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Abstract

The aim of this overview is to understand the role of the co-contraction on movement accuracy and the respective
neural processes involved in healthy people and in subjects after a Central Nervous System Lesion (CNS). First, it
will be discussed the relevance of co-contraction to the motor control, based on Internal Model Theory and
Equilibrium Point Theory. Secondly, it will be discussed the muscle co-contraction neural regulation at a spinal level
control and how the agonist-antagonist muscles work on healthy and neurologic impairment subjects.

Keywords Co-contraction; Motor control; Neural regulation;
Healthy people; Stroke

Co-contraction and the motor control phenomena

Co-contraction is a strategy used by the Central Nervous System
to achieve movement accuracy [1] especially during the learning
process of a novel task [2-6]. The co-contraction is defined as a
simultaneously contraction of two or more muscles around a joint [7]
and it is a determinant factor to the evaluation of motor control
(measuring muscle synergism [8] motor learning and dynamic joint
stability (minimising the perturbing effects of different environments)
[6,9].

The co-contraction is central programmed [6,10,11] but it is
reinforced at a spinal level by direct commands to agonist and
antagonist muscles. Therefore, the neurophysiology of muscle co-
contraction could be first understood based on the “Motor Control
Theories” [2,10,12] (Theory of Internal Models [3,13] and (ii) the
Equilibrium Point Theory [10,13] but then it needs to be completed
using the explanatory models for spinal regulation ( Common Drive
Model) [2] and The Disynaptic Reciprocal Ia inhibition [14].

Motor Control Theories

Theory of internal models

Considering the Theory of Internal Models [2,5,10], the subjects
are repeatedly exposed to sensory signals, while they are moving their
limbs to interact with the environment during the learning of a task.
To generate the muscle activation, all sensory signals are conducted to
the motor areas of the CNS. This process generates an internal model
at the cerebellum level, considering two important phenomena: (i)
changes on synaptic neurons strength (i) new connectivities of a
group of neurons and both are responsible for generating neural
impulses, contributing to motor learning and/or dynamics control [3].

Through the years, the Internal Model theory [12] become a
combination of other new neurophysiologic principles [12,15]. In this
context, the “force” was then presented as being the main concept in
neuromuscular programming and a new component of the Internal
Model Theory was developed - the Force Control Model [15]. This

model defended that the movement trajectory is planned in terms of
spatial coordinates and that the internal dynamical equations of
motion were created based on forces and torques, while the body is
interacting with the environment [13].

Equilibrium point theory

The Equilibrium Point Theory, also known as Lambda Model,
supports the idea of intentional motor actions, without any
programming. Instead, this theory defends that the CNS controls (by
proprioceptive feedback to motoneurons), the thresholds muscle
lengths or joint angles are determinant components of motor control
[16]. Therefore, based on this theory, the CNS induces the muscle
contraction, programming the spatial coordinates through the
difference/ratio between the actual position of the body and the
muscles/joints thresholds (which are central programmed) [17].

Theory of internal models and the equilibrium point theory -
an integral model based on common concepts

Feedback and Feedfoward control modes: On the basis of all motor
control theories are the Feedback and Feedfoward control modes, used
by the CNS on the control of musculoskeletal system.

The feedforward model is capable of achieving a causal relationship
between inputs to the system (the distance of an object; the
coordinates of the arm position) and it is important in motor learning
situations (e.g., during an arm movement, it could predicts the next
state — position and velocity - through the current state and motor
command). Despite the feedfoward components not being directly
related to sensorial information, it can be influenced by feedback
signals [18].

The feedback components depend on sensorial information (the
position of the arm), whereas the feedfoward components are based on
system dynamics knowledge (which should be the adequate position to
reach an object) [18]. The feedback control, somehow acts as an
inverse model. The inverse model inverts the system. First, it is
provided the motor command, causing a desired change in the state
(elbow extension). Then, the inverse model act as a controller
mechanism, providing the necessary motor commands and achieving
the desired state transition [19].
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Mechanical impedance and viscoelasticity - key properties of the
CNS: Both theories of motor control are based on the ability of the
CNS easily adapt to sudden changes of the environment. This ability
depends on some key properties of the CNS, such as the mechanical
impedance (a basic concept on the equilibrium point theory) and the
viscoelasticity (basic concept on both theories).

