INVITED REVIEW ABSTRACT: This review summarizes current information regarding the
changes in structure or function that occur in skeletal muscle secondary to
spasticity. Most published studies have reported an increase in fiber size
variability in spastic muscle. There is no general agreement regarding any
shift in fiber type distribution secondary to spasticity. Mechanical studies in
whole limbs as well as in isolated single cells support the notion of an
intrinsic change in the passive mechanical properties of muscle after spas-
ticity in addition to the more widely reported neural changes that occur.
Evidence is presented for changes within both the muscle cell and extracel-
lular matrix that contribute to the overall changes in the tissue. Taken
together, the literature supports the notion that, although spasticity is multi-
factorial and neural in origin, significant structural alterations in muscle also
occur. An understanding of the specific changes that occur in the muscle
and extracellular matrix may facilitate the development of new conservative

or surgical therapies for this problem.

Muscle Nerve 29: 615-627, 2004

STRUCTURAL AND FUNCTIONAL CHANGES IN SPASTIC

SKELETAL MUSCLE

RICHARD L. LIEBER, PhD," SUZANNE STEINMAN, MD," ILONA A. BARASH, BS,"' and HANK CHAMBERS, MD?

! Departments of Orthopaedic Surgery and Bioengineering, Biomedical Sciences Graduate Group, University of
California and Veterans Administration Medical Centers, 3350 La Jolla Village Drive, San Diego, California, 92161, USA
2 Department of Orthopaedics, Children’s Hospital and Health Center, San Diego, California, USA

Accepted 16 February 2004

Skeletal muscle spasticity is a condition that oc-
curs secondary to upper motor neuron lesions and
can result in serious complications for affected
individuals. It is known that the function of indi-
viduals with spastic muscles is severely compro-
mised due to decreased range of motion, de-
creased voluntary strength, and increased joint
stiffness, but the basic mechanisms underlying the
functional deficits that occur after the develop-
ment of spasticity are not clearly understood. Al-
though the etiology of spasticity is central, most
antispasticity therapy is directed toward the pe-
ripheral nerves and muscles. As a result, therapeu-
tic interventions involving stretching, casting,
splinting, neurectomy, intrathecal baclofen pump
placement, botulinum toxin injection, and electri-
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cal stimulation of the muscles are only marginally
effective.811.62.69.90 [t is estimated that the compli-
cations of muscle spasticity cost millions of dollars
annually in the United States and, as such, repre-
sent a significant medical challenge with dramatic
economic impact.

Considerable scientific and medical literature exists
regarding the etiology and treatment of spasticity. Most
research on skeletal muscle spasticity has focused on
the nervous system. This is certainly reasonable be-
cause the primary lesion leading to spasticity is located
in the central nervous system. Thus, many studies mea-
sure skeletal muscle electromyographic (EMG) activ-
ity, lesion size and shape, and patient gait character-
istics. In addition, there is wide discussion of the
various surgical procedures used to correct spastic
deformities.* Far less attention has been directed
toward understanding the structural and functional
changes in skeletal muscle that occur secondary to
spasticity. With a few notable exceptions,!!* the
properties of skeletal muscle have largely been ig-
nored. Yet, with recent technical advances, it is now
possible to characterize many properties of skeletal
muscle from patients with spasticity, and it is becom-
ing increasingly clear that there are dramatic
changes within skeletal muscle as well as in the ner-
vous system.

MUSCLE & NERVE May 2004 615



Muscle and neural changes are usually related,”
but recent data have revealed certain changes in
muscle that are not easily explained by classic inter-
pretations of the effects of neural changes
alone.235786 [t is therefore important to improve our
understanding of the structural and functional
changes that occur in spastic muscle. Understanding
muscle plasticity will thereby improve, because the
spasticity “model” appears to be unlike any other
plasticity model previously studied. In addition, in-
creased understanding will lend insight into the na-
ture of spasticity itself, as muscles respond in stereo-
typical fashion to altered neural and mechanical
input. Finally, because most of the interventions re-
lated to spasticity revolve around treatment of the
musculoskeletal system, improved understanding of
muscle-tendon unit properties may lead to the de-
velopment of more rational interventions to treat
these patients.

The purpose of this review is to provide a focused
presentation of the structural and mechanical
changes that occur within skeletal muscles secondary
to spasticity. This literature is limited and, among
these studies, complete agreement is lacking; this
emphasizes the need for a constructive review of the
topic.

