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Abstract

The aim of this review is to elucidate the underlying processes that cause muscle contractures arising in
connection with brain injury. We have chosen to compare brain lesions that occur early in life in the developing brain,
as in cerebral palsy (CP), or brain lesions that occur late in life to the adult brain, as in stroke. It is generally
recognized that deterioration of muscle function and motor skills occurs at different rates depending on whether the
injury to the brain happens to the developing or the adult brain. We document structural as well as both physiological
and functional changes in muscle contractures after brain injuries in both the developing- and the adult brain. Finally,
we discuss the implication of these new findings in relation to diagnostics and therapy.
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Introduction
Lesions to the central nervous system regardless of whether the

lesion occurs early in life, as in CP [1], or late in life, as in stroke [2],
have some common complications e.g. contracture development. We
define the term ‘contracture’ as being increased muscle stiffness [3].
Causes of CP include anoxia, epilepsy, occult infection,
inflammation, brain trauma [4], whilst known risk factors for a stroke
include hypertension, hypercholesterolaemia, carotid stenosis,
cigarette smoking, excessive alcohol use, insulin resistance, and
diabetes mellitus [5].

Muscle contractures result in a reduction in the range of movement
and a dislocation of joints due to increased resistance of the passive
elastic elements in the muscle and surrounding tissue [3]. Muscle
contractures are therefore very debilitating complications to central
nervous lesions, preventing normal daily activities, causing pain,
reduced mobility, and often reduced social participation [6]. Why and
how contractures develop is still not entirely clear. We have recently
argued that the lack of a pathophysiological explanation of contracture
development is due to involvement of multiple factors in a complex
network of tissues, stimuli, and regulatory factors that define tissue
homeostasis [3]. In the following we will outline what is known in CP
as a representative for brain damage to the developing brain and in
stroke as a representative for brain damage to the adult brain.

Possible Causes for Occurrence of Contractures
It has generally been assumed for decades that spasticity is a major

cause of contracture development, being defined as “a motor disorder
characterized by a velocity-dependent increase in tonic stretch reflexes
(muscle tone) with exaggerated tendon jerks, resulting from
hyperexcitability of the stretch reflex, as one component of the upper

motoneuron syndrome.”[7], the theory being that spasticity maintains
muscles in a shortened position and thus causes the development of
contractures. However, several recent studies have shown that
increases in the passive stiffness of the joints occurs prior to
development of spasticity and that contractures still develop even in
situations when spasticity has been effectively abolished or at least
diminished by sectioning of the dorsal roots (Dorsal Rhizotomy) [8,9].
Unfortunately, there is at present no effective therapy for muscle
contractures, although considerable efforts are being put into various
forms of physical therapy [10]. Since there is a growing body of
evidence that indicates that spasticity alone does not cause contracture
development, a couple of new theories regarding contracture
development have been proposed.

One hypothesis for what causes the increased passive stiffness in
the muscle is that the amount of intramuscular connective tissue
increases. Booth and colleagues (2001) have reported an increased
fraction of collagen seen in CP muscles compared to healthy muscles,
and the fraction was highest in the most severe cases [11]. In children
with CP all present collagen types were increased, as was the number
of fibroblasts per unit volume, and increased collagen fibrils organized
in cables were seen [12]. Lieber and Fridén (2019) also found such
perimysial cables in children with cerebral palsy. These cables can be
expected to result in a structural change of the extra-cellular matrix,
most likely adding to the stiffness of a given muscle [13]. The physical
work required to counteract a higher stiffness would over time make it
harder to contract the muscle cells and could lead to muscle waste
[14].

Another hypothesis as to what causes muscle contractures in
cerebral palsy is based on impaired muscle growth. There is a growing
body of evidence suggesting that reduced growth of muscles in infants
with cerebral palsy may cause the development of contractures acting
through muscle changes causing muscles to shorten [15,16].

