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Detailed descriptions of gait impairments have been reported in cerebral palsy (CP),

but it is still unclear how maturation of the spinal motoneuron output is affected.

Spatiotemporal alpha-motoneuron activation during walking can be assessed by

mapping the electromyographic activity profiles from several, simultaneously recorded

muscles onto the anatomical rostrocaudal location of the motoneuron pools in the

spinal cord, and by means of factor analysis of the muscle activity profiles. Here,

we analyzed gait kinematics and EMG activity of 11 pairs of bilateral muscles with

lumbosacral innervation in 35 children with CP (19 diplegic, 16 hemiplegic, 2–12 years)

and 33 typically developing (TD) children (1–12 years). TD children showed a progressive

reduction of EMG burst durations and a gradual reorganization of the spatiotemporal

motoneuron output with increasing age. By contrast, children with CP showed very

limited age-related changes of EMG durations and motoneuron output, as well as of

limb intersegmental coordination and foot trajectory control (on both sides for diplegic

children and the affected side for hemiplegic children). Factorization of the EMG signals

revealed a comparable structure of the motor output in children with CP and TD children,

but significantly wider temporal activation patterns in children with CP, resembling the

patterns of much younger TD infants. A similar picture emerged when considering the

spatiotemporal maps of alpha-motoneuron activation. Overall, the results are consistent

with the idea that early injuries to developingmotor regions of the brain substantially affect

the maturation of the spinal locomotor output and consequently the future locomotor

behavior.
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INTRODUCTION

Cerebral palsy (CP) is defined as a group of permanent disorders that affect the development of
movement and posture attributed to non-progressive disturbances that occurred in the developing

Abbreviations: BF, biceps femoris (long head); CH index, Calinski-Harabasz Index; CoA, center of activity; CP, cerebral

palsy; EMG, electromyographic; FWHM, full width at half maximum; GM, gluteus maximus; GMFCS, Gross Motor Function

Classification System; GMFM, Gross Motor Function Measure; GT, greater trochanter; L, limb length; LG, gastrocnemius

lateralis; MG, gastrocnemius medialis; MN, motoneuron; Pi, basic activation pattern; PVi, percentage of variance accounted

for by the i-th eigenvector; RF, rectus femoris; SOL, soleus; VL, vastus lateralis; ST, semitendinosus; TA, tibialis anterior; TD,

typically developing; TFL, tensor fascia latae; VAF, variance accounted for; VM, vastus medialis; W, weighting coefficient

(muscle synergy); 5MT, fifth metatarso-phalangeal joint.
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FIGURE 2 | Foot trajectory and vertical hip displacement characteristics. (A), Correlation coefficient (mean + SD) between vertical foot displacements (5MTy,

swing phase) in children with CP and TD toddlers and ensemble average in older TD children. (B–D) Averaged across all strides individual foot trajectories (5MTy,

ordered according to age from top to bottom) for children with hemiplegia (more affected and least affected sides), diplegia (right and left sides) and TD (right and left

sides) children. TD children were divided into two subgroups: 7 toddlers aged 1–1.2 years and 26 older children aged 2.1–11.8 years. The lower curves in B-D

illustrate ensemble-averaged (across subjects, ± SD) foot movements. 5MTy is expressed in relative units (normalized by the limb length L). (E) Vertical hip (GTy,

averaged for right and left legs) displacements averaged across subjects (mean ± SD, left panel) and correlation coefficients between GTy data in children with CP

and TD toddlers and corresponding ensemble averaged GTy in older TD children (right panel). Horizontal lines denote significant differences with older TD children.
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FIGURE 3 | Planar covariation of limb segment elevation angles during walking. (A) Ensemble-averaged (mean ± SD) foot, thigh and shank elevation angles

plotted vs. normalized gait cycle. As the relative duration of stance varied across strides and subjects, a hatched region indicates an amount of variability in the stance

phase duration. Examples of 3-dimensional gait loops and interpolation planes are shown on the bottom from left to right for one child with hemiplegia (9.9 years) and

one diplegia (8.8 years), as well as for one toddler (1.1 year) and one TD child (6.2 years). Gait loops are obtained by plotting the thigh waveform vs. the shank and

foot waveforms (after mean values subtraction). Gait cycle paths progress in time in the counter-clockwise direction, touch-down and toe-off phases corresponding

roughly to the top and bottom of the loops, respectively. The interpolation planes result from orthogonal planar regression. (B) Percentage of total variation explained

by 2nd and 3rd principal components (PV2 and PV3, respectively) and u3t parameter that characterizes the orientation of the normal to the plane are indicated for

each group of children (mean ± SD). Horizontal lines denote significant differences with older TD children.