To create this review, the PubMed database was
searched using the following key words: spasticity,
skeletal muscle, muscle changes, muscle transforma-
tion, fiber type, cerebral palsy, and upper motor
neuron lesion. This search yielded over 200 refer-
ences. These reports were reviewed to yield a total of
24 studies dealing directly with skeletal muscle
changes. Using these studies and their associated
references, we ultimately found 32 relevant refer-
ences dealing with structural or functional changes
in skeletal muscle secondary to spasticity, which are
reviewed here. Of these studies, 17 were mechanical
in nature,1:6.15.21.23.32,57,65.72,75,87,85.88,94,95.102,106 14 re-
ported muscle properties obtained from biop-
Sies’S,](),]3,17,18,19,36,52,57,60,71,72,83,88 12 reportedjoint ki-
nematics or jOint kinetics,l’ﬁ’15’21’32’61’72’73’87’85’88’91
15 reported other aspects of muscle morphology
distinct from fiber type or size distribu-
tiOnS,S’l3’17’18’19’23’36’52’57‘60‘71‘72’83’84’88 and 9 utilized
EMG in their studies,!-12:13.14,15.19,61.91.95. geyeral stud-
ies were multidisciplinary in nature. The majority of
the studies reported findings from patients with
static perinatal encephalopathy (cerebral palsy, n =
18), but patients suffering from multiple sclerosis
(n = 3), stroke (n = 11), spinal cord injury/upper
motor neuron lesions (n = 7), and Parkinson’s dis-
ease (n = 2) were also studied.
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SKELETAL MUSCLE PLASTICITY

It is reasonable to study skeletal muscle properties
even though the primary lesion is neural, because
muscles respond in a fairly stereotypical manner to
the amount and type of activity imposed upon them.
For example, the classic studies of the 1960s and
1970s revealed that chronic electrical stimulation of
skeletal muscle can progressively transform skeletal
muscle cells into a slower phenotype.20:6880.81 Al
though there are subtle differences among muscles
in terms of the nature, extent, and time-course of the
transformation, the results are surprisingly consis-
tent. There is general agreement that chronic elec-
trical stimulation produces increased capillary den-
sity, increased percentage of type I muscle fibers,
decreased fiber size (if the stimulation duration is
long enough), increased endurance, and decreased
strength. This serves as a template that describes the
changes that occur in skeletal muscle with increased
use. Voluntary exercise, especially when performed
for long durations, results in many of the same mus-
cle changes.?? Spasticity is often thought to result in
changes typically seen in increased use models, as is
discussed in what follows.

The opposite model, chronic decreased use of
skeletal muscle, which can be studied using models
of simulated weightlessness,”* tenotomy,” immobili-
zation in a shortened position,*% or spinal cord
isolation,”>76 causes muscle fibers to decrease their
size and transform in the direction of the faster
phenotype. One of the most extreme examples of
such a transformation was reported in a rat spinal
cord injury model in which the rats lived about half
their lifespan with upper motor neuron lesions and,
as a result, converted almost all of their muscle fibers
to the fastest phenotype, even in the very slow soleus
muscle.>3%% Similar results have been reported for
humans after traumatic spinal cord injury? and in
other animals as well.37-38.75.77 ]t is clear that an anal-
ysis of skeletal muscle fiber type distribution can be
a useful indicator of the amount and type of activity
that a muscle has received over an extended period
of time. In addition to fiber type distribution, fiber
size provides insights into the extent of fiber use.
Increased use of skeletal muscle at high loads pro-
duces muscle fiber hypertrophy, whereas decreased
use leads to muscle cellular atrophy. Both responses
appear to be load-dependent. Thus, fiber size is typ-
ically interpreted as an indirect indicator of the
amount of force imposed upon a muscle.

Taken together, muscle fiber type distribution
and muscle fiber size distribution provide insight
into the overall type and amount of use imposed
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upon a muscle. Therefore, these parameters are of-
ten studied in spastic muscle in an attempt to deter-
mine its use pattern. However, in spite of the ease of
measuring these parameters, they are not very spe-
cific and probably provide only a general indicator
of muscle use. Excellent reviews of skeletal muscle
plasticity and monographs on the subject are widely
available in the literature,66.67.79.82

MUSCLE FIBER TYPE AND FIBER SIZE CHANGES
WITH SPASTICITY

Because measurement of muscle fiber size and type
is commonly used in the diagnosis of neuromuscular
disease®!6 and also because such studies are rela-
tively easy to perform, it is not surprising that biopsy
studies are the most prevalent type of study per-
formed on spastic muscle. Despite their apparent
ease, there are methodological concerns that make
these studies difficult to interpret definitively. Spe-
cific issues that must be addressed in any biopsy
study are the fraction of the muscle actually being
sampled, the gradient of fiber type and fiber size
distribution across and along the muscle, the vari-
ability in fiber type and fiber size between muscles,
whether different muscles or muscle groups are be-
ing used to compare normal subjects and diseased
patients, and the variability in clinical presentation
of patients.

