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A B S T R A C T

Interlimb coordination is a defining property of human locomotion that emerges from the interplay of spinal 
pattern generation, sensory feedback, and supraspinal modulation across development. Evidence from neonatal, 
and infant studies shows that left–right and arm–leg couplings are present at birth yet remain highly flexible: 
neonatal circuits can express alternating or synchronous patterns depending on sensory context, and their 
coupling strength changes with loading or mechanical constraints. Over the first two years, coordination be
comes more reliable and task-specific as supraspinal pathways, intraspinal circuits, and multisensory integration 
mature in parallel with growth-related biomechanical changes. These processes are accompanied by reductions 
in variability and stabilization of phase relations. Synthesising humans and non-human animals’ evidence, we 
argue that interlimb coordination should be understood as a multilevel, calibrating system. We further show how 
neuromechanical models that integrate different levels of control, together with developmental parameter
isation, offer principled tests of otherwise intractable hypotheses. Finally, we outline translational opportunities 
in paediatrics, where conserved arm–leg interactions and model-informed interventions may help identify 
atypical developmental trajectories and guide early rehabilitation.

1. Introduction

Accurate left-right coordination is essential for the regulation of 
upright posture and locomotion in human. Studies from diverse species 
including lamprey, zebrafish, turtle, cat, and rodent (e.g. Grillner and El 
Manira, 2020; Stein and McCullough, 1998) have shown that the spinal 
cord contains networks of neurons that can produce rhythmic output 
termed central pattern generators (CPGs, Brown, 1911, 1914; McCrea 
and Rybak, 2008; Guertin, 2009; Frigon, 2012). These networks can 
produce a variety of rhythmic outputs independently of rhythmic sen
sory or supraspinal inputs (Cowley and Schmidt, 1994; Mortin and Stein, 
1989; Pearson and Rossignol, 1991; Whelan et al., 2000), supporting the 
different interlimb coupling required for the generation of multiple 
distinct gaits. Indeed, Grillner and Zangger (1979) in a cat preparation 
with all dorsal roots transected, showed that the most frequent type of 
interlimb coordination was alternation between the two sides, but that 
cats can change from the alternation used in walk and trot to the gallop 

pattern in which the hindlimbs are occasionally in synchrony (Miller 
et al., 1975). Such flexible coupling between rhythm generators on each 
side of the body relies on bilateral spinal commissural circuits (Cazalets 
et al., 1995; Kjaerulff and Kiehn, 1996; Lafreniere-Roula and McCrea, 
2005), which have more recently been resolved into genetically defined 
interneuron populations with distinct functional roles in left-right co
ordination (Gosgnach, 2023; Goulding, 2009; Kiehn, 2016; Maxwell and 
Soteropoulos, 2020). Within this framework, each side of the spinal cord 
can be viewed as a semi-autonomous rhythmogenic module, whose 
interaction is mediated by a distributed network of functionally 
specialized commissural interneurons. Importantly, this circuit-level 
organization provides a mechanistic substrate through which different 
coordination patterns can emerge and be flexibly modulated by sensory 
and supraspinal signals, in response to task, biomechanical and devel
opmental constraints.

Human gaits usually consist of anti-phase left-right rhythmic limb 
movement. However, because of well conserved locomotor behaviour 
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across legged vertebrate species (Catavitello et al., 2018; Dominici et al., 
2011), one may expect cross-species similarities in the variety of coor
dination patterns (Gonçalves et al., 2021). For instance, substantial 
changes in interlimb coordination can emerge depending on environ
mental, mechanical, or developmental constraints. Under altered grav
itational conditions, skipping, hopping or loping may become the 
preferred gait, illustrating how different coordination modes can be 
recruited when the cost landscape changes (Minetti, 1998). A certain 
level of independence of each hemi-spinal cord can indeed be reflected 
in the coordination of limb movements on a split-belt treadmill, with the 
two belts running at different speeds or one belt running in the forward 
direction and the other one running in the backward direction, or when 
walking and running while turning (Courtine and Schieppati, 2004; 
Mesquita et al., 2024). In those cases, the limbs are forced to operate 
somewhat independently, as demonstrated by asymmetrical left-right 
stepping (Choi and Bastian, 2007; Dietz et al., 1994; Prokop et al., 
1995). Even though each hemi-spinal cord can produce rhythmic 
movements in each limb separately, activity of both sides must be co
ordinated during locomotion in humans. Indeed, in any situations, the 
limbs maintained a reciprocal relationship with the swing phase 
occurring in one leg at a time. This alternate activity of the left and right 
flexor-generating centres is likely mediated by crossed inhibition be
tween the sides, activity of the CPGs on one side inhibiting the contra
lateral ones (Hiraoka et al., 2014; Ting et al., 1998).

Recent evidence further suggests that the interlimb phase relation
ship may not be strictly controlled on a step-by-step basis. Instead, the 
nervous system appears to tolerate small deviations from perfect anti
phase without actively correcting them, until a threshold (so-called 
“dead zone”) is exceeded (Arai et al., 2024). This dead zone hypothesis 
implies that the antiphase relationship emerges as a stable coordination 
default, but is not continuously regulated unless deviations become 
behaviourally relevant. This also aligns with the notion that interlimb 
phase might not be explicitly controlled unless the deviation from 
antiphase surpasses a certain threshold (Arai et al., 2024), consistent 
with observations that energy efficiency and maneuverability may 
benefit from allowing small, uncorrected fluctuations.

