5B). The dominant frequency of oscillation of the step-
ping limb was not affected by the position of the blocked
limb (Kruskal–Wallis test, p . 0.261). We found that the
dominant frequency of oscillation of the stepping limb was
significantly smaller in unilateral stepping (all data pooled
together) than in bilateral stepping (0.256 0.07 vs 0.346
0.07 Hz; Mann–Whitney U test: Z = 9.7, p = 0.002), consist-
ent with the longer stride duration in the former than in the
latter condition (Fig. 2C).

During bilateral stepping, in eight neonates (89%) the
dominant frequency on the left side differed by ,50% of that
on the right side (Fig. 5B). In these cases, the phase differ-
ence between the dominant frequencies was between 25%
and 75% of the step cycle. On average, the phase difference
between the dominant frequencies was 43.26 14.9% (circu-
lar mean 6 SD) of the step cycle, showing approximately
alternating activation of LG muscles of the two sides. During
unilateral stepping with the leg blocked in the middle posi-
tion, in nine neonates (69%) the right and left dominant fre-
quencies differed by ,50%. The average phase difference
between these dominant frequencies was between 25% and
75% of step cycle for five of these neonates (48.66 7.0%)
and between �25% and 25% for four others (�7.66 14.2%),
showing both alternating and synchronous activation of
bilateral LG muscle (Fig. 5B). With the leg blocked in the

anterior position, in four neonates (80%) the right and left
dominant frequencies differed by ,50%, whereas with the
leg blocked in the posterior position, in four neonates
(66%) the right and left dominant frequencies differed by
,50%. Among these eight neonates, the average phase dif-
ference between the dominant frequencies was between
25% and 75% of step cycle for four neonates (59.76 4.5%)
and between �25% and 25% for four others (12.16 11.4%),
showing both alternating and synchronous activation of
bilateral LG muscle.

Notice that one neonate (11%) in bilateral stepping and seven
neonates (29.2%) in unilateral stepping had oscillation frequen-
cies differing by.50% between left and right LG activation (Fig.
5A, examples). In these neonates, we compared the onset times
of LG bursts of activation between the two limbs. For unilateral
stepping, in most cases (55% of 40 steps), there was one burst on
the blocked limb during each step of the stepping limb (Figs. 3B,
b27e1, 5A). Despite the different oscillation frequencies, this can
still be considered a 1:1 interlimb coordination. In other cases
(20%), however, there were two bursts on the blocked limb dur-
ing one step of the stepping limb (i.e., 2:1 interlimb coordination;
Fig. 5C). In still other cases (25%), we observed activity on the
stepping limb only, whereas the blocked limb was either silent or
displayed tonic activity (i.e., 0:1 coordination; Figs. 3B, b2, 5A).
For bilateral stepping, the neonate with different left–right domi-
nant frequency also displayed episodes of 2:1 coordination.

Effects of different positions of the blocked limb
Blocking the left limb in different positions (anterior, middle, or
posterior) during unilateral stepping had minor effects on the
contralateral stepping limb, but major effects on the EMG activ-
ity of the blocked limb.