EMG Patterns
We recorded EMG signals from 11 pairs of bilateral lower
limb muscles. An example of age-related changes in the EMG
pattern of a representative muscle (MG) in all participants is
illustrated in Figures 4A–C, and the ensemble-averaged EMGs
of all recorded muscles in children with CP and TD children
are illustrated in Figure 5A. Despite inter-individual variability,
there were systematic differences in the EMG activity between
children with CP and TD children. Thus, in most children with
CP and TD toddlers, there was prominent activity in the ankle
extensors (MG, LG, SOL) throughout the stance phase starting
with early stance, whereas activity in these muscles was normally
observed during late stance in older TD children (Figures 4, 5).
The activity of TA showed only one major peak at the beginning
of swing in children with CP (hemiplegic, affected side, and
diplegic) and TD toddlers with respect to two prominent peaks
of older TD children (Figure 5A).

To characterize differences in the duration and timing of
EMG activity between children with CP and TD children, we
computed the FWHM and CoA (see Materials and Methods).

In TD children, there was a clear developmental trend in the
characteristics of EMG activity with age, which consisted in the
reduction of the duration of EMG bursts and the adjustment
of their timing (Figures 4C, 5B). Indeed, the major bursts of
activity of most muscles (hamstrings, quadriceps, ankle plantar-
flexors) tended to be wider in children with CP and TD toddlers
with respect to older TD children. Also, the total mean level
of activation of leg muscles in children with CP (expressed
in µV, Figure 5A) tended to be higher with respect to that
in older TD children (Figure 5C bottom), although differences
in EMG intensity may reflect potential differences in skin
impedance between subjects. Moreover, we examined the FWHM
as a function of age (Figure 5B). The analysis revealed that
FWHM decreased systematically with age in most muscles in TD
children. In contrast, this age-related trend was limited or absent
in several muscles in children with diplegia and hemiplegia (on
the affected side, Figure 5B). The CoA systematically shifted
to the earlier phases of stance in distal muscles (MG, LG,
SOL) for diplegic children, affected-side hemiplegic children and
TD toddlers with respect to older TD children (p < 0.001;
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FIGURE 4 | MG muscle activity. (A–C) Stride-averaged MG muscle activity for each subject (ordered by age) in children with hemiplegia, diplegia and TD children,

respectively. (D) Center of activity (CoA) of the MG muscle in individual subjects as a function of age (left panels) and averaged across children (right panel). Continuous

lines on the left panels represent exponential fittings. (E), FWHM of MG activity as a function of age (left panels) and averaged across children (right panel). FWHM was

calculated as the duration of the interval (in percent of gait cycle) in which EMG activity exceeded half of its maximum (see insert on the top). Horizontal lines denote

significant differences compared with older TD children. Note a monotonic shift of the CoA toward later stance and a monotonic decrement of the FWHM in TD

children with age, a lack of these changes in children with diplegia and their differential maturation on the affected and least affected sides in children with hemiplegia.

Frontiers in Physiology | www.frontiersin.org 11 October 2016 | Volume 7 | Article 478

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Cappellini et al. Locomotor Output in Children with Cerebral Palsy

FIGURE 5 | Characteristics of EMG activity. (A) Ensemble averaged (mean + SD) EMG activity patterns of 22 bilateral leg muscles recorded in children with CP

and TD children. EMG data are plotted vs. normalized gait cycle. (B) FWHM of EMGs as a function of age in children with hemiplegia, diplegia and TD children.

Continuous lines represent exponential fittings. Note a monotonic decrement of FWHM in TD children. (C) CoA, FWHM and mean leg muscle EMGs (means + SD) for

children with CP and TD children. (D) Co-activation index (CI) for RF-VL-VM vs. ST-BF and MG-LG-SOL vs. TA pairs of antagonist muscles. Asterisks denote

significant differences with older TD children.

