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Spasticity, a neurological problem secondary to an upper
motor neuron lesion, has a significant effect on skeletal
muscle. The upper motor neuron lesions may be secondary to
a cerebral vascular accident, head injury, spinal cord injury,
or degenerative diseases such as multiple sclerosis, or
perinatal brain injuries such as cerebral palsy. Functional
ability in these patients can be severely compromised but the
basic mechanisms underlying these deficits are not clearly
understood. In this review we evaluate the current evidence in
the literature that suggests that skeletal muscle tissue itself is
altered in spastic conditions. Experimental studies were
evaluated that included a variety of methods encompassing
joint mechanics, tissue mechanics, and muscle morphology.
Taken together, the literature strongly supports the assertion
that ‘spastic muscles’ are altered in a way that is unique
among muscle plasticity models and inconsistent with simple
transformation due to chronic stimulation or disuse. Further
studies are required to detail the intra- and extracellular
modifications of skeletal muscle that occur secondary to
spasticity so that novel therapeutic treatments can be
developed for this impairment.

MITADY

Spasticity can be a disabling and often painful condition that
occurs secondary to upper motor neuron lesions such as
stroke, head or spinal cord injury, multiple sclerosis, or cere-
bral palsy (CP). Clinically, spasticity is associated with increased
muscle tone, stiffness, exaggerated reflexes, and eventual joint
contractures. These, combined with decreased voluntary mo-
tor strength, balance deficits, and impaired motor control, lead
to considerable functional limitations. The pathophysiology
underlying alterations in skeletal muscle (if any) that con-
tribute to these functional deficits is not clearly understood.

Because of its central etiology, most research on spasticity
has focused on the nervous system. Some investigators have
proposed that alterations in the nervous system might have sec-
ondary effects on skeletal muscles.!? However, far less atten-
tion has been directed toward characterizing the structural and
functional changes in skeletal muscle that occur secondary to
spasticity. Although muscular and neural changes are usually
related,’ recent data have demonstrated that muscular changes
in spasticity cannot be explained by classic interpretations of
the effects of neural changes alone. Initial discussions on the
changes in skeletal muscle secondary to spasticity were pre-
sented in the context of the chronic electrical stimulation
model, but this has turned out to be inaccurate.* In addition,
there is still no animal model that accurately mimics the
changes observed in human muscle that has been subjected to
chronic spasticity. It is important, therefore, to improve our
understanding of the alterations that occur in human muscle.
For this review, skeletal muscle that has been subjected to spas-
ticity will be referred to as ‘spastic muscle’.

The purpose of this review is to provide a focused pre-
sentation of the structural and mechanical changes that
occur in skeletal muscles secondary to spasticity. A more
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comprehensive version of this review has previously been
published®and was presented as the Mac Keith lecture at the
American Academy of Cerebral Palsy and Developmental
Medicine (September 2004).

The lack of agreement in the admittedly limited literature
emphasizes the need for a review on this topic which could
lead to the development of rational therapeutic approaches
for patients with spasticity. To create this review, 33 relevant
references dealing with structural and/or functional changes
in skeletal muscle secondary to spasticity were examined. Of
these studies, some of which were multidisciplinary in nature,
18 reported mechanical data, 14 reported muscle properties
obtained from biopsies, 13 reported joint kinematics and/or
joint kinetics, and 16 reported other aspects of muscle mor-
phology, distinct from fiber type or size distributions. Most of
the studies reported findings from patients with CP (z=19),
but others included patients diagnosed with multiple sclerosis
(n=3), stroke (n=11), spinal cord injury/upper motor neu-
ron lesions (n=7), and Parkinson’s disease (n7=2).

Skeletal muscle plasticity

It seems reasonable to study skeletal muscle properties in dis-
orders of neural origin because muscles respond in a fairly
stereotypical manner to the amount and type of activity imp-
osed on them. Chronic electrical stimulation can progressive-
ly transform skeletal muscle cells into a slower phenotype>—8
with all accompanying phenotypic changes, including incre-
ased capillary density, increased percentage of type I (so-
called ‘slow-twitch’) muscle fibers, decreased fiber size (if the
stimulation duration is long enough), increased endurance,
and decreased strength. This model has served as a useful
template to describe the changes that occur in skeletal muscle
upon increased use.

The opposite model, chronic decreased use of skeletal mus-
cle, which can be studied using models of simulated weightless-
ness,? tenotomy, '° immobilization in a shortened position, 12
or spinal cord isolation, >4 causes muscle fibers to decrease
their size and transform in the direction of the faster pheno-
type (i.e. type II or ‘fast-twitch’ fibers).!>-17 Thus, an analysis
of the distribution of skeletal muscle fiber type may be a use-
ful indicator of the amount and type of activity that a muscle
has received over an extended period of time.