Most of these issues were not addressed by any of
the studies reviewed. For example, it was extremely
rare to find a study in which the same muscle was
measured in populations of individuals with and with-
out spasticity. In almost all of the studies reviewed, due

to practical and ethical considerations, data were re-
ported from different muscles for the two experimen-
tal groups, and individuals with and without spasticity
were almost always of different age—this was especially
true in studies of spasticity secondary to static perinatal
encephalopathy (cerebral palsy), where it is almost
impossible to obtain normal tissue from children. In at
least one study, the investigators endeavored to age-
match the groups by using historical pathological spec-
imens from children (which turned out to be normal)
but these biopsies were from different muscles as com-
pared with the spastic patients.”? These factors obvi-
ously confound the study of muscle spasticity and make
it difficult to generalize results across either age groups
or diagnoses.

In spite of such limitations, one common finding
in biopsy studies is that fiber size variability is in-
creased in muscles from patients with spasticity.
When sectioned, normal skeletal muscle biopsies
have tightly packed fibers that form polygons juxta-
posed to one another (Fig. 1A). However, most pub-
lished micrographs of muscle from spastic patients
showed abnormalities such as increased fiber size
variability, increased numbers of “rounded” fibers,
“moth-eaten” fibers, and in some cases increased
extracellular space (Fig. 1B).*10.13.36.71.72 When fiber
size is measured and expressed as coefficient of vari-
ation, the value is always higher for spastic muscle
samples compared with normal samples (Fig. 2).
Fiber size variability is characteristic of numerous
neuromuscular disorders as well as occurring in spas-
ticity, so such findings are not very specific.1® The
mechanistic basis for this response is not known. It
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FIGURE 1. Muscle fiber morphology is abnormal in spastic muscle. Light micrograph of a muscle obtained from a 19-year-old hemiplegic
boy. (A) Nonspastic extensor carpi radialis brevis muscle. Histochemical stain of the NADH oxidative enzyme that labels fiber type | and
type IIA dark, and type IIB lighter. (B) Spastic flexor carpi ulnaris muscle. Note the spastic muscle demonstrates greater fiber size
variability. (Micrographs courtesy of Dr. Eva Pontén, Karolinska Institute, Stockholm, Sweden.)
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FIGURE 2. Muscle fiber size is more variable in spastic muscle.
Histogram of fiber area coefficient of variation in (A), normal
muscles from patients ranging from 4 to 13 years of age, and (B)
spastic muscles from patients ranging from 5 to 14 years of age.
Data pooled for type 1 and type 2 fiber coefficients of variation in
Table 2 of reference 72.

should be noted that muscle fiber tapering occurs
near the end of some fibers and may result in fiber
size variation, but this is not considered a patholog-
ical state.64.97.98

It would be convenient if fiber type distribution
changes were consistent among studies, but this is
not the case. Because most investigators were predis-
posed to the idea that spastic muscles were chroni-
cally active electrically, it may have been tempting to
interpret an increase in type I fiber percentage from
spastic patients as evidence of muscle fiber type
transformation.3? Unfortunately, whereas a few stud-
ies have indeed reported an increased percentage of
type I fibers,!3:36:60 others reported an increased per-
centage of type II fibers®® or no change in fiber type
distribution.*10.71.72 There is thus no agreement that
spasticity represents either an increased- or de-
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creased-use model, perhaps in part due to the sam-
pling problems inherent to the biopsy procedure
itself.216 For example, when fiber type percentages
were measured from vastus lateralis biopsies and
compared with the fiber type distributions within the
entire human vastus lateralis,*7-48 such values were
notoriously inaccurate. However, considering the lit-
erature as a whole, the results probably indicate that
spastic muscle is not simply subjected to chronic
increased or decreased activation.

BIOMECHANICAL STUDIES OF SPASTIC LIMBS

Most clinicians agree that individuals with spastic
muscles present clinically with increased joint stiff-
ness. Numerous attempts have been made to char-
acterize this stiffness objectively, which ultimately led
to the classic definition of spasticity by Lance*® as “a
velocity-dependent resistance to stretch.” This defi-
nition has enjoyed wide acceptance and, in many
cases, is clearly evident in spastic patients. It acknowl-
edges the increase in joint stiffness and further re-
fines this idea by identifying a dynamic component
to it. This definition is also consistent with the idea
that spasticity is due to an increase in gain of the
stretch reflex,*¢ which would cause the velocity-
dependence. This is the rationale for the therapeutic
method of surgical deafferentation that is performed
at several centers.*99 However, numerous mecha-
nisms could provide an explanation for an “in-
creased resistance to stretch” and do not necessarily
involve the nervous system. Although evidence exists
for alterations in reflex gain or motor neuron firing
threshold,”®96 the precise description of the in-
creased resistance to stretch and the underlying basis
for it are neither routinely studied nor universally
agreed upon.