However, in stroke patients the development of contractures must
have a different cause since the muscles are already fully developed.
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This illustrates that one cannot directly compare the consequences of
injuries that occur in the adult brain and the developing brain. Besides
stroke being the fourth-leading cause of death, stroke is also the
leading cause of functional impairment [17]. Malhotra and colleagues
(2011) showed that 25 stroke patients out of 30 (83%) developed signs
of contracture in their upper limbs ~ 10 month post stroke [18].

A third hypothesis favours contracture development in stroke (and
CP) as being the cause of immobilization/denervation of a muscle.
Immobilization causes muscle atrophy and loss of muscle strength.
One study showed that two weeks of immobilization using plaster cast
of Paris in a neutral position caused a loss of 7% of the muscle mass
and 10% of muscle strength [19]. However, these changes are fully
reversible. Muscle denervation, however, causes more severe changes
to the muscle. Four weeks of denervation has been shown to result in a
muscle loss of 80%-90% in the affected leg when compared to the
contralateral control side in rats [20,21].

However, both CNS lesions may have a specific window of
opportunity in which it may be possible to change the development in
muscle tone and further spasticity and contracture. In this review, we
want to add another factor to the current discussion on contracture
development and open up for new hypotheses and theories regarding
contracture formation both in patients who suffer a developmental
CNS lesion as well as those who are affected in adulthood.

The Importance of Calcium during Contracture
Development

Children with cerebral palsy
Children exposed to deprivation of oxygen during birth (birth

asphyxia) exhibit total serum calcium and ionic calcium levels at birth
that are linked to the severity of asphyxia, e.g. lower concentrations of
both total serum and ionic calcium at birth is associated with increased
severity of hypoxic ischemic encephalopathy [22]. The question
remains, however, if this condition sets serum calcium at too low a
level for life or at least during early development. This could partly
explain the findings of Nakano and colleagues (2003) in which a third
of a studied group of CP subjects showed an abnormal calcium
metabolism defined as serum calcium <8.5 mg/dl; serum phosphate
<2.6 mg/dl or serum alkaline phosphatase >260 U/l when looking at
bone mineral density (BMD) [23]. However, there are no studies
published that report the electrolyte values for a large cohort of CP
subjects (New South Wales Management Guidelines, 2018: (https://
www.health.nsw.gov.au/aod/Pages/nsw-clinical-guidelines-
opioid.aspx)).

Furthermore, vitamin D deficiency is found in a high proportion of
children with CP, but this may often be caused by the use of
antiepileptic medicine which can affect the vitamin D metabolism and
ultimately result in a decrease of bone density [24]. One study showed
that antiepileptic medicine induced disturbances of bone metabolism,
which were often accompanied by a fall in 25(OH)D, hypocalcemia,
secondary hyperparathyroidism, and increased bone turnover [24].

Another study observed that adults with CP had an abnormal
calcium metabolism and lower BMD, which was significantly
correlated to treatment with anti-epileptics [23]. An abnormality in
electrolytes in the cerebrospinal fluid in CP could be another factor
worth considering [25]. However, despite the recognition of
volumetric differences in critical regions of the brain being related to a
child´s gestational age at birth, research is currently limited

concerning any clear correlation between specific neuromotor
abnormalities and these volumetric measurements [26]. Recently, it
was concluded that neuroimaging, whilst capable of providing an
insight into the region and severity of cerebral injury, and if detected
early enough providing a window of opportunity for neuroprotection,
is still in need of further research and development [27].

Other studies, looking at electrolytes in saliva in CP subjects, have
found lower saliva sodium and flow rate [28,29]. Sodium is linked to
flow rate, so the flow rate is most likely the cause of the lower sodium.
Potassium, on the other hand, is higher than in healthy individuals, and
is not linked to flow rate. The total saliva protein and electrolyte
concentration are higher in CP than in healthy subjects, giving a
higher saliva osmolality. The authors suggest that CP subjects have an
impaired ion exchange in the saliva glands, giving rise to a hypo-
hydration condition [28]. At the muscle tissue level recent findings
have shown that the expression of gene targets involved in calcium
handling and muscle signaling are significantly different from the
expression levels in typically developed children [30]. The same study
showed structural abnormalities of the basement membrane of the
muscle cell, which lead the authors to conclude that the basement
membrane might be a crucial factor of the muscular abnormalities
experienced by children with CP [30].