The mechanical impedance is an important dynamic relation
between small forces and position variations and it is a basic concept
on the Equilibrium Point Theory. The mechanical impedance of the
neuromuscular system determines the reaction forces on the hand in
response to perturbations from the manipulated object and choosing
an adequate mechanical impedance may be one of the ways the CNS
controls the behavior of the complete system (hand+object) [20]. The
mechanical impedance could be improved trough viscoelastic changes
by feedfoward motor commands way, specifically in cases on rapid
changes in the magnitude or nature of external forces [21]. The
viscoelasticity is a property of biological materials that are both solid
and fluid-like, such as tendons and ligaments. These materials possess
time-dependent stress-strain relations, that change as the loading
speed changes [22].

Based on these key properties of the CNS, some authors [5]
suggested the integration of the Equilibrium Point Theory and
Internal Model Theory in movement control. They defended that the
CNS relies on the viscoelasticity property when the Internal Models
are imperfect or the environment is unstable [23,24]. In this new
model, the viscoelasticity depends on feedback controller, as while the
internal models are the result of forward controller. On the following
graph (Figure 1) it is presented a model created to explain how the
motor control could be programmed, based on new integral model.
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Figure 1: Graphical presentation of the main components of the
Equilibrium Point Theory (orange colour) and Internal Model
Theory (gray colour) - an Integral Model. 1.4. Models of SPINAL
CORD regulation
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At least two different models are referred on the literature to
explain the neural regulation of agonist-antagonist muscle activation
at a spinal level: the Common Drive Model and the Disynaptic
Reciprocal Ia Inhibition.

Common drive model : The nervous system does not control the
firing rates of motor units individually, to generate the muscle synergy

[5], instead the CNS programmed the excitation of the motoneuron
pool [25]. A motoneuron pool is a group of motor neurons with
common targets and afferent inputs [26]. In this muscle activation
mode, a flexor muscle and a extensor muscle around one specific joint
are controlled as if they were one muscle. The way a group of agonist-
antagonist muscles are activated depends on the function to be
performed but also depends on the spine origin proximity of their
nerve roots. This model defends that the “flex” and “extend”
commands channels in the CNS are reciprocally organised and its
main characteristic is that the inhibition of the antagonist muscle
happens prior to excitation of the agonist muscle — co-contraction
phenomena [26]. The co-contraction is important in two specific
situations both depending on the environment conditions: (i) during
states of uncertainty or (ii) when it was required a compensatory force
correction [25] (e.g., if they occurs destabilizing forces during a upper
limb dynamic task etc. [11] (Figure 2).
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Figure 2: Motoneuronal pools in a common drive model for the
control of Muscle Co-contraction. Abbreviations: MNa - gama-
motoneuron; MNy - alpha-motoneuron.

The disynaptic reciprocal Ia inhibition: This model was proposed
[14] to explain the reciprocal pattern of muscles activation on
voluntary movements [27]. The brain controls agonist a-
motoneurones and Ia inhibitory interneurones, which have
monosynaptic projections to motoneurones of the antagonists in
parallel [14,27]. Despite this mechanism involving only a single
interneuron it has a special characteristic - their reciprocal
organisation [27]. This organisation allows that during a simultaneous
activation of two antagonist muscles, the muscular contractions
generate less force. During this process occurs a “double action of the
reciprocal inhibitory action” and the a-motoneurones supplying the
antagonistic muscles is simultaneously depressed [14] (Figure 3).

The main difference between these two models is related to the
processing mechanism: the Disynaptic Reciprocal Ia inhibition
depends on a single interneuron with monosynaptic projections to
motoneurones of the antagonists and the Common Drive Model
defends that exist different motoneurons (one for the agonist and
other for the antagonist muscles) linked by common targets and
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afferent inputs. Therefore, it remains unclear how is the co-
contraction programmed by the CNS and further research should
clarify these mechanisms related to specific tasks (e.g. postural or
dynamics) and specific environment conditions (e.g. presence of
perturbing forces) [2,14].
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Figure 3: Schematic representation of the Disynaptic Reciprocal Ia
inhibition Model.

Co-contraction and the Motor Control in Healthy
People

The muscle co-contraction role on movement control, considering
healthy people, seems to be important to promote joint stability
[11,5,6] especially on disturbing environment conditions speed
changes [10,4,11] positioning instability [11] or vibration [11]
improving joint stiffness and stability on disturbing environments and
generating feedfoward control [2,6,28,29]. The muscle co-contraction
is therefore an important an important reactive response during the
learning process of a motor task.