Figure 5C, upper panel). Finally, children with diplegia and TD
toddlers showed significantly higher co-activation index values
throughout the gait cycle both for RF-VL-VM vs. ST-BF andMG-
LG-SOL vs. TA pairs of antagonist muscles with respect to older
TD children (Figure 5D).

Basic Muscle Activation Patterns
The analysis of dimensionality using the non-negative matrix
factorization method showed that EMG activity changes during
walking are adequately captured by a small number of motor
modules in all groups (Figures 6A,B). Even though three to five

modules were sufficiently representative in a few participants,
EMG activity in most participants was well accounted for by
four modules using the “Best linear fit” method (Figure 6B, left
panel). The cluster evaluation criterion showed that the number
of motor modules that maximizes the CH index (Caliñski and
Harabasz, 1974) for each group (i.e., the number of modules
similar across participants) was four (Figure 6B, right panel).
Based on this number, the basic activation patterns and the
corresponding weightings (muscle synergies) were grouped and
reported in Figures 6C,D. The muscle weightings and pattern
activation timing were qualitatively similar between groups. Each
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FIGURE 6 | Statistical analysis of EMG patterns using non-negative matrix factorization. The data for the most affected and less affected sides of children

with hemiplegia and for TD toddlers and older children are shown separately. (A) Cumulative percent of variance (VAF ) (±SD) explained by basic EMG components in

hemiplegic (left), diplegic (center) and TD (right) children. (B) The number of modules needed to account for cycle-by-cycle variability of muscle activity estimated using

the “best linear fit” method (left) and the normalized CH index (Caliñski and Harabasz, 1974) to evaluate the number of clusters in each group (right). Even if three to

five modules were sufficiently representative in a few children, EMG activity in most children was well accounted for by four modules (>80% of VAF, A). (C)

Comparison of muscle module (basic activation patterns) structures across different groups. Each curve represents the mean (across strides) pattern for an individual

child. Common (across children) basic patterns were plotted in a “chronological” order (with respect to the timing of the main peak) and modules were ranked based

on their best similarities (see Materials and Methods). Note that synergies with low structural consistency across children (NC, Not Classified) were plotted separately

on the bottom in toned-down colors. (D) Group mean weights (synergies). (E,F) mean (+SD) FWHM and CoA of consistent basic activation patterns (P1–P4).

Horizontal lines denote significant differences compared with older TD children. Note wider P2 and P4 patterns in children with CP and toddlers with respect to older

children (E), consistent with wider EMGs (Figure 5C, bottom).

basic pattern peaked at a particular time of the gait cycle and
showed specific characteristics. Pattern P1 mainly loaded on GM,
TFL, RF, VL, and VM muscles and peaked around touchdown,
providing body support during weight acceptance. Pattern P2
mainly loaded on the ankle plantar-flexor muscles (MG, LG,
and SOL) and contributed to forward body propulsion. Pattern
P3 was primarily related to the activity of TA for foot lift, and
to a lesser extent TFL and RF during swing. Pattern P4 was
mainly involved in the modulation of hamstrings (BF and ST) for
leg deceleration during late swing and early stance. Unmatched
modules were isolated and pooled together as Not Classified
(Figures 6C,D).

Despite a comparable structure of motor modules in children
with CP and TD children (Figures 6A–D), we found significant
differences in their quantitative characteristics (Figures 6E,F).
We report statistics considering only the first four basic patterns,
which were the most consistent (Figure 6C). FWHM was
significantly greater for P2 in children with CP and TD toddlers
with respect to older TD children (p < 0.05, Figure 6E),
reflecting a similar widening of the EMG envelopes (Figure 5C),
and significantly greater for P1, P3, and P4 in diplegic and TD
toddlers. The CoA of basic patterns was generally similar for the
children with CP and TD children, however we found that P1
and P2 shifted to slightly later phases of the gait cycle for the
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less affected side of children with hemiplegia, P2 and P3 shifted
to earlier phases in children with diplegia and in the affected-
side of children with hemiplegia, P4 shifted to a later phase
in children with diplegia and TD toddlers compared with TD
children (Figure 6F).

While the analysis reported in Figure 6 was performed on
normalized EMG data, we remark that the emerging structure
of coordinated muscle activity did not depend significantly on
whether or not the data were normalized. Indeed, when we
analyzed EMGs in microvolts, we found that the number of
clusters was still four for all groups of participants and pattern
characteristics showed an increase of FWHM in children with CP
and toddlers.