As mammalian locomotion involves flexibly coordinated neuronal 
networks controlling forelimb and hindlimb movements (Frigon, 
2017a), a finely tuned arm-leg coordination exists in adult locomotion, 
with flexible neuronal coupling between lower and upper limbs (Dietz 
et al., 2001; Wannier et al., 2001). The CPGs, housed in the cervical and 
lumbar spinal cord, generate rhythmic patterns in order to synchronize 
arm and leg movements, essential for achieving stable and efficient gait. 
For example, MacLellan et al. (2013) demonstrated that during human 
quadrupedal crawling on split treadmills, the coupling between upper- 
and lower-limb CPGs remains strongly constrained toward integer fre
quency ratios (1:1 or 2:1), supporting the existence of neural connec
tions between the cervical and the lumbosacral spinal cord. Also, 
rhythmic arm and/or wrist movements can facilitate the soleus H-reflex 
and even elicit non-voluntary leg oscillations in a gravity-neutral posi
tion (Solopova et al., 2017; Sylos-Labini et al., 2014), supporting the 
functional neural coupling between the upper and lower limbs.

Walking is characterized by anti-phase coordination between the 
pelvic and scapular girdles, which is considered most flexible and 
dynamically efficient (Dedieu and Zanone, 2012). Sensory feedback 
modulates these patterns, adapting coordination based on changes in 
demands (Wannier et al., 2001) or gait velocity (Donker et al., 2001), 
illustrating the complex neural and biomechanical systems that main
tain effective human locomotion. Arm swing during locomotion results 
from both passive mechanical dynamics produced in locomotion, trunk 
rotation and active neural contributions, as shown by studies manipu
lating pelvis motion or arm mass (Canton and MacLellan, 2018). Passive 
dynamics arise from the transmission of mechanical energy generated 
by the swinging lower limbs through the trunk to the upper body, via 
biomechanical linkages, causing the arms to oscillate as passive masses 
that help reducing whole-body angular momentum. While this passive 

energy transfer from the lower limbs helps damping trunk angular 
momentum, shoulder muscle activity acts eccentrically to modulate 
swing amplitude and maintain interlimb synchrony even when the 
mechanical properties of the arms are altered.

According to the discussion above, in humans as in other animals, 
efficient locomotion requires a continuous interplay between the neural 
circuits controlling each limb (Fig. 1). However, the intrinsic organiza
tion and modulation of mature interlimb coupling remain incompletely 
understood. Understanding the mechanisms that govern interlimb co
ordination provides a crucial foundation for studying how these patterns 
emerge during development and how spinal, sensory, and cortical 
mechanisms interact to achieve mature, task-specific coordination. In 
the following, we review how interlimb coordination emerges in 
humans in perinatal stage, and how multilevel neural mechanisms 
interact with biomechanics across development.

2. Inborn interactions between limbs

Motor behavior in animals, including humans, begins during the 
prenatal period Dewolf et al., (2020); Einspieler et al. (2021). Fetal 
behavior is generally characterized as spontaneous or non-evoked, and 
appears random and uncoordinated (Hamburger, 1973). However, 
studies of the rat fetus in vivo have shown spatial and temporal 

Fig. 1. Multilevel coupling architecture underlying interlimb coordination. 
Hierarchical control structure. Interlimb coordination emerges from the dy
namic interaction between supraspinal modulation, spinal pattern-generating 
networks, reflex-based sensory feedback, and musculoskeletal and multibody 
dynamics, each limb being driven by its own locomotor controller.
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organization during spontaneous motor activity even within these 
seemingly random activities (Kleven et al., 2004; Robinson and 
Smotherman, 1987). In particular, episodes of hindlimb or forelimb 
coordination are observed in the 20-day-old rat fetus, showing unam
biguously that the neural circuitry underlying interlimb coupling is 
already present before birth (Bekoff and Lau, 1980). Increases in limb 
coupling occur over the next several days (Kleven et al., 2004; Robinson 
and Smotherman, 1987), indicating maturation of physiologically rele
vant network connections during the course of transition from 
spontaneous-like to voluntary goal-directed movements during 
development.

Human neonates express different types of locomotor-related 
movements, which can be broadly classified as (i) spontaneous move
ments, performed in the air, often called kicking, and (ii) evoked 
movements, such as stepping. Spontaneous kicking movements (Thelen 
and Fisher, 1982; Yang et al., 1998; Adolph and Robinson, 2013; 
Barbu-Roth et al., 2014), are produced thousands of times during the 
first month of life, and have long been considered random. They exhibit 
in fact structured spatiotemporal features and muscle synergies. 
Consistent with this idea, Sylos-Labini et al. (2020) demonstrated that 
during spontaneous movements, neonates recruit a modular organiza
tion of neuromuscular activation patterns sharing similarities to those 
observed during later locomotor behaviors. This suggests that the basic 
building blocks of coordinated motion are already present at birth, and 
are progressively refined through sensory feedback, supraspinal in
fluences, and experience. Recent findings by Kanazawa et al. (2023)
further emphasize the structured nature of the early motor behaviors. 
Using musculoskeletal simulations, the authors revealed that even 
spontaneous movements in neonates exhibit organized sensorimotor 
interactions between the four limbs, indicating an underlying modular 
structure in the control of limbs. Such evidence supports the idea that 
early locomotor-related movements contribute to the self-organization 
of sensorimotor coordination, which is foundational for later volun
tary locomotion.