Stroke Patients
In patients with both ischemic and hemorrhagic strokes the

systemic electrolyte levels are changed [31]. Indeed, it has been shown
that out of 110 stroke patients, more than 40% of the patients had
abnormal sodium levels, more than 30% of the patients had an
abnormal potassium levels, and more than 30% had abnormal chloride
levels [31]. In a study by Panda and co-workers (2019) acute stroke
patients were also found to have lower mean serum sodium (71%
being hyponatraemic) and lower mean serum calcium (48% being
hypocalcaemic), but no difference in serum chloride or potassium
were found compared to healthy subjects [32]. In addition, it has been
reported that hemorrhagic stroke results in a number of changes,
including Na+/K+/2 Cl−co-transporter expression affecting an
increase in CSF secretion [33]. Recent evidence suggests that Ca2+

dysregulation is a common underlying phenomenon in the
pathophysiology of muscle atrophy caused by hypoxia, sepsis,
cachexia, sarcopenia, heart failure, dystrophy and spinal cord injury
[34]. Moreover, we suggest that stroke should be included in this list
of pathologies since it is very likely that the calcium regulation in the
muscle is disturbed in stroke patients. Recent findings also revealed
that the gene expression of Myostatin and collagen type 4 was
significantly downregulated in stroke patients when compared to
healthy control subjects. This indicates a compensatory reaction of the
muscle towards muscle weakness, reduced muscle growth and/or
muscle atrophy [35]. The same compensatory reaction of muscles has
also been observed in individuals with CP [35].

Hubbard and colleagues (2018) offer another explanation for
possible impaired ion exchange in both cerebral palsy and stroke.
These authors suggest that aquaporin-4 channels (AQP4) very likely
play a crucial role in the pathology of stroke since the AQP4 channels
are located at the perivascular astrocytic end-feet and hence the
control of brain water balance and edema [36]. However, whether
AQP4 channels may play a role in the pathology of CP is yet unclear.
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Diagnostic Techniques
It is important that any diagnostic tool is quick and easy to use, as

well as being non-invasive and pain-free. To this, it is also vital that
diagnostic tools provide accurate information about structural,
metabolic and functional properties of the subject´s muscles. One such
promising diagnostic tool that matches all the requirements mentioned
is multi-frequency bioimpedance (mfBIA). This is a tool for assessing
static muscle structure and metabolism [37-40]. It´s use in a number of
studies has helped identify aspects of muscle injury as well as muscle
health [41-48]. Indeed, the relation between its parameters and muscle
health are well-documented [37,41-45]. Recently it was used
successfully for the assessment of muscle injury and subsequent
recovery in athletes [42,43], as well as with CP subjects, in which
several mfBIA parameters were found to differ significantly between
individuals with CP and those of healthy controls. These changes in
mfBIA parameters are to such an extent that some correlate
significantly with the severity of CP, as assessed using the GMFCS
scale [49]. The technique has also been applied on skeletal muscles in
stroke when assessing muscle mass [50]. The authors used the mfBIA
device to calculate a skeletal muscle index (SMI) standardizing by
height squared (kg/m2), and they observed that a low SMI index at the
onset of ischemic stroke is an independent predictor of walking
function [50].