Spinal Segmental Motoneuron Output
Figure 7A shows the average segmental motoneuron output over
the step cycle obtained by mapping the EMG activity profiles
onto the rostrocaudal location of the motoneuron pools in the
lumbosacral enlargement. Figures 7B,C illustrate quantitative
characteristics (intensity and timing) of the spatiotemporal
activation of MNs in children with CP and TD children. Even
though we recorded a limited set of muscles, we have previously
shown that the muscles recorded here are those that contribute
mostly to the overall spinal maps (Ivanenko et al., 2013a;
La Scaleia et al., 2014). Furthermore, the recorded muscles

(Figure 5A) contribute a large part of the total cross-sectional
area of leg muscles (Ward et al., 2009).

The prominent feature of these maps in older TD children
(Figure 7A) was a distinct activation of lumbar and sacral
segments during early and late stance, respectively. This
activation pattern in older TD children appears to be a precursor
closely related to the mature pattern seen in young healthy adults,
where the activations are shorter and with an evident separation
of the distinct bursts (Monaco et al., 2010; Ivanenko et al., 2013a).

In contrast, despite inter-individual variability (see individual
spinal maps, Figure 8), the dominant feature of the maps in
TD toddlers and in children with CP (diplegic and affected-
side hemiplegic) was a similar timing of the maximum activity
of lumbar and sacral segments at the onset of the stance
phase, consistent with their quasi-synchronous involvement
(Figure 7C). As a result, the timing of maximum activity of
sacral segments was significantly different from that in older
TD children (p < 0.001, Tukey HSD), while the timing
of lumbar segments did not show any significant difference
between the groups of children (Figure 7C). It is also worth
noting that differences in the biomechanics of stepping (e.g., toe-
walking in some children) cannot fully account for the specific
motor patterns in children with CP (Figure 7), since tiptoe
walking in adults still results in a more segregated structure with
separate lumbar and sacral activations (La Scaleia et al., 2014). In

FIGURE 7 | Spatiotemporal maps of motoneuron activity of the lumbosacral enlargement in children with CP and TD children. (A) Output pattern of each

segment is shown in the top panels (thick traces, means; thin traces, means + 1SD), while the same pattern is plotted in a color scale (using a filled contour plot) at

the bottom. Motor output (averaged across children, reported in units of number of MNs) is plotted as a function of gait cycle and spinal segment level (L2 − S2). (B),

Depicted are mean (+SD) activation of lumbosacral activity (averaged across both gait cycle and spinal level). (C) Timing of maximum activation of lumbar (L3 + L4)

and sacral (S1 + S2) segments. The values represent the mean + SD. Lines over bars denote significant differences compared with older TD children.
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FIGURE 8 | Spatiotemporal maps of motoneuron activity of the lumbosacral enlargement for each subject (ordered by age) in children with hemiplegia

(A), diplegia (B), and TD children (C). The pattern is plotted in a color scale (using a filled contour plot) for both sides of the spinal cord. Motor output (averaged

across strides, reported in units of µV × number of MNs) is plotted as a function of gait cycle and spinal segment level (L2-S2).
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addition, the total intensity of the MN output of the lumbosacral
enlargement was significantly smaller in older TD children
(Figure 7B), consistent with lower intensity and narrower EMG
bursts in these children (Figure 5C). Furthermore, the main
features of CP spinal maps did not change significantly if we
assumed slightly different coefficients in the Equation (7) or
when using the Sharrard data table. In both cases, the timing
of maximum activity of sacral segments was also significantly
different in CP and TD toddlers from that in older TD children
(p < 0.001, Tukey HSD), as well as the total intensity of the MN
output was smaller in older TD children.

DISCUSSION

The results are consistent with the hypothesis that maturation
of the spinal locomotor output is impaired in children with CP.
Although we did not study longitudinal changes in the locomotor
patterns, the wide age range of our sample of participants clearly
showed that the spinal motor output in children with CP remains
similar to that of much younger TD children and lacks the
age-related changes present in TD children (Figures 2–7). In
particular, we found that children with CP lack maturation
of the foot trajectory control and intersegmental coordination
(Figures 2, 3), muscle activity patterns (Figures 4–6) and the
spatiotemporal characteristics of the spinal segmental output
(Figure 7). It is also worth noting that children with hemiplegic
CP showed differential maturation of these features on the
affected and less affected lower limbs.