When held upright with the feet touching a surface, the same neo
nates are capable of producing evoked, load-dependent stepping 
movements (Thelen et al., 1982; Forssberg, 1985; Yang et al., 1998; 
Domellöf et al., 2007; Dominici et al., 2011; Adolph and Robinson, 
2013; Ivanenko et al., 2013; Barbu-Roth et al., 2021). Compared to 
spontaneous movements, neonate stepping often appears more stereo
typical. Because the occurrence of stepping has been classically defined 
as a succession of left-right steps alternation (Sylos-Labini et al., 2017; 
Yang et al., 1998), the level of flexibility and plasticity of interlimb 
coupling has not often been investigated. As an example, split-belt 
treadmill experiments in infants showed that when the two legs expe
rience different mechanical demands, stepping does not remain strictly 
1:1 alternating; instead, infants can express asymmetric coordination 
patterns (e.g., 2:1 step ratios), indicating that interlimb coupling is 
flexible and can adapt to external constraints rather than obeying a fixed 
alternation rule (Yang et al., 2005).

In our recent work, we aimed at understanding the nature of the 
interlimb organization evidenced in the first steps (Dewolf et al., 2022). 
Previous work showed that, while neonates step, they display episodes 
of synchronous and alternating left–right coordination (Siekerman et al., 
2015; Thelen and Fisher, 1982). To highlight potential interaction be
tween the two limbs with and without sensory feedback from joint 
movements (Solopova et al., 2019) or mechanical coupling between 
limbs, we compared the left-right muscle activation during bilateral and 
unilateral stepping, manually blocking one limb. By comparing the 
motor response of the stepping and blocked limb of unilateral stepping, 
we revealed that the blocked limb exhibited highly flexible coordination 
patterns, alternating between synchronous and alternating muscle ac
tivations relative to the stepping limb. Although some synchronous ep
isodes were also present during bilateral stepping (~20% of steps), they 
became markedly more frequent during unilateral stepping (~50%), 
indicating that removing mechanical and sensory coupling between the 

limbs enhances the expression of flexible interlimb patterns. Moreover, 
in some neonates, we identified episodes of rhythm mismatches between 
the two limbs, including instances of 2:1 or 0:1 coordination between 
the two limbs. This may suggest the presence of independent CPGs for 
left and right limb movements, akin to observations by Grillner and 
Zangger (1979) in the spinal cords of decerebrated cats and the re
cordings of fictive locomotion in the isolated spinal cord of rodents 
(Hägglund et al., 2013). These findings emphasize the adaptability of 
neonatal locomotor networks, shaped by intrinsic spinal mechanisms 
and early integration of sensory feedback. These findings underscore the 
dynamic and sensory-driven nature of a flexible interlimb organization 
at birth, shaped by independent pattern generators and early feedback 
mechanisms.

Historically, most of the studies on inborn locomotor skills had 
focused on the lower limbs, while the potential contribution of the upper 
limbs has been less explored. Curiously, little is known about the coor
dination of quadrupedal locomotor activity at birth. This bias likely 
stems from the salient visual and evolutionary significance of stepping as 
a precursor to upright gait. Nevertheless, evidence for early arm–leg 
interactions is emerging. Early qualitative observations had suggested 
some contribution of the arms in primitive locomotor behaviours, such 
as neonatal swimming (McGraw, 1940, 1939). More recently, sporadic 
episodes of arm-leg coordination observed during the stepping reflex 
also provides significant evidence for a neural coupling between the 
arms and legs during early ontogenesis of locomotion (La Scaleia et al., 
2018). In their experimental study, these authors showed that although 
infrequent, some stepping episodes involved clear alternating arm os
cillations. These movements occurred in a diagonal coupling with the 
legs, resembling the mature adult pattern in which contralateral arm and 
leg move together (Dietz and Michel, 2009). Together with evidence 
from prone skateboarding experiments in newborns where coordinated 
arm–leg propulsive movements emerge (Forma et al., 2019), these 
findings support the notion that elements of quadrupedal coordination 
are preserved in human ontogeny, consistent with comparative evidence 
across species (Zehr and Duysens, 2004). Such innate feature of the 
human locomotor system is thought to be mediated by propriospinal 
connections linking cervical and lumbar pattern generators (Juvin et al., 
2012), as it is unlikely it can be facilitated by passive biomechanical 
linkages as in adults (Pontzer et al., 2009).

3. Development of interlimb coordination

During the first years of life, interlimb coordination evolves from the 
flexible and largely spinally mediated patterns observed in neonates 
toward the refined, task-specific organization characteristic of mature 
gait and bimanual control (Fig. 2). This transition does not reflect a 
replacement of motor patterns, but rather a progressive reweighting of 
control across neural levels. Indeed, converging evidence suggests that 
early locomotor behaviour can be viewed as predominantly generated 
by spinal and brainstem circuits (Blumberg and Adolph, 2023; Zand
voort et al., 2022), whereas supraspinal structures progressively 
contribute to shaping these outputs, enabling greater adaptability, 
context-specific modulation, and sensorimotor integration (Ijspeert and 
Daley, 2023a) (Fig. 1).