Stepping limb characteristics
Figure 6A compares different kinematic parameters across the
three conditions of limb block. Stride and swing durations were
slightly but significantly shorter with the limb blocked in the pos-
terior position than in the middle block (Fig. 6A; Kruskal–Wallis
test; stride: x 2 = 69.9, p = 0.001; swing: x 2 = 42.6, p = 0.033) and
anterior block (Kruskal–Wallis test; stride: x 2 = 69.9, p , 0.001;
swing: x 2 = 62.4, p = 0.002). While the overall range of motion
of limb segments was not significantly affected by the position of
the blocked limb (Kruskal–Wallis test; thigh: x 2 = 1.9, p = 0.381;
foot: x 2 = 2.1, p = 0.341; ANOVA – shank: F(2,502) = 1.8, p =
0.160), the limb posture at TD and TO was significantly different.
Thus, the thigh angle relative to the vertical was rotated more
anteriorly by ;20° at TD and TO with the limb blocked in ante-
rior than middle and posterior position (ANOVA; TD: F(2,500) =
43.9, p, 0.001; TO: F(2,500) = 25.6, p, 0.001). There was no sig-
nificant difference of the thigh angle at TD and TO between the
middle and posterior positions (Tukey-Kramer post hoc test; TD,
p = 0.395; TO, p = 0.999). The shank angle at TD was closer to
the vertical with the limb blocked in the anterior than in the mid-
dle and posterior position (Tukey-Kramer post hoc test, p ,
0.001), but no significant differences existed at TO (ANOVA;
F(2,500) = 2.1, p = 0.129). The foot at TD was more dorsiflexed in
the anterior position (Kruskal–Wallis test; x 2 = 70.5, p , 0.001)
and more extended in the posterior position (Kruskal–Wallis
test; x 2 = 43.4, p = 0.014) compared with the middle position. At
TO, the foot was slightly more extended in the posterior com-
pared with the anterior position (Kruskal–Wallis test; x 2 = 46.5,
p = 0.022).
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Figure 6B compares different EMG parameters across the
three conditions of limb block. The duration of BF activation,
estimated as the FWHM, was significantly longer with the limb
blocked in the posterior position (Kruskal–Wallis test; x 2 =
�61.7, p, 0.001). The CoA of RF and LG occurred significantly
later in the stance with the blocked limb in the anterior position
(Watson–Williams test; RF: F(2,500) = 6.5, p = 0.011; LG: F(2484) =

8.7, p = 0.003). However, the mean EMG activation of all
muscles was not significantly different across the blocking
conditions (p . 0.08).

Blocked limb characteristics
Blocking the left limb in different positions affected the relative
percentages of steps classified as alternating or synchronous

Figure 5. Decomposition of LG envelope time series into their Fourier series components during bilateral stepping (n= 9) and unilateral stepping (n= 13) with the leg blocked in the middle
position. A, Examples of bilateral LG envelope during several consecutive steps with similar (top) or different left and right oscillation frequencies (bottom). B, Illustration of the fast Fourier
transform analysis and the percentage of neonates with different and similar left and right oscillation frequencies during bilateral and unilateral stepping with leg blocked in the middle posi-
tion. C, Two examples of the bilateral onset of LG bursts of activation during unilateral stepping with different limb oscillation frequencies. In most cases, there was one burst onset of the
blocked limb during each step of the stepping limb (1:1 coordination). In some cases, an episode with two burst onsets of the blocked limb during one step of the stepping limb were observed
(2:1 coordination). In other cases, an episode without LG activation of the blocked limb (0:1 coordination) occurred. The pie chart presents the quantification of the different episodes of coordi-
nation in unilateral stepping.
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(Fig. 7A). As in Figure 4, we used the criterion of the DCoA of
LG muscle falling in one of the two broad time windows (each
50% of the step cycle). Moreover, the muscle activations of the
blocked limb were more affected by its position than those of
the contralateral stepping limb (Fig. 7B). For steps classified as
alternating, blocking the limb in the anterior position resulted
in a shift of the CoA of TA later in the cycle than with the limb
blocked in the posterior position (Watson–Williams test; F(1,111) =
7.1, p = 0.009). In addition, the CoA of BF occurred later with the
limb in the posterior position compared with the middle position
(Watson–Williams test; F(1,124) = 9.5, p = 0.002) and anterior
position (Watson–Williams test; F(1,93) = 13.3, p , 0.001). For
steps classified as synchronous, blocking the limb in the ante-
rior position resulted in a shift of the CoA of TA and RF ear-
lier in the cycle than with the limb blocked in the middle
position (Watson–Williams test; TA: F(1,158) = 17.4, p, 0.001;
RF: F(1,154) = 62.8, p , 0.001) and the posterior position
(Watson–Williams test; TA: F(1,101) = 20.6, p , 0.001; RF:
F(1,104) = 7.4, p = 0.007).