Maturation of Gait Kinematics
Natural maturation of the neuromuscular apparatus, motor
learning and environmental enrichment (Sale et al., 2014) play
important roles during development. Progressive changes of
gait kinematics and kinetics may depend on musculoskeletal
growth (including foot shape modifications and ossification of
the soft bones of the feet, Bertsch et al., 2004), development
of the vestibular system (Wiener-Vacher et al., 1996), decrease
of central conduction delays (Eyre et al., 1991) and muscle
contraction time (Dayanidhi et al., 2013), and maturation of
central neuronal pathways (Paus et al., 1999). In TD toddlers
at their first unsupported steps, stable planar covariation of
the limb segment angular motion (Cheron et al., 2001b), foot
trajectory (Dominici et al., 2007) and pendulum-like behavior
of the COM (Ivanenko et al., 2004) are still immature. They
co-evolve toward mature values within a few months, though
anthropometrical changes and developmental tunings continue
for many years. Children with CP show difficulties in developing
the major features of adult gait, such as ankle dorsiflexion at
heel strike, knee flexion in mid-stance, and ankle plantarflexion
with hip extension at the end of stance (Berger et al., 1982, 1984;
Leonard et al., 1991; Berger and Adolph, 2007). They often place
the foot flat or on the toes, show anticipated activation of the calf
muscles, an increase in antagonist coactivation of the leg muscles,
low activation of the gastrocnemius muscle, impaired ability of
tibialis anterior to dorsiflex the ankle during swing, and enhanced
short latency proprioceptive reflexes (Berger et al., 1982, 1984).

Many gait features idiosyncratic of TD toddlers characterize
the gait of children with CP throughout childhood. In particular,
a characteristic feature of CP gait, reminiscent of TD toddlers, is
the prominent single-peak foot lift during swing (Figures 2A–D)
and disordered vertical hip displacements (Figure 2E). The latter
finding is consistent with a reduced capacity in absorbing and
decelerating the speed of the center of mass and pendular energy
transduction in CP (Zollinger et al., 2016). The authors argued
that this may have an important implication in rehabilitation
programs that assess and train gait in adolescents with CP.
Indeed, the gravity-related pendulum mechanism of walking is
present in TD children (Cavagna et al., 1983), nevertheless, it
does not seem to be implemented at the onset of independent
walking (Ivanenko et al., 2004) as well as young children have a
lower efficiency of positivemuscular work production than adults
during walking (DeJaeger et al., 2001; Schepens et al., 2004).
Given that this mechanism is effective in decreasing the walking
energy cost, gait training program with real-time feedback of the
body’s center of mass vertical displacement (Massaad et al., 2010)
may be complementary to current concepts in rehabilitation of
gait in children with CP.

The stereotyped, two-peaked trajectory of the foot with
minimal toe clearance at mid-swing represents the result of a
safe, accurate endpoint control that depends on multi-segmental
coordination in both the stance and swing limbs (Bernstein,
1967; Winter, 1992; Ivanenko et al., 2002). This behavior was
not observed in children with CP; instead, a single-peaked foot
lift was observed across all sampled ages (Figure 2), as was
the immature characteristics of the inter-segmental coordination
(the shape of the gait loop and its orientation, Figure 3B). The
wider gait loop in children with diplegia and TD toddlers (larger
PV2, Figure 3B) may be related to the phasing between thigh and
shank angular motion, as a mechanism to facilitate the increase
in toe clearance (MacLellan et al., 2011).

However, despite the similarities, the gait in children with
CP cannot be equated to that in TD toddlers, since in addition
to the observed lack of maturation of the spinal locomotor
output, children with CPmay develop other abnormalities due to
impaired corticospinal interactions, including dystonia, muscle
contractures, incoordination (Crenna, 1998; Gormley, 2001). For
instance, early works suggest that cortical control is needed
for accurate foot placement (Forssberg, 1985; Beloozerova and
Sirota, 1993), so that particular difficulty in children with CPmay
be attributable to abnormal development in the motor cortex
and/or the corticospinal tract (CST). Also, we know that the
muscles are weak and often quite atrophic, so their response and
the final output as measured by EMG and kinematics may not
be just due to neurophysiological but also to biomechanical and
histopathological changes (Hanson and Jones, 1989; Sutherland
and Davids, 1993).