It should be remarked that in adult humans and non-human primates 
the role of corticospinal influences on locomotor patterns and muscle 
synergies is much greater than in other mammals. For instance, Klishko 
et al. (Klishko et al., 2024) demonstrated that spinal and intact cats have 
very similar locomotor muscle activities and synergies, consistent with a 
minor role of supraspinal signals in default locomotor control. By 
contrast, humans with a spinal cord lesion have muscle synergies very 
different from healthy persons (Ivanenko et al., 2003).

As descending corticospinal and reticulospinal pathways mature, 
they gradually exert top-down modulation over these spinal circuits, 
enhancing selectivity and task adaptation (Dominici et al., 2010; Koster 
et al., 2025; Nùñez-Lisboa et al., 2023; Zandvoort et al., 2022). 

S. Salehpour et al.                                                                                                                                                                                                                              Neuroscience and Biobehavioral Reviews 186 (2026) 106671 

3 



Concurrently, the biomechanical growth of the body profoundly re
shapes the constraints under which the nervous system operates. 
Changes in limb length, segmental mass distribution, and muscle-tendon 
stiffness alter the body dynamics (Adolph and Robinson, 2013; Dewolf 
et al., 2020), imposing the developing system to continuously recali
brate the mapping between sensory inputs and motor outputs. It is 
through the progressive calibration between descending cortical con
trol, spinal rhythm-generating circuits, and sensory feedback that stable, 
context-dependent coordination emerges throughout development. 
Moreover, it has been shown that spinal interneuronal networks are 
multifunctional in a context-dependent manner, with individual in
terneurons participating in multiple circuits and adapting their contri
bution depending on the locomotor task. This multifunctionality is a 
core property underlying modular locomotor organization (Côté et al., 
2018). Consistent with this principle, commissural interneurons, which 
are specialized spinal neurons whose axons cross the midline, link the 
left and right locomotor networks and help shaping bilateral coordina
tion. Experimental evidence shows that these neurons can mediate 
mutual inhibition, which promotes alternating left–right activity, as well 
as mutual excitation, which can support synchronous or more coupled 
patterns depending on task demands and network state. This dual or
ganization allows commissural pathways to flexibly regulate interlimb 
coordination, rather than enforcing a single fixed alternation pattern 
(Frigon, 2017b).

Early infancy is characterized by high variability and intermittent 
coupling between limbs movements (Disselhorst-Klug et al., 2012; 
Kanemaru et al., 2012; Piek, 2002; Sylos-Labini et al., 2022). Although 
this variability might appear as motor “noise,” it represents a key feature 

of the developmental process (Hadders-Algra, 2010). Indeed, variability 
is not simply error or imperfection but rather reflects a healthy adapt
ability of the motor system, a concept already emphasized by Bernstein 
as “repetition without repetition”, highlighting the continuous explo
ration of alternative movement solutions during skill acquisition 
(Bernstein, 1967). More recent frameworks have formalized this idea as 
‘optimal movement variability’, whereby variability facilitates explo
ration of the solution space and enables transitions between coordina
tion states (Stergiou et al., 2006; Stergiou and Decker, 2011). From a 
behavioral standpoint, this variability may be seen as transient shifts 
between different coordination patterns, reflecting the system’s search 
for dynamically stable attractors (Thelen and Smith, 1994; Zanone and 
Kelso, 1997). In line with this view, developmental studies show that 
variability plays a central role in motor learning, allowing infants to 
explore multiple movement solutions before stabilizing efficient pat
terns, the specific solutions differing considerably among individuals 
(Ossmy and Adolph, 2020). Importantly, the ability to flexibly alternate 
between synchronous and alternate leg movements emerges early in 
infancy and reflects the intrinsic adaptability of the spinal locomotor 
networks. Musselman and Yang (2008) showed that most infants exhibit 
either a preferred alternate or synchronous pattern of interlimb coor
dination, suggesting flexible left–right coupling. Surprisingly, a 
short-term practice of the non-spontaneously adopted coordination type 
(alternating or synchronous) was sufficient to induce a change in 
preferred interlimb coupling. This change of coordination indicates that 
the underlying spinal circuits are not hardwired but instead highly 
malleable through experience and sensory feedback. Such findings point 
to the existence of shared commissural spinal interneurons, crossing the 

Fig. 2. Developmental recalibration of the relative contribution of supraspinal, spinal, and biomechanical factors to coordination control. Conceptual developmental 
timeline illustrating how the control of coordination evolves from birth to adulthood.
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midline and coordinating left–right activity, capable of expressing both 
mutually inhibitory interactions, promoting alternation, and excitatory 
interactions, supporting more synchronous or coupled patterns 
depending on task demands and network state (Butt et al., 2002; Dewolf 
et al., 2022; Frigon, 2017b; Hiraoka, 2021). As highlighted in recent 
work, these commissural pathways encompass distinct interneuronal 
populations that differentially contribute to left–right coordination, 
enabling flexible transitions between coordination modes rather than 
enforcing a single fixed pattern. This organization allows smooth tran
sitions between alternate and synchronous coordination even at a very 
young age. Consistent with this view, longitudinal analyses show a 
progressive reduction in both cycle-to-cycle variability and left–right 
phase variability during the first months of life (Yang et al., 2015). This 
reduction likely reflects the combined influence of neural maturation 
and experience-dependent processes. On the one hand, the maturation 
of spinal and sensory pathways contributes to increased stability and 
coordination of motor outputs. On the other hand, behavioural studies 
emphasize the role of exploration and learning, whereby variability 
supports the search for effective movement solutions before more stable 
coordination patterns emerge (Hinnekens et al., 2024; Ossmy and 
Adolph, 2020). Thus, early interlimb coupling may become increasingly 
stabilized through the interaction between developing neural circuitry 
and the progressive selection of efficient motor strategies.