Several laboratories have developed devices to
quantify limb stiffness.40:61:86 In many cases, stiffness
is explained in terms of underlying neural and me-
chanical properties. The basic approach of this type
of experiment is to measure dynamic limb stiffness
and decompose it into its constituent parts. Resis-
tance to stretch is primarily due to one of three
factors: passive muscle stiffness; neurally mediated
reflex stiffness; and active muscle stiffness (Fig. 3).
The value of the decomposition approach is that the
mechanical changes may provide insights into the
underlying neuromuscular changes. Increased pas-
sive muscle stiffness would presumably be due to
fibrosis within the muscle tissue or even a change in
the cellular properties of muscle. Increased reflex
gain may reflect a change in descending influences
on the monosynaptic reflex between muscle spindle
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FIGURE 3. Graphic representation of the sources that can con-
tribute to stiffness when a muscle is mechanically perturbed.
These three major sources include neural reflex (depicted as a
variable gain resistor), passive muscle properties (depicted as a
resistor), and active muscle properties (depicted as a three-
element Hill model®' with parallel elastic component [PEC], se-
ries elastic component [SEC], and contractile component [CC]).
In practice, when joint stiffness is measured, some or all of these
sources may be contributing to the measured value.

afferents and alpha motor neurons or on polysynap-
tic stretch reflex pathways. Increased active muscle
stiffness may be due to an increase in the number of
cross-bridges attached during contraction or to an
increase in stiffness per cross-bridge, both of which
have been documented?*3 and have increased our
understanding of classic muscle mechanics.33-3%
Experimentally, total joint stiffness is measured
and the fraction of measured stiffness that can be
explained by passive muscle, neural reflex, and ac-
tive muscle contraction is quantified. This is done by
placing the patient in a customized instrumented
dynamometer in which joint moment is accurately
measured during joint angular perturbation. The
muscle is activated to a preset level and then, during
the perturbation, muscle electromyographic (EMG)
activity and limb dynamics are measured. Analysis
of these data involves the use of either time- or
frequency-domain methods.586 An example of data
from this type of experiment is shown in Figure 4 in
which a subject voluntarily activates the muscles to
generate a plantarflexion moment of “*5 Nm (“back-
ground torque” in Fig. 4). The ankle is then rapidly
dorsiflexed, resulting in abrupt torque increase. The
initial portion of this increased torque results from
the nonreflex components of the system—passive
and active muscle properties as well as the inertial
properties of the device. However, after “~200 ms,
when the EMG indicates significant reflex activity is

Spastic Skeletal Muscle

present, total torque increases further, which reflects
the intrinsic muscle plus the reflex-mediated stiff-
ness. Finally, in a separate experiment, the same
patient receives electrical stimulation of the tibial
nerve to cause the plantarflexors to again generate
5 Nm of torque. The ankle is again dorsiflexed and
torque measured. This provides an estimate of the
nonreflex stiffness increment or intrinsic muscle
stiffness. Subtraction of the two curves provides esti-
mates of both the reflex and nonreflex components
of stiffness.

Using this methodology, Sinkjaer and Magnus-
sen showed that the total stiffness measured in the
spastic leg of hemiparetic patients was greater than
the total stiffness measured in contralateral “control”
legs (Fig. 5).%5 This was not extremely surprising.
What was surprising was that the intrinsic stiffness
component of the spastic leg was much higher than
that of the contralateral leg, suggesting a difference
in the passive mechanical properties of the muscles
of the spastic limb compared with the normal limb.
The increased passive mechanical stiffness ac-
counted for almost all of the increase in joint stiff-
ness measured. Reflex stiffness did not differ signif-
icantly between spastic and contralateral limbs.

A slightly more comprehensive approach uses
the same basic method, but generalizes it by imple-
menting a parallel cascade system to decompose
stiffness into components that include both static
and dynamic factors.*3-61 With this technique, multi-
ple perturbations are imposed at multiple frequen-