We also found significant effects of the blocked limb position
on the duration (estimated as FWHM) and mean muscle activa-
tion. For alternating steps, the duration of activation of RF and
LG was more prolonged in the posterior than the anterior posi-
tion (Kruskal–Wallis test; RF: x 2 = �34.1, p = 0.004; LG: x 2 =
�39.4, p = 0.001). The activation duration of BF and TA was
not significantly different across limb positions (Kruskal–
Wallis test; BF: x 2 = 2.2, p = 0.329; TA: x 2 = 0.8, p = 0.663).
Similarly, for synchronous steps the FWHM of RF and LG
were significantly longer in the posterior position than in the
middle position (Kruskal–Wallis test; RF: x 2 = �34.6, p =
0.002; LG: x2 = �28.7, p = 0.029) and the anterior position
(Kruskal–Wallis test; RF: x 2 = �58.7, p , 0.001; LG: x 2 =
�36.6, p = 0.01). The FWHM of BF and TA was not signifi-
cantly different across limb positions (ANOVA; – BF: F(2,463) =

1.2, p = 0.312; Kruskal–Wallis test; TA: x 2 = 0.7, p = 0.680). For
both alternating and synchronous steps, the mean activation
of BF significantly increased from the posterior to the anterior
position (Kruskal–Wallis test; alternating: x 2 = 44.6, p , 0.001;
synchronous: x 2 = 34.8, p , 0.001), whereas the mean activation
of RF and LG significantly increased from the anterior to the pos-
terior position (Kruskal–Wallis test; alternating: x 2.16.9, p ,
0.001; synchronous: x 2. 16.0, p, 0.001). This differential gradi-
ent of activation of BF and RF activations as a function of limb
position is schematically depicted in Figure 7C. TA activation was
not significantly affected by the position of the ipsilateral limb,
whatever the interlimb coupling (Kruskal–Wallis test; alternating:
x 2 = 5.4, p = 0.065; synchronous: x 2 = 1.4, p = 0.474).

Release of the blocked limb
We found another important effect at the release of the blocked
limb, occurring mainly when the limb was blocked in the poste-
rior position. In total, there were 30 neonates who underwent
this perturbation (Table 1). After unilateral stepping with the
limb blocked in this position, in 17 of 22 neonates (77%), the
sudden release of the blocked limb elicited the immediate initia-
tion of the swing phase of the limb now free to move, associated
with hip joint flexion (Fig. 8). The remaining five neonates did
not move the leg after the release and started stepping later with
this limb. In the other eight neonates whose left limbs had been
blocked in the posterior position, the posterior perturbation was
followed by unilateral stepping with the blocked limb in the mid-
dle or anterior position. With the limb blocked in the middle
position, 5 of 21 neonates (24%) initiated a swing phase after the
release, whereas only 1 of 10 neonates (10%) started a swing
phase with the limb previously blocked in the anterior position.
In the other neonates who underwent these perturbations (Table
1), the perturbation was followed by unilateral stepping with the
blocked limb in a different position.

Figure 6. Effect of blocked limb position on stepping limb characteristics. A, Average (across steps in all neonates) stride and swing duration; range of motion of the thigh, shank, and foot
angles; and orientation of the thigh, shank, and foot at touch-down and toe-off during unilateral stepping with the limb blocked in the anterior, middle, and posterior positions. B, Average
FWHM, CoA, and mean EMG activity across one step of the four stepping limb muscles. Asterisks denote significant differences.
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Because the swing phase is accompanied by the activation of
the TA muscle in neonate stepping (Fig. 4; Dominici et al., 2011;
Sylos-Labini et al., 2020), we computed the burst onset of TA af-
ter the limb release. Over the 23 neonates who initiated the swing
phase after the sudden release (see above), the activation of TA
of the blocked limb was absent in 5 of them. Over the remaining
18 neonates, a burst of TA activation occurred, on average,
1276 90ms after the release of the blocked limb (Fig. 8).