Muscle fiber size provides an insight into the extent of fiber
use. Increased use of skeletal muscle at high loads produces
muscle fiber hypertrophy, whereas decreased use yields
muscle cellular atrophy. Both responses appear to be load
dependent. Thus, fiber size is typically interpreted as an indi-
rect indicator of the chronic force level imposed upon a mus-
cle. Therefore, fiber type and size are often measured in
spastic muscle in an attempt to determine its use pattern.
Although these parameters are easily quantified, they are
relatively non-specific and probably only provide a general
indicator of muscle use. Excellent reviews of skeletal mus-
cle plasticity and monographs on the subject are available
in the literature.!,3,18-20

Muscle fiber type and fiber size changes with spasticity

The most prevalent type of analysis of spastic muscle tissue
involves muscle biopsies, although recurrent methodological
concerns* make interpretation of these studies difficult.
When sectioned, normal skeletal muscle biopsies have tightly
packed fibers that form polygons juxtaposed to one another,
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whereas muscle from patients with spasticity tends to show
abnormalities such as increased variability in fiber size, incr-
eased numbers of ‘rounded’ fibers, ‘moth-eaten’ fibers, and
in some cases, increased extracellular space.?'~2° Variability
in fiber size (i.e. large and small fibers within the same mus-
cle) is characteristic of numerous neuromuscular disorders
and not necessarily specific to spasticity.?”

Some biopsy studies report an increased percentage of type
Ifiber type?!2428 in muscle from patients with spasticity. Fewer
report an increased percentage of type II fiber,?” and others
have found no change in the distribution of fiber types.?223:2.26
Thus, there is no general agreement that spasticity represents
either an increased or decreased use model. That there is no
general agreement on this issue must be due, in part, to the
sampling problems that are inherent in the biopsy procedure
itself.27:3° However, when taking the literature as a whole, the
results appear to indicate that spastic muscle is not simply sub-
jected to chronic increased or decreased electrical activity.

Biomechanical studies of spastic limbs

Clinically, patients with spastic muscles present with increased
joint stiffness. Numerous attempts to characterize this stiffness
objectively ultimately led to the classic definition of spasticity
presented by Lance in which he stated that spasticity is ‘a
velocity-dependent resistance to stretch’.3! This definition
has enjoyed wide acceptance. It acknowledges the increase in
joint stiffness and further refines this idea by identifying a
dynamic component to the ‘resistance to stretch’ (i.e. stiff-
ness). This definition is also consistent with the idea that spas-
ticity is due to an increase in the gain of the stretch reflex,3!
which would cause the velocity dependence.

However, numerous mechanisms could explain the ‘incre-
ased resistance to stretch’ which do not involve the nervous
system and, in many cases, stiffness is explained in terms of
underlying neural and mechanical properties. Several labo-
ratories have developed devices that use a combination of
dynamometry, electromyography (EMG), and electrical nerve
stimulation to study limb stiffness.32-3% The basic approach of
this type of experiment is to measure dynamic limb stiffness
and break it down into its constituent parts to quantify the rel-
ative contributions of the three factors thought to be responsi-
ble for resistance to stretch. These are: (1) passive muscle
stiffness (presumably due to fibrosis or muscle fiber proper-
ties); (2) neurally mediated reflex stiffness (presumably due to
descending influences on the monosynaptic reflex between
the muscle spindle afferents and the alpha-motor neurons);
and (3) active muscle stiffness (presumably due to the number
of cross-bridges attached during contraction or an increase in
stiffness per cross-bridge, both of which have been previously
documented?33).

Using this methodology, Sinkjaer and Magnassen®” showed
that the total stiffness measured in the spastic leg of patients
with hemiplegia was greater than the total stiffness measured
in contralateral ‘control’ legs. What was surprising was that
passive mechanical stiffness accounted for almost all of the
increase in joint stiffness measured. Reflex stiffness did not dif-
fer significantly between spastic and contralateral limbs.

Mirbagheri et al.,3? using a similar, yet more comprehensive
approach, found that, in spastic muscle in spinal-cord-injured
patients, reflex gain was dramatically increased compared with
spinal-cord-injured patients with non-spastic muscles. Intrin-
sic muscle stiffness, both elastic and viscous, was also increased



in patients with spasticity. These studies provide strong evi-
dence that alterations in both neural input and in the intrinsic
mechanical properties of skeletal muscle contribute to spastic-
ity, albeit to differing extents, depending on the particular dis-
ease state, patient age, and time since injury.