Total Torque

10 Nm

200 ms
Intrinsic Torque

Background Torque

FIGURE 4. Raw mechanical torque curve illustrating the method
for determining stiffness in human subjects during mechanical
perturbation of the ankle. Plantarflexors are voluntarily activated
to a preset level, in this case about 5 Nm (“background torque”),
and then the ankle is rapidly dorsiflexed (down arrow). This
results in the “total torque,” which is due to intrinsic muscle
properties and reflex properties (thick line). In a separate exper-
iment, using electrical stimulation of the tibial nerve, the rapid
dorsiflexion is repeated, which results in the total intrinsic torque
(thin line). Stiffness is calculated from these data in terms of
torque/angle in units of Nm/degree (c.f. Fig. 5). Zero torque level
(0 Nm) shown by dashed line. Calibration bars shown to left of
figure. Figure modified from reference 85.
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FIGURE 5. Increased passive joint stiffness measured in spastic
hemiparetic patients. Total measured stiffness is shown for the
spastic limb (filled squares) and contralateral nonspastic (open
squares) limb. Also shown is the regression line for nonreflex
stiffness in the spastic (solid line) and contralateral nonspastic
(dashed line) limb. Data were obtained as described in the text.
The intercepts of the intrinsic stiffness regression lines indicate
passive muscle stiffness, whereas the slopes of the lines repre-
sent active muscle stiffness. Passive stiffness was significantly
different between groups. This implies structural differences be-
tween spastic and contralateral muscles. Data replotted from
reference 85.

cies for multiple perturbation sizes, and sophisti-
cated signal processing techniques are used to
decompose stiffness into its components. These ex-
periments are performed across a range of joint
angles. Mirbagheri et al.®! used this approach and
found that, in spastic spinal cord-injured patients,
reflex gain was dramatically increased compared
with nonspastic spinal cord-injured patients (Fig.
6A). They also showed that the gain change was a
function of joint angle, being more pronounced at
dorsiflexed angles—that is, long plantarflexor mus-
cle lengths (Fig. 6A). Intrinsic muscle stiffness, both
elastic and viscous, was also increased in spastic sub-
jects, with the largest effect seen at dorsiflexed an-
gles (Fig. 6B). It was very impressive that these inves-
tigators also controlled for the inertial properties of
the limbs and of the device, revealing no significant
inertial effects of either. These two studies provide
some of the strongest direct evidence that the intrin-
sic mechanical properties of skeletal muscles from
spastic patients are altered secondary to spasticity.
The structural basis of this difference is unknown.
The effects reflect only the stiffness changes across a
small joint angle, and the relationship to stiffness
during large joint displacements is not clear. The
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thorough analysis by Mirbagheri et al. highlights the
point that it is patently oversimplified to assume that
joint stiffness is due to either muscle or nervous
system changes, but not both. Certainly both systems
are involved, probably to differing extents, depend-
ing on the particular disease state, patient age, and
time since injury. There can be no denying that,
even though the primary lesion in these patients
resides within the central nervous system, the periph-
eral muscular system has adapted in such a way as to
increase passive mechanical stiffness.

MUSCLE FIBER LENGTH IN SPASTIC MUSCLE

It is probably not an overstatement to assert that
skeletal muscle fiber length is the single most func-
tionally important property of a skeletal muscle.
Muscle fiber length is the primary determinant of
muscle excursion and fiber-length to muscle-length
ratio is a strong indicator of the design of a skeletal
muscle either for producing high force or high ex-
cursion.?751.78 Analysis and interpretation of muscle
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FIGURE 6. Increased intrinsic muscle stiffness and reflex gain
demonstrated in spastic limbs. Joint dynamics measured in spas-
tic spinal cord—injured patients (solid squares) compared with
nonspastic spinal cord—injured patients (open squares) using
frequency-domain analysis. Data were obtained as described in
the text. (A) Reflex stiffness. (B) Intrinsic stiffness. Data replotted
from reference 61.
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fiber length is part of the general field of skeletal
muscle architecture.

Unfortunately, the only method to determine
muscle fiber length definitively in mammalian mus-
cle is to obtain whole, fixed muscles and to dissect
individual fibers or fiber bundles from these fixed
muscles. In fact, most studies actually measure the
length of a small bundle of fibers, and thus, strictly
speaking, most of these lengths are actually fascicle
lengths. Numerous studies of this sort have revealed
enormous architectural variations among muscles in
the upper®>#9-54 and lower?+1°! human limbs. Such
invasive studies are not possible in human subjects
and it has thus been difficult to obtain reliable in-
formation on muscle architectural properties in dif-
ferent human musculoskeletal diseases. However, us-
ing ultrasound studies of human muscle 252642 it is
now possible to measure human muscle fascicle
length directly both at rest and during exercise. This
field is in its infancy but promises to produce much
valuable data.