The Co-contraction and the Posture

In order to understand the role of co-contraction on posture
control, some studies have been conducted. Milner [28] and Perreault
and Kirsch [29] both tested the joint stiffness regulation on healthy
people, using robotic manipulators. These robotics aimed to measure
the static stiffness, by the control of the relationship of the upper limb
external displacement and elastic forces generated in response. These
experiments demonstrated that the stiffness, at single and multi joint
levels, increases if the co-contraction also increases, which led these
authors to test this causal relation during postural tasks. During these
studies, the participants (healthy people) were submitted to
mechanical instabilities and they have to maintain a defined posture.
Perreault and Kirsch [29] claimed that co-contraction is posture-
independent, Milner [28] concluded that in subjects with high co-
contraction levels demonstrated lower stiffness than predicted. That
cases were explained by the reciprocal inhibition that was produced by
the simultaneously antagonists activation, which may decrease the
potential of maximum activation. Nielsen et al. [14] investigated two
antagonist muscles (soleus and tibialis anterior) and its behavior
during tonic contractions of the foot, whilst this joint was supported
by a torquemeter. Twelve healthy participants were asked to perform
different degrees of force. The authors measured the disynaptic
reciprocal inhibition (spinal level motor channels) during the
activation of ankle dorsiflexors, ankle plantarflexors and a combined
activation of both muscle groups. They concluded that the dissynaptic
reciprocal inhibition decreases during co-contraction (minimum

potential of activation), but increases during agonist contraction
(maximum potential of activation). At a final stage they defended that
muscle co-contraction is centrally programmed, following an internal
model to flexion and extension motor programmes [14] and that the
muscle co-contraction may not be essential on the regulation of
postural stability as it can decrease muscle efficiency. However,
considering the high complexity of the neural processes involved on
muscle co-contraction, more research is needed in this topic [11,14].

The Co-contraction in Dynamic Tasks

During dynamic tasks, no consensus exists on the neural
mechanisms that regulate the co-contraction and the most adequate
motor control theory within this topic is still uncertain [6].

The Equilibrium-point theory [10] was tested by creating dynamic
conditions and simultaneously assessing gradual changes in a joint.
Nine healthy right handed subjects used a maniple mounted on a
platform in order to keep the forearm stable. They were instructed to
maintain the wrist in a target window during three different disturbing
conditions, in order to create a degree of uncertainty, avoiding the
learning effect. The main conclusions of this study were: the co-
contraction commands seem to be independent of peripheral
feedback, which can suggest that they are centrally programmed,
supporting the Internal Models Theory and not the Equilibrium-point
theory.

In other experiment, Osu et al. [5] tested the integration of the
Internal Models Theory and of the Equilibrium Point Hypothesis as if
it were just one theory of motor control. Six healthy subjects were
tested while they grip the handle of a force sensor. The investigators
[5] requested the participants to keep the head of the force on a
defined target window (observed on an EMG screen) while they were
submitted to 8 randomised perturbing force directions. It was
concluded that the detected changes in viscoelasticity were consistent
with the learning effect and it proves that viscoelasticity may be
dependent on the development of an internal model. These authors
suggested therefore that the learning improves the internal models and
that the CNS relies on viscoelasticity when the internal models are
imperfect. The resultant hypothesis was that the CNS adapt an internal
model to the new motor task (having a faster and more efficient
reactive response)after the learning effect, and only then the muscle
action starts being central programmed [5,6,10].

Co-contraction - a Focus on Gait Research

The majority of the studies about the role of co-contraction on
motor control have been focused their attention on the upper limb:
forearm [2,5], elbow and shoulder [4,6], elbow [30], wrist joint
[10,11,28], upper arm and forearm [20,29]. There are few studies
about the co-contraction regulation on motor control of the lower
limb [14,31] and the ankle is the joint more frequently explored in the
literature. Literature on motor control during gait is also scarce and its
major impact is on development of robotic devices [32,33].

Robotics research is of special interest in this paper as it has been
progressing through the development of algorithms based on the
“Internal Models Theory”. Forward and inverse models are defended
as absolutely necessary during the walking performance, considering
these robots experiments. Also, the two classes of control systems
(feedback and feedfoward controls) are both important to understand
the sensory input and guide the movement during walking [33]. The
relevance of the Internal Models Theory with feedback and feedfoward
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controls on gait neural programming was also defended by McFadyen
et al. [34]. In particular, this author refers that the toe and the heel are
the body endpoints which interact more intensively with the
environment. Therefore, considering the many different ways that
lower limb joints have to interact with the environment, researchers
have been focused on the development of algorithms able to plan and
execute a specific movement action. This will be a step forward to
further understand gait movement control. One of the main
conclusions of this author [34] is about the relevance of “anticipatory
adjustments” to explain how the human body reacts to different
environment conditions [35] (e.g., obstacles, inclined surfaces,
vibration) and how it activates different strategies (e.g. muscle co-
contraction), improving joint stability and the walking performance
[14]. In summary, gait performance depends on the improvement -
based on experience and training - of internal models whilst subjects
are repeatedly exposed to different environment conditions. When a
motor task is repeated it seems to enhance the feedfoward control and
the anticipatory response. These are the neurophysiologic principles
underlying the gait adaptation to different environmental conditions
(obstacles course, changes on movement speed) [36].