Muscle fiber length in spastic muscle

Fiber length is probably the single most functionally imp-
ortant property of skeletal muscle. It is the primary determi-
nant of muscle excursion, and the ratio of fiber length to
muscle length is a strong indicator of whether a skeletal muscle
is designed for producing high force or high excursion.38-40
There is a widely held belief within the clinical community
that muscle contractures that occur secondary to spasticity
are due to a reduction in muscle fiber length and, thus, a
decrease in the number of serial sarcomeres within muscle
fibers. Although early studies, such as those performed on the
rat soleus muscle by Williams and Goldspink#'42 and in the
cat soleus muscle by Tabary et al.,*>%% seemed to lend evi-
dence to this theory, later work, such as that by Edgerton and
colleagues,*> showed that not all muscle groups respond to
lengthening or shortening by increasing or decreasing serial
sarcomere number respectively.

Because of the difficulty in obtaining whole fixed muscles
for analysis, direct architectural data on spastic muscle is
scarce. Indirect inference of muscle fiber length in patients
with spasticity was provided by Tardieu and colleagues, 047
who studied passive torque-angle relations in children with
CP and had findings consistent with decreased muscle fiber
length. In another indirect study, Smeulders et al.* examined
the force-length relation in the flexor carpi ulnaris (FCU) of
children with chronic wrist flexion contracture and provided
indirect evidence that overstretching of sarcomeres was not
the cause of the contracture in these spastic muscles. It is
important to note that these studies did not directly demon-
strate any change in fiber length or sarcomere length.

Recently, Shortland et al.* directly measured the architec-
tural properties of the medial gastrocnemius of children with
CP using ultrasound. Fascicle length and fascicle angle were
measured in normally developing children and children with
spastic CP. They found no evidence for fascicle length change in
children with spasticity, contrary to their expectation. As this is
the only such study in the literature, it is premature to conclude
that this result is generally applicable to all spastic muscles.

Estimates of fiber length in human spastic muscle were also
made by Lieber and Fridén,>® who used intraoperative laser
diffraction to compare FCU sarcomere length in children with
chronic wrist flexion contracture with FCU sarcomere length
in controls without spasticity. The authors concluded that the
children with spastic wrist flexion contractures had muscles
with normal fiber length, although the sarcomeres within the
fibers were highly stretched.>® It is important to note that the
only direct measurements of fiber length that have ever been
performed in children with spastic diplegia have suggested
that fiber length is normal.

Mechanical changes in spastic muscle tissue

Two recent studies reported that the intrinsic passive mech-
anical properties of isolated muscle fibers and small bundles
of muscle fibers were altered secondary to spasticity. These
studies provide a view of the complex interactions between
muscle cells and the extracellular matrix that may result from

spasticity. In the first study, investigators microscopically dis-
sected single muscle fibers from surgical biopsies®! of spastic
and non-spastic muscle. Using a sophisticated micromechani-
cal testing apparatus,’? the investigators were able to measure
intracellular sarcomere lengths and the intrinsic mechanical
stiffness of single muscle fibers. Interestingly, the muscle fibers
from patients with spasticity were over twice as stiff (based on
tangent modulus) as the fibers from the patients without spas-
ticity. Furthermore, the resting sarcomere length (i.e. the length
of the sarcomeres when the muscle cell was completely un-
loaded) was significantly shorter in spastic muscle cells com-
pared with normal cells. These two findings suggest that the
structures within the muscle cell responsible for setting rest-
ing sarcomere length® and determining cellular stiffness are
altered in spastic muscle.

The most obvious candidate for this structure is the giant
intracellular cytoskeletal protein, titin.>* In frog skeletal mus-
cles, titin has been demonstrated to bear almost the entire elas-
tic load during passive elongation, and bears significant passive
load in human muscle.> There are no definitive data demon-
strating that titin is actually altered secondary to spasticity but
there is circumstantial evidence to suggest that it is possible. It
is known, based on the differences in complementary DNA
sequences, that titin can exist in multiple isoforms in heart and
skeletal muscles.>® It is also known that the titin isoform in
heart muscle is substantially stiffer and shorter than the titin
isoforms in most skeletal muscles. Furthermore, it has been
demonstrated that the titin isoform can change within heart
muscle under pathological conditions.>® As an example of the
ability of the titin isoform to change, ischemia-induced car-
diomyopathy increases myocardial stiffness secondary to
up-regulated collagen expression. In addition to collagen
proliferation, however, investigators discovered a ‘switch’ from
a compliant to a stiffer isoform of titin.5® It is, therefore, reason-
able to speculate that titin isoforms may be altered in skeletal
muscles of patients with spastic limbs, although definitive
demonstration of this change has not been reported. Invest-
igations into the alterations that occur in titin in spastic skeletal
muscle certainly seem warranted.