There is a widely held belief among clinicians
that the muscle contractures occurring 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. Much of the basis
for this belief is found in the studies from the 1970s
by Williams and Goldspink!03:194¢ and Tabary et
al.,?2:93 who observed that rodent soleus muscles add
or subtract serial sarcomeres to optimize muscle fi-
ber length to a particular immobilization angle.
They observed that immobilization of the soleus in a
shortened position led to decreased serial sarcomere
number, whereas soleus immobilization in a length-
ened position led to an increased serial sarcomere
number. In other words, serial sarcomere number
always adjusted as needed. This clearly occurs in
rodent soleus muscles, but it is inappropriate to
extrapolate these results to all muscles in all species
under all conditions. This was clearly demonstrated
by Edgerton and colleagues, who showed that immo-
bilized rat muscles adapt differentially, depending
on the particular muscle immobilized, and the par-
ticular length at which they are immobilized.?° They
confirmed the fact that soleus muscles respond
readily to the length at which they were immobilized,
but their antagonistic muscles (i.e., extensor digito-
rum longus [EDL] or tibialis anterior [TA]) did not.
Both the EDL and TA muscles were much less adap-
tive to chronic length changes. Unfortunately, these
results have been overlooked by many investigators
and therefore the widely held belief has persisted
that spastic muscle has a decreased serial sarcomere
number, secondary to the contracted anatomical po-
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sition of the muscle and therefore shortened in vivo
length.

Indirect inference of muscle fiber length in spas-
tic patients was provided by Tardieu and col-
leagues,?*95 who reported a steeper passive torque—
angle relationship and change in the range of active
torque generation in children with cerebral palsy.
They interpreted these data as indicating decreased
muscle fiber length. Although their results are con-
sistent with the idea of decreased muscle fiber
length, they did not directly demonstrate any change
in fiber length. As described in what follows, muscle
stiffness can change for a variety of structural rea-
sons, only one of which is altered fiber length. Ap-
parently, this limitation is not widely appreciated.

Recently, Shortland et al. directly measured the
architectural properties of the medial gastrocnemius
of children with static perinatal encephalopathy us-
ing ultrasound.®* Fascicle length and fascicle angle
were measured in these children and in normally
developing children. As expected, fascicle length
increased with dorsiflexion (Fig. 7A). The ankle an-
gles over which children with cerebral palsy were
measured was biased toward plantarflexion due to
equinus contracture, but the lengths of the fascicles
themselves were not significantly different between
the two groups. They found no evidence of fascicle
length change in the children with encephalopathy
(cerebral palsy), contrary to their expectation. Be-
cause this is the only such study in the literature, it is
premature to conclude that this result is generally
applicable to all spastic muscles. However, it must be
emphatically stated that the only direct measure-
ment of fiber length that has ever been performed in
children with spastic diplegia has shown fiber length
to be normal.

The change in fascicle angle with ankle angle was
similar for both groups, but absolute fascicle angles
were greater in nonspastic limbs compared with spas-
tic limbs (Fig. 7B). The investigators posited that
differences in absolute fascicle angles between
groups were probably secondary effects due to the
atrophy of the spastic muscles. Atrophy and fascicle
angle had been shown previously to be highly corre-
lated in animal models of immobilization-induced
atrophy,®® and hypertrophy and fascicle angle were
highly correlated during power training in hu-
mans.*!

A second form of evidence for normal fiber
length in spastic muscle was reported for children
with chronic wrist flexion contractures.”® In that
study, Lieber and Fridén used intraoperative laser
diffraction to measure flexor carpi ulnaris (FCU)
sarcomere length. Sarcomere length is an excellent
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FIGURE 7. No change in muscle fascicle length measured in
children’s medial gastrocnemius muscles. (A) Muscle fascicle
length. (B) Muscle fascicle angle. Filled symbols represent mea-
surements on spastic limbs of children with cerebral palsy,
whereas open symbols represent measurements on limbs of
normally developing children. Abscissa represents tibiotarsal an-
gle. Data replotted from reference 84.

predictor of skeletal muscle relative force and can
thus be used to predict muscle function.?® Sarco-
mere length was measured in these children with
their wrists flexed and was compared to patients with
radial nerve injuries who were undergoing FCU ten-
don transfer procedures.’’-%6 The latter group of
patients (average age 32-55 years) had a normally
innervated FCU and were thus thought to provide
“normal” control values. Sarcomere length mea-
sured with the wrist flexed was dramatically longer in
children with wrist flexion contractures (3.48 * 0.44
pum) compared to the patients with radial nerve
injury, with the wrist in the same position (2.41 *
0.31 wm). These data demonstrate that, whereas the
spastic wrist flexion contractures resulted in a short-
ened muscle-tendon unit, the sarcomeres within the
fibers were actually lengthened. Furthermore, the
investigators rotated the wrist joints of the children
over the permitted range and found that the slope of
the FCU sarcomere length—joint angle relationship
was the same compared to the patients with radial
nerve injury. Because the slope of the sarcomere
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length—joint angle relationship reflects fiber length
within the muscle, these data indicate that fiber
length in the two groups was the same. This result
seems a bit counterintuitive in that muscles that were
shortened had fibers within them that were length-
ened. Thus, children with spastic wrist flexion con-
tractures had muscles with normal fiber length, al-
beit the sarcomeres within the fibers were highly
stretched for an unknown reason. This high stretch
may have been due to lack of growth of the muscle
with bone growth, or some other as yet unidentified
mechanism. The conclusion from both the intraop-
erative sarcomere length study and the ultrasound
study is that there is no evidence for fiber length
change due to spasticity. These two studies represent
the only direct measurements of fiber length in hu-
man spastic muscle.