Maturation of Spinal Locomotor Output
In healthy people, lower limb muscle activation for walking
involves multiple neural networks that are tightly interconnected.
It has been suggested that the locomotor patterns in children
with CP depend on a disruption of appropriate supraspinal
signals controlling afferent and efferent information at the
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spinal level (Berger, 1998). Although the rhythmic part of the
modulation pattern is present in less severe CP, there often is
no significant tonic reflex depression with age, reflecting a lack
of maturation of the CST (Myklebust, 1990; Hodapp et al., 2009;
Achache et al., 2010). Thus, the functional organization of spinal
circuitry is likely impaired before children with CP start walking.
The previous studies also suggest that interlimb locomotor
coordination in CP may depend mostly on the coupling between
spinal pattern generators, coordinated by brainstemmechanisms,
rather than primarily on cortical structures (Meyns et al., 2014).
Nevertheless, the impaired “state” of the spinal circuitry in
these children can essentially affected their gait. Therefore,
investigating the spinal locomotor output may provide further
insights into the functioning of spinal pattern generators in CP.

We evaluated the organization of the spinal locomotor output
by analyzing regularities in the coordinated muscle activation
patterns (Figure 6) and by mapping the activity patterns
from simultaneously recorded muscles onto the anatomical
localization of the corresponding MN pools derived from
published myotomal charts (Figure 7). Our results demonstrated
a similar modular structure of the motor output in CP and
TD children, but children with CP had wider basic temporal
activation patterns (Figure 6). EMG activity in most TD and
children with CP was well accounted for by four modules
(Figures 6A,B). The smaller number of muscle synergies found
in children with CP in some previous studies (Steele et al., 2015;
Tang et al., 2015; Shuman et al., 2016) may be a consequence of
the criterion used to define the minimum number of synergies
sufficient to account for overall EMG activity (Hug et al., 2012;
Russo et al., 2014) and/or the limited number of recorded
muscles (Steele et al., 2013; Zelik et al., 2014; Damiano, 2015).
Nevertheless, it is worth noting that the observed phenomenon of
widening of basic activation patterns (Figure 6) does not depend
on the exact number of modules retained by the specific non-
negative matrix factorization procedure (Martino et al., 2015).
The increased co-activation index of antagonist muscles observed
in children with diplegia and TD toddlers (Figure 5D, see also
Damiano et al., 2000; Prosser et al., 2010) could be related at least
in part to EMG widening.

The co-activation pattern in children with CP can partially
be attributed to the leg configurations with slightly bended
knee joints. Nevertheless, widening was observed in the EMG
envelopes of numerous muscles (Figure 5) and corresponding
basic activation patterns (Figure 6E), as well as the cause-and-
effect relationship is open to discussion. For instance, producing
heel strike with a straightened leg represents a unique feature
of human gait, is not a simple task and requires learning and
accurate timing of muscle activation. Therefore, slightly bended
knee joints and the lack of an adult-like heel-to-toe rolling pattern
during stance in children with CP can be a result of wider
EMG bursts. Broader activation patterns likely imply higher
metabolic cost and may also limit adaptation to different walking
conditions and coordination with voluntary movements that
require appropriate activation timings/duration (Ivanenko et al.,
2005a). The potential mechanism for wider EMG bursts may
be related in part to spasticity or impairments in muscle tone
in CP.