In another study,’” interesting properties of the extracellu-
lar matrix of spastic muscle emerged. The investigators used
the micromechanical testing apparatus described above, but
instead of testing the stiffness of single fibers, they tested small
bundles of muscle (i.e. 5 to 50 fibers embedded in extracellular
matrix) from patients with and without spasticity. Under-
standably, the non-spastic muscle bundles were stiffer than the
isolated non-spastic single fibers, and the spastic bundles were
stiffer than the isolated spastic single fibers. These results seem
logical, given that the bundles contained extracellular matrix
which should contribute to bundle stiffness. The surprising
result was that even though the spastic single fibers were stiffer
than the non-spastic single fibers, the non-spastic bundles
were remarkably stiffer than the spastic bundles. This finding is
even more impressive given that, on histological cross section,
the non-spastic bundles appeared to contain substantially less
extracellular matrix than the spastic bundles. Morphologically,
there was a large amount of poorly organized extracellular
material in spastic bundles compared with normal bundles.
The authors concluded that, although spastic muscle contains
a larger amount of extracellular matrix material within it, the
quality of that material is poor compared with that in normal
muscles.
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The extracellular matrix of skeletal muscle is made up of sev-
eral different collagen types (the most abundant being types I,
II1, IV, V, and VI, with at least seven other types identified®®), as
well as various proteoglycans and other glycoproteins.
Histolopathological studies??2357 have demonstrated a gener-
alized increase in extracellular connective tissue in spastic
muscle. However, the specific changes in quantity and quality
of collagen types and other connective tissue structures remain
largely unexplored. The only explicit description of extracellu-
lar matrix changes in spastic muscle was based on biochemical
measurement of collagen concentration, which increased dra-
matically in spastic muscle.??

A compelling question based on these mechanical studies
is: do spastic muscles develop a compliant extracellular matrix
material and then try to compensate by causing muscle fibers
to stiffen, or do spastic muscle fibers stiffen secondary to
spasticity and then the extracellular matrix material becomes
more compliant in response to fiber changes? Clearly, further
investigation is warranted.

Conclusions
Although the primary lesion leading to spasticity lies within the
central nervous system, muscle in patients with spasticity is
also dramatically altered. This conclusion is based on results
from studies using a variety of experimental methods in a num-
ber of diseases, across a wide range of patient ages. To summa-
rize, we have made the case for the following alterations in
spastic muscle: (1) altered muscle fiber size and fiber type dis-
tribution; (2) proliferation of extracellular matrix material,
measured morphologically and biochemically; (3) increased
spastic muscle cell stiffness and, to a lesser extent, spastic mus-
cle tissue; and (4) inferior mechanical properties of extracellu-
lar material in spastic compared with normal muscle.
Improvement of the quality of life of patients with spasticity
depends on creating a new understanding of muscular changes
that occur secondary to spasticity, and the development of
rational interventions to either prevent these changes or reverse
them. Innovative research addressing the questions raised in
this review will be essential to achieve these goals.

Future research

The detailed structural changes that occur in spastic muscle as
well as mechanistic explanations for how these changes occur
are lacking. Therefore, questions that must be addressed in
this field, following logically from the material presented in
this review, include: (1) What are the proteins that are altered
within spastic muscle cells and the extracellular matrix of
spastic muscle tissue? Are contractile proteins altered in a dif-
ferent way compared with cytoskeletal proteins? Are the focal
adhesion molecules that integrate a muscle cell with the
extracellular matrix altered secondary to spasticity? (2) Do
spastic muscles develop a compliant extracellular matrix mat-
erial and then try to compensate by causing muscle fibers to
stiffen, or do spastic muscle fibers stiffen secondary to spastic-
ity and then the extracellular matrix material becomes more
compliant in response to fiber changes? (3) Is the signaling
between the extracellular matrix and skeletal muscle cells
altered secondary to spasticity? How is this signaling different
between heart and skeletal muscle in response to other patho-
logical conditions? (4) Do spastic muscle cells retain their abili-
ty to adapt using mechanisms observed in normal muscle,
such as alteration to sarcomere number, stress-induced hyper-
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trophy, and regeneration through satellite cell proliferation?
In addition, important clinically relevant questions that are
largely unexplored are: (1) Is there a difference in the muscu-
lar response to different spasticity etiologies? Specifically,
what is the effect of other movement disorders associated
with spasticity (dystonia, athetosis, ataxia, etc.), on muscle
properties? (2) Does the age at which spasticity is acquired
affect muscle properties?
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