Such results support the idea that human interlimb coordination is 
shaped by both the intrinsic organization of the spinal pattern genera
tors and by the experience-dependent reweighting of their connections. 
Several studies reported correlated spontaneous limb movements even 
in the first months of life (Dolinskaya et al., 2021; Kanazawa et al., 
2023). A progressive increase in contralateral muscle activity correla
tions during this period likely reflects the strengthening of spinal cir
cuits, including intersegmental and commissural connections (Brumley 
et al., 2012; Sylos-Labini et al., 2020), setting the stage for later crawl
ing, and bipedal walking. Such behavioural evidence parallels the 
gradual decrease in kinematic variability and the emergence of consis
tent phase relationships across limbs, marking the behavioural signature 
of sensorimotor maturation. Importantly, however, developmental 
change in interlimb coordination does not follow a single uniform 
pathway. Recent work emphasizes that infants exhibit individual, 
experience-dependant strategies in the emergence of coordinated loco
motion, with substantial variability in how and when stable coordina
tion patterns are achieved (Ossmy and Adolph, 2020). This perspective 
highlights that variability is not merely noise or immaturity but may 
reflect adaptative exploration shaped by each infant’s unique motor 
history (e.g. the accumulation of prior postural, locomotor and envi
ronmental experiences that that interact with neural maturation and 
biomechanical growth to shape coordination).

As infants approach mid-infancy (≈6–10 months), crawling in
troduces clear diagonal limb coupling, engaging both cervical and 
lumbar CPGs (Adolph et al., 2011; MacLellan et al., 2013). Quadrupedal 
coordination displays different interlimb sequences whose variability 
gradually declines with practice (Patrick et al., 2012). Beyond crawling, 
infants also engage cruising (stepping sideways while holding onto 
support) which constitutes a distinct pre-walking locomotor mode with 
its own coordination demands and balance constraints (Ossmy and 
Adolph, 2020). Indeed, evidence suggests that cruising and crawling 
may rely on partially different coordination strategies, further under
scoring that pre-walking development involves multiple locomotor 
pathways rather than a single linear progression toward independent 
walking. Concomitantly, reaching and manipulation reveal emerging 
asymmetry and functional differentiation between the two arms, as one 
arm increasingly stabilizes while the other manipulates (Fagard, 1998). 
These behaviours mirror the progressive specialization of cortical and 
callosal pathways that reduce interhemispheric interference and enable 
role-differentiated bimanual control (Johnston et al., 2013). Around 
walking onset (≈12–14 months), electromyographic analyses reveal an 
increase in the number of motor primitives and reduced stride-to-stride 

variability, indicating a reorganization of locomotor control into more 
structured, adult-like modules (Dewolf et al., 2020; Dominici et al., 
2011; Sylos-Labini et al., 2022). Reciprocal arm swing emerges gradu
ally with experience and balance improvement (Ledebt, 2000; Meyns 
et al., 2013; Van de Walle et al., 2018). By the end of the second year, 
interlimb coordination becomes more temporally stable, 
context-sensitive, and functionally adaptive.

This developmental trajectory likely results from the gradual inte
gration of multiple interacting factors: growth-related biomechanical 
changes, experience-dependent learning, and the progressive interplay 
between spinal, sensory, and cortical levels of control. In line with dy
namic systems approaches to locomotor development, recent findings 
further suggest that changes in coordination reflect the continuous 
coupling between perception, action and environmental constraints, 
with infants flexibly reorganizing their coordination patterns according 
to task demands and prior experience (Ossmy and Adolph, 2020). 
Recent longitudinal evidence further shows that this transition toward 
mature coordination is accompanied by a progressive functional sym
metrisation of neuromotor modules. Lin et al. (Lin et al., 2025) 
demonstrated that, as infants shift from supported to independent 
walking, the covariation of left-right joint angles gradually reorganize 
into bilaterally symmetric kinematics. Importantly, their analysis 
revealed that this symmetrisation depends on age-related changes in 
limb biomechanics. This result provides compelling evidence that 
interlimb coordination does not emerge solely from neural maturation, 
but from the co-development of neural and mechanical properties. 
Furthermore, the CPG itself modulates sensory pathways, meaning the 
interaction is bidirectional: sensory input shapes locomotion, and lo
comotor state gates sensory processing. During development, sensory 
feedback becomes increasingly refined, contributing to the stabilization 
of locomotor patterns, the improvement of coordination, and adaptation 
to body growth (Côté et al., 2018; Picton et al., 2025). Current views 
describe the locomotor CPG as a distributed and modular network in the 
spinal cord, built from different interneuron groups that work together 
rather than a single “rhythm center.” Rhythm is produced when 
descending drive activates these circuits, and excitatory and inhibitory 
connections shape the timing and coordination of flexor–extensor and 
left–right alternation, allowing the same network to be flexibly modu
lated across tasks and speeds (Gosgnach, 2025; Picton et al., 2025).