Contraction after a Central Nervous System Lesion

After a CNS lesion (stroke, cerebral palsy, sensorimotor
dysfunctions [37,38], a set of pathological events could be classified as
positive or negative signs [39]. Loss of voluntary motor behavior, loss
of force production and decrease of dexterity of movement are the
most common negative signs after a CNS lesion [39]. Increase of
stretch reflexes, increase spasms and increase of muscle co-contraction
are the positive signs that characterized a CNS lesion [39]. The Stroke
[40,41] and the Cerebral Palsy [42-44] are the two neurologic
pathologies most studied within this topic, but in general, little is
known about the co-contraction after a CNS lesion. Apparently, the
abnormal muscle co-contraction after a CNS lesion could explain the
movement abnormalities such as (i) prolonged movement times and
(ii) lacking of muscle coordination [37]. Also, in the early
rehabilitation period of neurologic pathologies, the majority of the
motor tasks (e.g., grasping or walking) need to be learnt again. The co-
contraction has an important role on movement accuracy during
learning periods, until the CNS acquired an Internal Model.

The loss of the Common Drive mechanism by the interruption of
information flow in corticospinal pathway as the best model to explain
the modification of co-contraction post-stroke has a weak evidence
[41]. Most of the literature explained the pathologic co-contraction
after a neurologic lesion using the Disynaptic Reciprocal Ia inhibition.
The Disynaptic Reciprocal Ia Reciprocal Inhibition model seems to
explain not only the pathologic co-contraction, but also Hyperactive
Strech Reflex [39]. The Strech Reflex normally is latent but in the case
of neurologic pathology it become obvious and generates spasticity
[45,46]. The spasticity has been commonly defined as “velocity
dependent increase in tonic stretch reflexes” and could be influenced
by the muscle co-contraction [44]. Therefore, on subjects with CNS
lesion, the co-contraction and spasticity neural mechanisms are not
easily to investigate separately because they are closely related. Priori et
al. [47] studied this relationship between spasticity and co-contraction.
They explained that the interneuronal dysfunction that origin the
spasticity implies the abnormal inhibition of the antagonist muscles,
causing abnormal co-contraction. The functional impairment is a
result of both (i) co-contraction impairment and (ii) increase stretch
reflex [47], Pierce et al. [44], studied the relation between spasticity

and passive resistive torque, reflex activity, coactivation and reciprocal
facilitation. Twenty children with Cerebral Palsy were studied whilst
they were doing passive movements with the knee. The vastus lateralis
and medial hamstrings activity were measured using the surface
electromyography. Taken into account all the criteria evaluated, the
reflex activity showed to play a less prominent role [44]. Levin et al.
[40] clarified this relationship investigating the electromiographic co-
contraction ratios during dorsiflexion in spastic hemiparetic people
and healthy subjects. They concluded that the co-contraction ratios
were inversely correlated with the force produced by the paretic
dorsiflexors in people with stroke [40]. They also assumed that
spasticity and co-contraction could be programmed by the same
neural process once they are usually coexistent factors on subjects after
a CNS [45,46,48].

Discussion and Conclusion

This overview explored the mechanisms underlying the muscle co-
contraction phenomenon and its role in movement accuracy. The
movement accuracy depends on the co-contraction especially during
the learning of a motor task - trough the viscoelasticity changes
(Equilibrium Point Hipothesis) - or in unpredictable environment
conditions. After this learning period, the co-contraction is controlled
by an Internal Model (Internal Model Theory) acquired by the CNS.
The agonist-antagonist regulation also happens at a spinal level. The
Disynaptic Reciprocal Ia inhibition is more studied in the literature
and seems to control both co-contraction and the stretch reflex.

Few studies exist about the muscle co-contraction on subjects post
CNS lesion and most of them have been focused mainly in the arm
movement tasks. Despite the importance for develop robotic gait
orthosis, little is known about the co-contraction profiles in
locomotion. Further research in this topic should be developed to help
the health professionals understanding the role that co-contraction
plays in the CNS recovery process and define mechanical and manual
strategies to its neural modulation.
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