MECHANICAL CHANGES IN SPASTIC MUSCLE
TISSUE

The indirect biomechanical studies just described
demonstrate that spastic muscles have altered intrin-
sic mechanical stiffness. What structures might be
responsible for this altered stiffness? Comprehensive
answers cannot be provided at this time. However,
two recent studies indicated that the passive mechan-
ical properties of isolated muscle cells and small
muscle fiber bundles were altered secondary to spas-
ticity. These two studies provide a view of the com-
plex interactions between muscle cells and the ex-
tracellular matrix that may result from spasticity.
To compare directly the intrinsic passive me-
chanical properties of normal and spastic muscle
cells (i.e., muscle cells obtained from biopsies of
patients with spastic limbs), a novel method was
developed in which muscle biopsies were removed
from patients at the time of reconstructive surgery
(secondary to cerebral palsy for the spastic muscle)
or during surgical repair (radial nerve injury or
trauma for the normal muscle) and were placed in a
relaxing solution designed to prevent hypercontrac-
tion of the muscle fibers.'%> Then, using high-
powered microscopic illumination, segments of indi-
vidual cells were dissected free of the surrounding
connective tissue and placed into a micromechanical
testing apparatus that enabled passive elongation of
the muscle cell with simultaneous measurement of
intracellular sarcomere length.2?> Muscle cells were
elongated in 250-um increments and the relation-
ship between muscle passive stress and sarcomere
length was quantified. The slope of the single cell
stress—strain curve was then used to calculate fiber
elastic modulus as previously described in detail.??
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Interestingly, the tensile modulus of muscle cells
from spastic patients was over twice that of neuro-
muscularly intact patients (left panel of Fig. 8A),
demonstrating that the intrinsic passive stiffness of
individual spastic muscle cells was increased. In ad-
dition, the resting sarcomere length of spastic cells
(i.e., the length of the sarcomeres when the muscle
cell was completely unloaded), was significantly
shorter in spastic muscle cells compared with normal
cells (left panel of Fig. 8B). Internal cytoskeletal
structures set resting sarcomere length in muscle
cells.100

These two findings demonstrate that the struc-
tures within the muscle cell responsible for setting
resting sarcomere length and determining cellular
elastic modulus are altered in spastic muscle. The
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FIGURE 8. Increased stiffness of single cells and fiber bundles in
muscles from children with cerebral palsy. Biomechanical prop-
erties measured from single cells (left panels) and muscle fiber
bundles (right panels) of normal (open bars) and spastic (filled
bars) subjects. (A) Tangent modulus calculated from the linear
portion of the sarcomere length—stress relationship. (B) Slack
sarcomere length measured prior to mechanical testing. Data
replotted from references 23 and 57.
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most obvious candidate for this structure is the giant
intracellular cytoskeletal protein, titin.*> Titin has
been demonstrated in frog skeletal muscles to bear
almost the entire elastic load during passive elonga-
tion and is a significant component that bears the
passive load in human muscle.® Can the titin pro-
tein be altered secondary to spasticity? There are no
definitive data, but there is circumstantial evidence
to suggest that it is possible. For example, it has been
demonstrated, based on the differences in cDNA
sequences, that titin can exist in multiple isoforms
between heart and skeletal muscle and even among
various skeletal muscles.*® It is known that the titin
isoform in heart muscle is much stiffer and much
shorter than the titin isoforms in most skeletal mus-
cles. Furthermore, it has also been demonstrated
that the titin isoform can change within heart muscle
under pathological conditions, specifically, ischemia-
induced cardiomyopathy. This condition is usually
accompanied by elevated left ventricular end-dia-
stolic pressure, which follows from increased myo-
cardial stiffness resulting from upregulated collagen
expression. However, in addition to collagen prolif-
eration, a “switch” from a stiff to a more compliant
isoform of titin was documented.®® It is therefore
reasonable to speculate that titin isoform may be
altered in skeletal muscles of patients with spastic
limbs, although definitive evidence of this change
has not been reported.