Such multilevel calibration between central and peripheral system 
gradually transforms early, exploration-driven variability into stable, 
context-specific movement patterns. From this developmental perspec
tive, the human nervous system emerges as a highly plastic and 
dynamically coupled network, particularly during early life, when 
interlimb and intersegmental connections are most flexible (Dewolf 
et al., 2022; Musselman and Yang, 2008). Understanding how sensory 
feedback and descending control progressively interact to shape coor
dination not only deepens our insight into the mechanisms of human 
motor ontogenesis but also offers a foundation for computational and 
biomechanical modelling approaches— topics addressed in the 
following section.

4. The Sensory–Cortical integration of interlimb coordination

The neuromotor development in humans is not solely grounded in 
primitive spinal circuits or elementary reflexes. It relies, non- 
exhaustively, on the progressive and integrated maturation of various 
key components: sensory integration through proprioceptive, vestibular, 
and cutaneous afferents (Clark et al., 2021; Forssberg and Nashner, 
1982); myelination of neural pathways (Moulson and Nelson, 2008); 
and the cortical organization supporting interhemispheric communica
tion (Zandvoort et al., 2022) and top-down control. Together, these 
processes shape the emergence and refinement of interlimb coordination 
throughout development. However, how these mechanisms evolve re
mains poorly understood.

Sensory afferences influence human behavior from birth: olfactory 
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(Hym et al., 2020), auditory (Hym et al., 2023), and even visual inputs 
such as optic flow (Forma et al., 2018) can elicit motor responses in 
newborns. Although these findings highlight early sensory influences on 
movement, evidence regarding the contribution of other peripheral 
stimulations, particularly proprioceptive, vestibular, and tactile inputs, 
remains limited. Yet, these modalities form the backbone of postnatal 
motor calibration, as they provide continuous feedback about body 
position, motion, and contact forces. For instance, somatosensory 
feedback plays a critical role in spatial orientation, postural stabiliza
tion, and motor coordination (Frigon et al., 2021). The vestibular sys
tem, while its peripheral components are nearly adult-like at birth 
(Božanić Urbančič et al., 2023), continues to mature centrally through 
the development of cerebellar control, vestibulospinal pathways, and 
adaptive postural loops during childhood (Clark et al., 2021).

Young children’s ability to effectively combine sensory information 
from different modalities, such as vision, proprioception, and vestibular 
feedback, is far from optimal and improves gradually with age 
(Forssberg and Nashner, 1982). Studies on multisensory integration 
(MSI) show that children under the age of eight exhibit less mature 
sensory fusion and reweighting abilities compared to adults 
(Dionne-Dostie et al., 2015). From the perspective of interlimb coordi
nation, this developmental progression is crucial. As children learn not 
only to sense their limbs, but also to integrate these signals into a 
coherent motor framework, their sensorimotor loops become more sta
ble and reliable stabilizing motor timing and bilateral coordination 
(Verbecque et al., 2016).

The refinement of sensory integration during development is paral
leled by major structural and functional changes within the central 
nervous system. Myelination, which begins prenatally and extends into 
adolescence, progressively increases the speed and reliability of neural 
transmission, allowing more precise communication between sensory 
and motor regions (Moulson and Nelson, 2008). Early-myelinating tracts 
include primary sensory and motor pathways that support basic postural 
and locomotor control, whereas associative and prefrontal areas follow a 
more protracted trajectory, enabling the integration of multisensory 
feedback and higher-order motor planning. In parallel, the maturation of 
interhemispheric connectivity through the corpus callosum enhances 
coordination between homologous cortical areas (Zandvoort et al., 
2022). During early development, diffuse callosal connections result in 
bilateral co-activation and mirrored movements, but progressive mye
lination and synaptic pruning refine these pathways, promoting hemi
spheric specialization and independent limb control.

As cortical networks mature, top-down control increasingly modu
lates spinal CPGs. The progressive recruitment of corticospinal and 
corticoreticular pathways allows descending commands to fine-tune the 
timing and phase relationships of limb movements, refining the coor
dination between upper and lower limbs (Frigon, 2017a). Dominici et al. 
(2011) demonstrated that infants initially rely on a limited set of 
spinally organized locomotor modules, which are gradually reorganized 
under cortical influence into more flexible and adaptive synergies dur
ing gait acquisition. Similarly, developmental comparisons across 
childhood (Zandvoort et al., 2022) indicate that increasing corticospinal 
drive and enhanced sensorimotor integration coincide with a reduction 
in motor variability and the emergence of stable, predictive locomotor 
patterns. Importantly, this increasing cortical modulation should not be 
interpreted as the late emergence of cortical involvement. Evidence 
suggests that the sensorimotor cortex is functionally active from early 
infancy and participates in shaping corticospinal connectivity through 
self-generated movements and sensory feedback, thereby contributing 
to the construction of motor circuits rather than merely refining 
pre-existing spinal programs (Blumberg and Adolph, 2023). Thus, 
cortical development does not simply impose top-down control on spinal 
circuits but co-develops with them through reciprocal sensorimotor in
teractions. Altogether, the maturation of myelination, interhemispheric 
connectivity, and descending cortical control underpins the develop
mental shift from a predominantly reactive spinal control to a 

progressively integrated and cortically modulated system. This inte
grated evolution supports both the stabilization and adaptability of 
interlimb coordination, marking a key transition toward mature, antic
ipatory motor control.