Loading responses of the stepping limb
We frequently observed loading responses of the right limb dur-
ing both unilateral and bilateral stepping (Fig. 9A). Starting from
touch-down, the initially flexed knee underwent a large exten-
sion (by 27.46 16.1° and 26.66 16.3° in bilateral and unilateral
stepping, respectively) that lasted over the first part of the stance,
raising the hip joint above the foot. Knee extension was associ-
ated with the activation of limb extensor muscles (RF and LG)
during midstance, with their CoA occurring at 30.86 2.8% (RF)
and 32.26 2.0% (LG) in bilateral stepping and at 31.06 3.2%
(RF) and 34.16 2.4% (LG) in unilateral stepping. This behavior
was reliably detected in most steps (90.3% of steps in bilateral

stepping and 77.7% of steps in unilateral stepping with the limb
blocked in the middle position).

Discussion
All neonates who produced bilateral steps also stepped unilater-
ally when one limb was blocked. We observed distinct episodes
of alternating or synchronous coordination between the limbs
(Fig. 3). The former were more frequent during bilateral step-
ping, while the latter were more frequent during unilateral step-
ping (Fig. 4). In general, however, the phase relationship of
left–right coordination was quite variable, as assessed from the
EMG activity profiles. By considering sequences of five consec-
utive steps, we found that the dominant frequency of EMG
oscillations of the gastrocnemius lateralis was approximately
comparable between the two sides in several cases (for both
alternating and synchronous modes), but it was considerably
different in other cases, more often during unilateral than bilat-
eral stepping (Fig. 5). When the oscillation frequency was dif-
ferent, the sequences exhibited various interlimb coordination
ratios, with one, two, or no EMG bursts on the blocked limb for
each step of the stepping limb (i.e., 1:1, 2:1, or 0:1 coordination,

Figure 7. Effect of blocked limb position on blocked limb characteristics. A, Percentage of steps with alternate or synchronous LG bilateral activation, or with no modulation of LG EMG activ-
ity (i.e., where the center of activity of one of the limbs was not identifiable; Rayleigh test, p. 0.05). B, Average FWHM, CoA, and mean EMG activity of the four blocked limb muscles of the
alternated (top) or synchronous steps (bottom). Asterisks denote significant differences. C, Schematic illustration of the effect of blocked limb position on muscle activation.
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respectively). In the 0:1 mode, EMG activity on the blocked
limb was either silent or tonic. Episodes of 2:1 coordination
were also found during bilateral stepping.

Altogether, these observations indicate that, in newborns,
locomotor pattern generators on the left and right sides of the
spinal cord exhibit a coupling that can vary from moment to
moment. Sometimes the two sides are coupled together, albeit
loosely, with a coupling that can be out of phase or in phase.
However, at other times, the two sides are uncoupled, bursting
independently of one another or generating tonic or no activity
when the ipsilateral limb is motionless.

Central neural substrates
Our findings argue for the neonatal presence of autonomous pat-
tern generators for each limb. Pattern generators for flexor and
extensor muscles may also burst independently. Indeed, during
alternating episodes of unilateral stepping, while the activity of
extensor muscle LG was approximately out of phase between the
stepping limb and the blocked limb, the activity of flexor muscle
TA was approximately in phase between the two sides.

Considering that cortical control contributes little to neonatal
locomotion (Peiper, 1961), the present results can be compared
with those in adult patients with complete spinal cord lesions
during unilateral aided stepping. Depending on the context,
these patients may exhibit rhythmic EMG activity or low, tonic
activity in the blocked limb (Dietz et al., 2002; Ferris et al., 2004;
Kawashima et al., 2005). Our results are also in line with observa-
tions in spinal-transected cats (i.e., “spinal cats”) showing that
their interlimb coupling can be weaker and more variable than
in cats with intact supraspinal control. In a seminal report, when
one hindlimb of a spinal cat was held stationary, the other hind-
limb continued stepping, but the extensor and flexor bursts in
the blocked limb were replaced by tonic activity (Grillner and
Rossignol, 1978). However, in other instances, the nonstepping
hindlimb of spinal cats displays rhythmic activity and even per-
forms forward steps if let go (A. Frigon, personal communica-
tion). Moreover, episodes of 2:1 coordination (or even higher
interlimb ratios) have been described in low spinal cats stepping
on a split-belt treadmill (Forssberg et al., 1980; Frigon et al., 2017).