Because surgical reconstructive procedures are
often performed on spastic muscles to restore or
augment function, it is of interest to know whether
the increased resistance to stretch that is “felt” by
surgeons in the operating room may be explained by
differences in the elastic properties of muscle cells
within spastic muscle. To investigate this point, small
bundles of muscle cells were subjected to the same
procedure as described earlier for single cells and
their elastic moduli were measured.5” These small
bundles of cells (5-50 fibers) contained the same
types of muscle cells that were tested previously, but
they were also ensheathed by the connective tissue
matrix of the muscle tissue. Several interesting find-
ings emerged. First, the tangent modulus measured
in bundles was significantly greater than the same
modulus measured in single cells (Fig. 8A). How-
ever, the difference was much more pronounced for
normal muscle bundles than spastic muscle bundles.
Whereas spastic muscle bundle modulus was in-
creased by only about twofold over the single fiber
modulus, in normal muscle the modulus was in-
creased over 16 times compared with the modulus of
the normal isolated muscle cell. These data demon-
strate a clear difference in the mechanical properties
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of spastic muscle tissue bundles compared with nor-
mal muscle fiber bundles. The differences were even
more impressive when the structural differences be-
tween the two bundle types are considered—only
40% of the spastic muscle bundle cross-sectional
area was occupied by muscle fibers, whereas 95% of
normal muscle bundle was occupied by muscle fi-
bers. Morphologically, there was a large amount of
poorly organized extracellular material in spastic
bundles compared with normal bundles. One can
calculate the mechanical properties of the extracel-
lular matrix material in the bundles by subtracting
the single cell modulus from whole bundle modulus.
When this is done, it is seen that the extracellular
matrix of the spastic muscle has a modulus of ~0.2
GPa, whereas normal muscle has a modulus of ~8
GPa—about 40 times greater. These data demon-
strate that, although spastic muscle contains a larger
amount of extracellular matrix material, the quality
of that material is much lower compared with nor-
mal muscles. It is of interest that the spastic muscle
model with high fiber stiffness in a compliant extra-
cellular matrix shows the opposite adaptation as the
ischemic heart muscle, which possesses a very stiff
extracellular matrix and compliant fibers. The only
other explicit description of extracellular matrix
changes in spastic muscle was based on biochemical
measurement of collagen concentration, which in-
creased dramatically in spastic muscle.?

FUTURE DIRECTIONS

We have presented the evidence from the litera-
ture that muscle from patients who develop spas-
ticity is dramatically altered. Although the primary
lesion leading to spasticity is within the central
nervous system, there is no doubt that the periph-
eral musculature has become abnormal. This con-
clusion is based on results using a variety of exper-
imental methods in a variety of diseases across a
wide range of patient ages, so the general conclu-
sion cannot be dismissed. The following alter-
ations occur in spastic muscle: (1) altered muscle
fiber size and fiber type distribution; (2) prolifer-
ation of extracellular matrix material, measured
both morphologically and biochemically; (3) in-
creased stiffness of spastic muscle cells and, to a
lesser extent, spastic muscle tissue; and (4) infe-
rior mechanical properties of extracellular mate-
rial in spastic compared to normal muscle. Al-
though some specific muscular changes have been
reported, sophisticated biomechanical experi-
ments have demonstrated that the changes that
occur secondary to spasticity are complex, involv-
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ing various components of the neural and muscu-
lar systems. These effects are joint angle— and,
likely, movement-dependent.

Improvement in the quality of life of patients
with spasticity will depend on a new understanding
of both the changes that occur secondary to spastic-
ity and the development of rational interventions to
either prevent these changes or reverse them. The
importance of this problem to society was recently
highlighted by the National Institutes of Health,
which held a summit on the topic and issued a
Request for Applications that would address this
problem.

Details of the structural changes that occur in
spastic muscle, as well as mechanistic explanations
for how these changes occur, are lacking. Basic
questions that must be addressed in this field fol-
low logically from the material presented herein.
What are the proteins that are altered within spas-
tic muscle cells and the extracellular matrix of
spastic muscle tissue? Specifically, are contractile
proteins altered in a different way compared with
cytoskeletal proteins? Are the focal adhesion mol-
ecules that integrate a muscle cell with the extra-
cellular matrix altered secondary to spasticity? Do
spastic muscles develop a compliant extracellular
matrix material and then compensate by causing
muscle fibers to become stiffer, or do spastic mus-
cle fibers stiffen secondary to spasticity and then
the extracellular matrix material becomes more
compliant in response to fiber changes? Is the
signaling between the extracellular matrix and
skeletal muscle cells altered secondary to spastic-
ity? Do spastic muscle cells retain their ability to
adapt using mechanisms observed in normal mus-
cle such as sarcomere number alteration, stress-
induced hypertrophy, and regeneration via satel-
lite cell proliferation?

In addition, there are important clinically rele-
vant questions that remain largely unexplored. Is
there a difference in the muscle response to differ-
ent causes of spasticity? Is there an effect of the age
at which the spasticity is acquired on muscle prop-
erties?

These are the types of questions that must ulti-
mately be answered to develop rational surgical and
rehabilitation strategies to treat patients who suffer
from this devastating malady.
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