The current data do not allow differentiating the contribution
of descending supraspinal vs. spinal influences to the observed
phenomenon of EMG burst widening. Likely, both networks are
important considering an impaired state of the spinal circuitry in
CP and an essential and more important role of the supraspinal
motor areas in human walking than in animals (Yang and
Gorassini, 2006). The functional link between EMG patterns and
the compromised inter-segmental coordination (Figures 2, 3)
may also be grounded on the oscillation concept (Cheron,
2015) relating the rhythmic patterning elements. The inter-
limb phase and the inter-segmental coordination pattern can be
controlled by symmetrically organized unit burst generators for
each joint, limb segment, or groups of muscles (Grillner, 1981)
and may emerge from the coupling of neural oscillators with
limb mechanical oscillators (Lacquaniti et al., 2012b). In fact,
the inter-segmental coordination rule can be modeled by simple
oscillators coupled with appropriate time shifts (Barliya et al.,
2009) and implemented in a dynamic recurrent neural network
mimicking the natural oscillatory behavior of human locomotion
(Hoellinger et al., 2013). Thus, the impaired characteristics of
the inter-segmental coordination (the shape of the gait loop and
its orientation, Figure 3B) and changes in activation timings
(Figures 5C, 7C) may be indicative of a possible alteration of
the oscillatory commands in children with CP. Finally, the
immature developmental state of the cerebellum (Vasudevan
et al., 2011) may also contribute, since wider EMG bursts have
been previously reported in cerebellar patients (Hallett et al.,
1975; Martino et al., 2014). Whatever the exact mechanism for
wider bursts of muscle activity, it represents the characteristic
feature of spinal motoneuronal output in CP (Figures 4–7).

The optimization of timing and amplitude of muscle activity
represents an important feature of motor patterns development
(Forssberg, 1985; Hadders-Algra et al., 1992; Lacquaniti et al.,
2012a). The functional reorganization of the spinal motor output
during early development consists in a gradual shift of the timing
of stance related muscle activity and corresponding activity of
the sacral segments of the spinal cord (Ivanenko et al., 2013a;
Figure 7), and a gradual decrease of the EMG burst duration with
age (Figures 4, 5B,C): the older the child, the closer the waveform
to the adult. These age-related adjustments of neuromuscular
control were largely absent in our sample of children with CP
until 11–12 years (Figures 4–7) and muscle activity remained
similar to those of TD toddlers (Figures 5C, 6), consistent with
the hypothesis of immaturity of CP locomotor networks.

CONCLUDING REMARKS

In addition to the physiological relevance of investigating
early development of the spinal locomotor circuitry (Dominici
et al., 2011), the present results may have important clinical
implications. The development of efficient and independent
walking is an important therapeutic goal for many children with
CP (Willoughby et al., 2009; Smania et al., 2011; Degelean et al.,
2012; Graham et al., 2016). Given a positive effect of repetitive
locomotor exercise on gait characteristics in children with CP
(Smania et al., 2011), the rehabilitative protocol may further focus
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on improving the structure of the spinal locomotor output, e.g.,
by providing a feedback on the basic activation pattern burst
durations. New brain stimulation approaches (e.g., Gerasimenko
et al., 2015) may be applied as well in children with CP in
order to attempt restoring improved functions of the locomotor
network. There may also be critical developmental windows (for
language, transition to bipedalism, etc.) during which specific
experiences have a greater effect on the developmental process
than at other times (Ivanenko et al., 2013b; Yang et al., 2013).
For instance, it is likely that, similar to cats (Salimi et al., 2008;
Friel et al., 2012), there is a critical period for the development
of the human CST, which is presumably the last descending
pathway to mature in children (Yakovlev and Lecours, 1967;
Martin, 2005; Yeo et al., 2014). In human neonates and children
aged less than 3 years, CST projection activities shape the spinal
cord motor function (Eyre et al., 2001). Based on the timing of
myelination of the CST, it could be estimated that the critical
period for the establishment of appropriate effects of CST onto
lumbosacral spinal circuitry corresponds to an age between few
months and 2 years (Yang et al., 2013). The efficacy to repair
CST connections to the spinal cord is strongly reduced after the
critical period and is insufficient to restore significant function
unless promoted (Friel et al., 2014). Thus, the lack of maturation
of the spatiotemporal spinal locomotor output between 2 and 12
years in children with CP (Figures 2–7) may be consistent with
the idea of critical developmental windows (Hadders-Algra, 2004;
Friel et al., 2014), so that intensive training in children with CP

younger than 2 years of age could enhance more effectively their
walking function (Yang et al., 2013). The common feature of the
spinal interneuronal networks is that input from several sources,
including descending motor pathways and sensory afferents, is
distributed to their constituent neurons, inferring interactions
between neurons both within and between various populations
(Hultborn, 2001; Jankowska, 2008). We do not know the specific
neural substrates underlying the altered (or immature) output
from the spinal motoneurons in children with CP, and only future
studies will help clarify this issue.
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