In addition to the lack or limited in-
fluence of cortical signals, several other
factors may theoretically contribute to
the variable interlimb coordination in
human neonates, as they do in spinal cats.
Low speed is one such factor, because the
interlimb pattern (spatial and temporal) is
quite variable at slow speeds in spinal cats
(Dambreville et al., 2015). Another factor
is that an asymmetric pattern might
reduce the influence of sensory feedback
onto spinal motor circuits (Hurteau et
al., 2017; Hurteau and Frigon, 2018).
For example, when the hindlimb locomo-
tor pattern is asymmetric during split-belt
locomotion, cutaneous feedback is reduced
in spinal cats (Hurteau and Frigon, 2018).
In the present experiments, the asymmetric
locomotor pattern resulted from blocking
one limb. Still another potential fac-
tor is the low muscle strength of neo-
nates. Indeed, the loss of power of
ankle muscles (because of unilateral
denervation) led to the appearance of

Figure 8. Top, Illustration of one neonate producing a dorsiflexion of the ankle af-
ter the release of the blocked limb in posterior position. Bottom, Examples of raw
TA EMGs after the release of the blocked limb in posterior position in six different
neonates.

Figure 9. Loading response of the stepping limb. Knee joint angle, RF and LG EMG envelope of all steps in which an exten-
sion of the knee was present during the first half of stance; black, the ensemble-average traces (average across steps in all neo-
nates). The bar plot on the right presents the average knee extension (average across steps in all neonates) during the first
50% of stance.
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2:1 coordination patterns between the hindlimbs at the
slowest tested speeds in spinal cats (Harnie et al., 2018),
again reminiscent of some of the present results.

Notice that transient episodes with no EMG activity in some
muscles such as those we sporadically found during both bilat-
eral and unilateral stepping have also been described during fic-
tive locomotion in spinal cats (Grillner and Zangger, 1979) and
treadmill locomotion in decerebrate cats (Duysens, 1977). They
have been interpreted as spontaneous errors or deletions of
bursts of motoneuron activity that can occur within otherwise
rhythmic flexor and extensor activity (Lafreniere-Roula and
McCrea, 2005), and presented as evidence for a two-layer organi-
zation of spinal locomotor networks, with a rhythm-generating
layer on top of a pattern-generating layer (McCrea and Rybak,
2007). However, in our case the absence of activity could also be
because of biomechanical factors. Thus, limb muscle activity
(e.g., hamstring muscles) can be very low at slow speeds and
when the limb does not travel far enough forward or backward
(Ivanenko et al., 2013; Sylos-Labini et al., 2017).

Finally, our results are closely reminiscent of those obtained in
the isolated spinal cord of neonatal rodents. In this preparation,
spontaneous rhythmic bursting can be observed (Branchereau et
al., 2000; Whelan et al., 2000) or it can be induced unilaterally in
each hemicord on bath application of neurotransmitters, (Kudo
and Yamada, 1987; Kiehn and Kjaerulff, 1996; Hägglund et al.,
2013) and independently in flexor or extensor networks (Hägglund
et al., 2013; Machado et al., 2015), consistent with a distributed,
modular organization of central pattern generators (Grillner, 1985;
Kiehn, 2016). Moreover, using intersectional mouse genetics, dif-
ferent modules of commissural interneurons (V0) have been dem-
onstrated as a function of speed and gait mode (Talpalar et al.,
2013). Each module regulates the pattern of interlimb coordina-
tion, generating alternating or synchronous left–right activities.
Notice that the rhythms recorded in the isolated neonatal spinal
cords are often irregular, with cycle durations overlapping the step
cycle durations of our neonates.

Based on these analogies, we surmise that left–right coordina-
tion of human newborn stepping depends on subcortical mecha-
nisms similar to those discovered in other mammals, including
multiple autonomous pattern generators distributed in the lum-
bosacral cord, ipsilaterally projecting interneurons for intralimb
muscle coordination, and contralaterally projecting commissural
interneurons for interlimb coordination. In addition, brainstem
descending systems (e.g., the serotonergic projections) may con-
tribute to neonatal stepping, since they innervate the spinal cord
and myelinate much earlier than the corticospinal system in
humans (Ten Donkelaar et al., 2014). Their influence can be
inferred by the strong effect of alertness on the possibility of elic-
iting stepping in neonates (Thelen et al., 1982).