In early development, movement control is dominated by reactive 
strategies: the child responds to perturbations or environmental con
straints through reflex loops directly triggered by sensory afferents 
(Forssberg and Nashner, 1982). With maturation, predictive control 
gradually emerges, allowing the nervous system to anticipate pertur
bations, adjust and synchronize limb movements according to intention 
and context. For example, a child begins to prepare foot placement, 
coordinate opposite arm swing, or activate postural muscles even before 
a disturbance occurs, demonstrating the emergence of anticipatory 
postural adjustments and the integration of internal models (Verbecque 
et al., 2016). Recent kinematic analyses of walking further show that 
young children do not yet anticipate ground contact during step-to-step 
transitions, and that anticipatory adjustments progressively appear and 
become more consistent with age and walking speed (Nuñez-Lisboa 
et al., 2023).

In summary, the maturation of sensory integration and cortical 
modulation transforms human motor control from a more reactive sys
tem to a predictive and adaptive network integrating spinal, sensory, 
and cortical loops. Building on these findings, computational modelling 
provides a rigorous framework to test how such early sensorimotor 
structuration interacts with maturing CPG dynamics, reflex pathways, 
and cortical modulation to produce the progressively refined interlimb 
coordination observed across development.

5. Modelling as an integrative tool

Recent modelling and empirical work converge toward a key prin
ciple: interlimb coordination emerges from the dynamic coupling be
tween neural pattern generators, supraspinal control, sensory feedback 
loops, and the biomechanical body (Fig. 1). Open-ended spontaneous 
movements in early life already structure sensorimotor information. 
Using detailed motion capture and musculoskeletal simulation, Kana
zawa et al. (2023) showed that newborns and young infants display 
body-dependent sensorimotor modules and non-random temporal state 
transitions, indicating that early whole-body activity organizes the 
building blocks of later coordinated behaviour. In parallel, neuro
mechanical models demonstrate that rhythmic left–right alternation, 
phase stabilization, and speed modulation arise only when CPG oscil
lators, reflex pathways, and body mechanics are integrated into a single 
hybrid architecture (Van der Noot et al., 2018). Across these studies, a 
consistent insight emerges coordination is fundamentally a property of 
the coupled brain–spinal–body system, whose internal organization 
self-scales with development and experience.

Across vertebrates, the layers of hierarchical control levels form a 
nested control architecture, with each level contributing distinct but 
complementary functions (Ijspeert and Daley, 2023b). Brain-level 
modulation enables voluntary control and task-specific adaptation, 
CPGs autonomously generate rhythmic patterns even in the absence of 
sensory feedback, as shown in decerebrate or spinalized animal models 
(Meehan et al., 2017), while reflex loops provide local feedback for 
stability and force regulation. At the circuit level, recent computational 
models based on genetically identified spinal interneuronal populations 
further specify how these control layers are implemented. In particular, 
models incorporating commissural and long propriospinal interneurons 
have shown how specific connectivity patterns can give rise to 
speed-dependent gait transitions and flexible coordination regimes 
(Ausborn et al., 2021; Danner et al., 2017), as well as adaptive changes 
in interlimb coupling (Shinohara et al., 2025). These approaches provide 
a mechanistic substrate for understanding how spinal circuitry may 
support the emergence and reorganization of interlimb coordination 
during development.

A key principle that emerges from modelling and experimental 

S. Salehpour et al.                                                                                                                                                                                                                              Neuroscience and Biobehavioral Reviews 186 (2026) 106671 

6 



studies is that interlimb coordination depends on the dynamic coupling 
among these three layers rather than any single level of control. For 
example, purely reflex-based models replicate walking but fail to 
modulate speed efficiently (Geyer and Herr, 2010), whereas models 
relying on CPGs alone produce rhythmic but poorly adaptive move
ments (Taga, 1995). Dzeladini et al. (2014) demonstrated that 
combining CPGs with reflex feedback yields human-like gait patterns 
that flexibly adjust speed and step length, highlighting the necessity of 
multilevel integration. Such hybrid architectures provide a conceptual 
framework to interpret the progressive refinement of interlimb coordi
nation during development. Indeed, recent works on human infants 
further show that isolated neural mechanisms cannot account for the 
variability in early interlimb coordination underscoring the need for a 
full multi-level model (Musselman and Yang, 2008; Pang and Yang, 
2001). These findings align with neuromechanical modelling work 
showing that coordination patterns emerge when neural modules are 
embedded within a biomechanically realistic body. For instance, Lin 
et al. (Lin et al., 2025) provide empirical evidence that developmental 
changes in limb musculoskeletal properties significantly contribute to 
the emerging symmetrisation of locomotor modules, in interaction with 
the maturation of the neural command.

The role of each layer in the early stage of life remains debated. 
Through the study of neonates and young infants, it is possible to 
observe the relative contribution of CPGs and reflexes before cortical 
modulation becomes dominant. Indeed, neonates and infants display 
diverse bilaterally coordinated behaviors long before independent 
walking, revealing most likely early CPG and reflex contributions. Some 
studies suggest that early interlimb coupling arises from the sponta
neous, open-ended movements which give the neural and mechanical 
substrate for later coordination. For instance, Lamb and Yang (2000)
showed that directional changes during infant stepping suggest a CPG 
basis, whereas neonates exhibit flexible but weakly modulated left–right 
coupling, consistent with immature supraspinal and sensory influences 
(Dewolf et al., 2022). This early flexibility likely reflects the initial stage 
of network organization, where CPGs generate intrinsic rhythmicity and 
sensory feedback gradually strengthens phase relationships across 
limbs. The progression from simple bilateral coordination to sophisti
cated, task-specific interlimb coupling in childhood is thus best viewed 
as the maturation and integration of all three levels. Therefore, from a 
developmental perspective, interlimb coordination thus evolves from an 
intrinsic, spinally driven rhythm to a supraspinally shaped, 
task-dependent synergy.