Whilst a static assessment of a subject´s musculature is valuable, it
is equally important that their muscles be assessed whilst functional.
Movement and the electrical signals of active muscles have long been
assessed by means of surface electromyography (sEMG) [51]. Indeed,
it has been said that sEMG has as its strongest feature the fact that it is
relatively easy to use, but this also represents its greatest weakness
[52]. Over the years, many have attempted to address the complex
sEMG issues of sampling rate, noise and interference, as well as the
specific issues of causative, intermediate and deterministic factors,
which affect recorded signals from active muscles, making it difficult
and complex to interpret [53]. Recent technological advances,
however, have paved the way for a more readily useable clinical tool
in the form of acoustic myography (AMG) [51]. This wireless, stable,
quick and easy to use technique lends itself specifically to the
assessment of patients with musculoskeletal complaints during daily
activities [54].

To this end a recently published reference data set not only serves
to illustrate the reproducibility and ease of this technique in the clinic,
it also provides data with which to compare and assess individuals
with musculoskeletal problems [14]. Recently the use of this
diagnostic tool for the functional assessment of muscles in CP subjects
revealed that they use a higher degree of spatial summation (more
fibres recruited) to maintain the same speed during treadmill exercise
when compared to healthy matched control subjects [55]. Using this
novel technique, the authors were able to conclude that individuals
with CP tend to recruit more muscle fibres than healthy controls
during periods of exercise, a finding that goes a long way to
explaining, in part, the observation that CP subjects suffer from
premature fatigue when exercising [55].

Discussion
The method has so far not been applied on stroke patients, but it

may have great potential in this patient group during rehabilitation. Of
course, being able to assess muscle contractures in subjects with either
damage to the developing brain or injury to the adult brain is

important, but it is also essential that one can monitor the effects of for
example changes in the dosage of medication and, most importantly,
the effects of therapy in such subjects. To this end mfBIA lends itself
to the static assessment of muscular changes, that is to say
measurements made pre-exercise over a period of time by way of
assessing structural as well as both metabolic changes in muscle
contractures as a result of damage to the developing brain or injury to
the adult brain. In contrast, AMG as a diagnostic tool lends itself to
the assessment of functional changes in muscle contractures in such
subjects. It is often these functional changes that form the basis of
quality of life assessments, determining the ability of subjects to look
after themselves, to master daily tasks and to interact with their
surroundings, and to this end the recently published reference data set
for AMG is important [14]. However, functional assessment of
therapeutic interventions is also necessary in this connection, and here
AMG can most likely be a great help.

Following a stroke there is an opportunity to alleviate the
development of contractures and other complications, and regain
function both in the upper and lower limbs [56,57]. In contrast,
cerebral palsy is often diagnosed much later, mostly at the age
between 12 to 24 months in high-income countries. In low resource
countries, children with CP are mostly diagnosed as late as 5 years
after the brain lesion has occurred [58]. The question with regard to
CP is then, if the window of opportunity to act has been missed or
whether investment in early detection and preventive methods may be
beneficial or even curative concerning development of contractures.
Although we are dealing with a young developing brain, it may still be
possible to learn from the new interventions applied in stroke
treatment.

A possible non-invasive method well suited for measurements on
infants would be multi-frequency bioimpedance, focusing mostly on
the centre frequency parameter, which has the potential to reveal even
small changes in muscle tension [46,47]. Indeed, as a technique multi-
frequency bioimpedance has already proved itself useful in adult CP
subjects.

Conclusion
Although CP and stroke lead to similar disabilities like

contractures, there are differences in the site of damage in the brain,
differences between the developing brain and an adult brain, as well as
differences in the homeostasis when the injury happens. The
similarities are occurrence of contractures, although not to the same
extent and with different time for onset, structural changes of muscle,
proprioception deficits, disturbance in ion transport homeostasis, but
both conditions can be anoxia, occult infection and inflammation
related. Both conditions are variable in severity, probably related to
the degree and extent of known contributing factors. When assessing
the condition, stroke is monitored from the appearance and treatment
starts soon after the injury, while it may take years before CP is
diagnosed and treated. If CP was diagnosed as early as stroke, the
outcome might be reversible or at least much less severe.
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