Role of sensory signals
In addition to intraspinal and supraspinal connections between
the central pattern generators of each limb, sensory signals play a
crucial role in interlimb coordination (Duysens et al., 2000; Pang
and Yang, 2002; Pearson, 2004; Rossignol et al., 2006; Grillner
and El Manira, 2020; Frigon et al., 2021). Two main sources of
feedback have been uncovered: load signals and hip position sig-
nals. During stance, the load signals increase the extensor activity
and suppress the onset of swing (Duysens and Pearson, 1980). At
the end of stance, loading decreases and swing can start. Here,
evidence for loading responses in neonates was provided by
the observation that limb extensor muscles were activated at
midstance, and the initially flexed knee underwent a large

extension during both unilateral and bilateral stepping (Fig. 9).
The other important sensory signal is related to hip position
(Andersson and Grillner, 1981). At the end of stance, the start of
the swing phase is triggered by hip extension, as signaled by the
stretch of hip flexor muscles (Hiebert et al., 1996). Here, we
found evidence for the modulation of EMG activity dependent
on hip position in the blocked limb during unilateral stepping.
Thus, the mean amplitude and duration of activation of the hip
flexor RF was significantly greater with the limb blocked in the
posterior position and extended at the hip than in the other posi-
tions (Fig. 7). The opposite trend was observed for the hip exten-
sor BF. Moreover, the sudden release of the blocked limb in the
posterior position elicited the immediate initiation of the swing
phase of the limb now free to move, associated with hip flexion
and a burst of ankle flexor TA (Fig. 8). Again, this is reminiscent
of the behavior of chronic spinal cats (Grillner and Rossignol,
1978). When the hindlimb of these animals is manually brought
to an extended position and then released, a flexor burst is im-
mediately generated, consistent with the role of hip extension
receptors in the initiation of the swing phase (Grillner and
Rossignol, 1978). Here, the hip position of the blocked limb
affected the limb posture of the contralateral stepping limb (Fig.
6), but this effect might be partly because of biomechanical cou-
pling between the limbs via the trunk.

Comparison with more mature locomotion
The highly variable interlimb coordination and its incomplete
sensory modulation suggest that in human newborns the loco-
motor networks do not operate in the same manner as in mature
locomotion. In fact, the automatic stepping of newborns differs
from mature walk in several aspects, such as the digitigrade,
rather than the plantigrade, foot contact, hyperflexion of the
lower limbs during swing, high interstep variability, and the pres-
ence of simple flexion–extension patterns of muscle activity com-
pared with the more complex profiles with multiple activity
bursts in adults (Forssberg, 1985; Yang et al., 1998b; Dominici et
al., 2011). At birth, the full four-phase locomotor pattern (sup-
port, lift up, swing, and touch down) is not yet developed, and the
stepping movements consist simply of an alternation between
flexors and extensors (Forssberg, 1985; Yang et al., 1998b; Sylos-
Labini et al., 2020). By tracking the development of ground step-
ping in 4- to 48-month-old infants, it was found that the number
of temporal patterns of muscle activation increased progressively
after the age of 6months, reaching adult-like conformation only
after independent, unsupported walking was established (Sylos-
Labini et al., 2020). Also the patterns of interlimb coordination of
older infants are more similar to the adult than those of neonates.
Thelen and Ulrich (1991) conducted a longitudinal study on chil-
dren 1–7months of age stepping on a treadmill. They found that
the percentage of alternating relative to synchronous steps increased
with age. Moreover, extensive work on infants ;6months old
showed that transient perturbations to one stepping limb produce
highly coordinated, bilateral responses (Yang et al., 1998a, 2005;
Pang and Yang, 2001; Musselman and Yang, 2008). However, inter-
limb coupling remains variable even in these infants, and at
14months still is far from the tight alternation at 50% of the gait
cycle of adults (Yang et al., 2015).
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