Because direct access to infant neural circuits is limited, computa
tional and biomechanical modeling provides a powerful framework to 
test hypotheses about how these control layers interact across devel
opment. Hybrid neuromechanical models (Molkov et al., 2024) that 
combine biomechanics, CPGs, reflex feedback, and inter-limb coupling 
have shown that diagonal spinal connections and sensory reafference 
are essential for stable gait and flexible coordination. Similarly, Di Russo 
et al. (2023) demonstrated that rhythmic pattern generation alone 
cannot sustain stable locomotion; reflex feedback introduces inhibitory 
modulation and context-dependent coupling, which are essential for 
maintaining adaptive phase relationships between limbs. By systemati
cally manipulating parameters such as sensory delay, coupling strength, 
or limb growth, these models can replicate developmental changes in 
interlimb coordination that are otherwise impossible to test experi
mentally. Moreover, musculoskeletal simulation of growth-related 
changes (e.g., limb inertia, nerve conduction velocity) offers insight 
into how maturation influences the interplay of CPGs, reflexes and 
cortical control, aligning with developmental findings (Sylos-Labini 
et al., 2020; Teulier et al., 2012). In this sense, modeling serves as an 
integrative tool bridging mechanistic neural control, biomechanics and 
developmental motor behavior.

Regarding the modeling for neural control behaviors, there are a 
staggering number of studies in literature. From a methodological 
standpoint, computational approaches can be broadly divided into 

mechanistic (model-based) and data-driven (black-box) frameworks. 
Mechanistic models, grounded in neural and biomechanical principles, 
are particularly useful for identifying causal relationships between 
control levels and behavioural outcomes. Data-driven approaches, based 
on machine learning or reinforcement algorithms (e.g., CMA-ES, deep 
RL), excel in reproducing realistic movements and parameter optimi
zation but provide less insight into the underlying mechanisms (Denayer 
et al., 2025). Integrating these two approaches offers new opportunities: 
mechanistic models can be tuned using empirical data, while 
data-driven models can explore the vast parameter space of develop
mental adaptation.

Crucially, developmental modelling has direct translational value. 
Interlimb coordination deficits in conditions such as cerebral palsy, 
spina bifida, or early brain injury likely reflect disruptions at one or 
more control levels (impaired CPG output, abnormal sensory feedback, 
or defective supraspinal modulation). By parameterizing models to 
reflect these impairments, we can test how changes at the brain, spinal 
or reflex level affect interlimb coupling and gait outcomes and thus 
guide targeted rehabilitation or neuro-prosthetic control strategies 
(Arya and Pandian, 2014). Additionally, coupling longitudinal infant 
motion capture with model predictions could help predict atypical lo
comotor trajectories and permit early intervention.

Despite these advances, several key gaps remain. First, most studies 
have examined neural, sensory, or biomechanical contributions in 
isolation, limiting our ability to understand how interlimb coordination 
emerges from their interaction. As a result, there is currently no 
framework that systematically links observable behavioural variability 
in early life to its underlying neural and mechanical determinants. 
Second, existing neuromechanical models are largely derived from adult 
locomotion and rarely account for developmental changes in body me
chanics, sensory delays, or neural maturation, limiting their ability to 
capture the dynamic reorganization of coordination across growth. The 
goal of the present review is to highlight why such an integrative, 
developmentally grounded approach is necessary to understand the 
emergence of interlimb coordination. In this context, longitudinal 
modelling of growth-related biomechanical changes and evolving sen
sory delays will be essential to realistically capture developmental 
adaptations.

6. Conclusion and perspective

Across early postnatal life, human interlimb coordination progresses 
from a flexible, largely spinally mediated repertoire to a refined, 
context-sensitive organisation characteristic of mature gait. This tra
jectory is not a simple hand-off from one controller to another; rather, it 
reflects the progressive calibration among descending cortical and 
brainstem signals, spinal rhythm-generating networks, and sensory 
pathways as the child’s body grows and mechanical constraints evolve 
(Fig. 2). Together, behavioural, electrophysiological, and modelling 
evidence converge on a mechanistic view of coordination as an emer
gent property of multilevel coupling.

This perspective has concrete implications. First, longitudinal assays 
that perturb coupling (e.g., split-belt, curved walking, or rhythmic 
upper-limb tasks) can reveal developmental changes in phase control 
that conventional milestone descriptions miss. Second, hybrid neuro
mechanical models can connect observable behaviour to latent mecha
nisms, generate falsifiable predictions, and be tuned with infant data to 
form personalised developmental “digital twins.” Third, this framework 
is inherently translational: by manipulating specific couplings, clinicians 
may leverage conserved circuitry to potentiate gait training in condi
tions such as cerebral palsy or early brain injury.

In sum, interlimb coordination should be framed as a developing 
system of interacting neural and mechanical processes. Addressing the 
current fragmentation across levels of analysis requires integrative, 
developmentally grounded models capable of linking behaviour to 
mechanism, offering a path toward mechanistic diagnosis and targeted 
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intervention in early life.
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