Review of Length—Associated Changes in Muscle

Experimental Evidence and Clinical Implications
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Movement dysfunction that may be caused by length—associated changes in
muscle is a problem of people treated by physical therapists. The purpose of
this article is to review the literature related to length—associated changes in
muscle. An analysis of length—associated changes in animal and human studies
is presented. The methods used to produce the changes in animals are
discussed, and the clinical implications of the length—associated changes in
muscle are suggested.
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Many patients treated by physical therapists have movement dysfunction caused by length-associated changes in muscle.
The length-associated changes may be secondary to the primary problem for which the patient is being treated. Animal
studies have shown that when muscle is subjected to imposed, maintained changes in length, it undergoes anatomical,
biochemical, and physiological changes that are not immediately obvious nor readily considered. The length-associated
changes can be induced by immobilization, tenotomy, muscle imbalance, postural malalignment, or a combination of these
or other clinical stimuli. Also important to clinicians is knowing that these length-associated changes can occur within a
few hours, days, or weeks of the stimuli and that they may have either beneficial or deleterious effects on function.
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Jones, ' Kendall and Kendall,> Lovett,> and others recognized these varied effects, especially in patients with
poliomyelitis. Jones was among the first to emphasize protection of the muscle from stretch and strain during both the
early acute and the recovery stages of the disease. ! In various studies Kendall and colleagues, strong proponents of correct
positioning, stressed the importance of placing the patient's joint(s) in a neutral resting posture, protecting the muscles
from a prolonged lengthened or shortened position.> * 1° They found that preserving the "normal" resting length of the
muscle was crucial if recovery of patients with poliomyelitis was to occur without secondary complications resulting from
stretched or shortened muscles.
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Kendall et al also observed length-associated changes in patients who had less than optimal musculoskeletal alignment®
They described patients who had muscles in a lengthened position as a result of the postural malalignment. These and other
observations led them to define stretch, stretch-weakness, and shortness or tightness as follows? % 1
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Stretch means to elongate or extend in length.

Stretch-weakness is the effect on muscles of remaining in an elongated condition beyond the neutral
physiological rest position, but not beyond the normal range of muscle length.

Shortness or tightness are used interchangeably to denote a slight to moderate decrease in muscle length;
movement in the direction of elongating the muscle is limited.’
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During the past 10 years, investigators have characterized length-associated changes in a systematic way. Although this
current information is from animal studies, clinical observations and preliminary investigations suggest its applicability to
humans. The purpose of this article is to present an organized synthesis of the literature as a basis for understanding length-
associated changes in muscles and for developing a rationale for their prevention and correction.
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Investigators have used several animal models, including cats, rabbits, and many families of rodents, to study length-
associated changes in muscles and have found that the evidence is consistent across the various mammalian species. A
common model used to study the changes involves immobilizing a joint, thus imposing a change in length on muscle.

MeE - b, . v, BXOEESHY (Fotm®E) 0% OREBZET, W Oh
OEMET NV EEA LT, HOEIICHETLIZ{LEZMIE L, S FEIERMILEREICB W T
BA—E LTSI 2R L,

i DOEALEIIT DT DIEH SN D — 72 ET VX, BEEZEET LI LT, HOES
WCEBbE 5250580 THD,

Xt B OWHLE ORI, BOMEE Liz—xOMEIIHE: THO->3IF50 T, i
EOUCoTT VST, KEidew, WABETIIROERHNEZL, VA« XX - ¥Y~T 7
O 3IMBICKEIS A, K 1600 FEAHI D,

M FLA(Class Mammalia) : VW owp DO T3, Mk EI LI Hii(Reptilia)(* S EE S T0)
T9, F=bb FLFAEICEENE T, A THEE TDHONEHYL

IMMOBILIZATION WITH MUSCLE LENGTHENED ‘EB#fHDHEMIZEBIT 5 EE/l

Anatomical Changes i ssllesiop e

Animal studies indicate that muscle adapts to a lengthened position by increasing its number of sarcomeres. "> The
increase in number occurs within 24 hours of immobilization!? !* and is accompanied by a decrease in the length of the
sarcomeres (Fig. 1). -1 After four weeks of immobilization, there is an increase of up to 20 percent in the number of

sarcomeres.'! Using autoradiographic techniques, Griffin et al '® and Goldspink and Williams'” were able to show that new
sarcomere formation occurs at the ends of fibers. When the immobilization is discontinued, the muscles regain their
"normal" sarcomere number and length. !’ 12 16,17
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The nature of the adaptive response of muscle to the imposed increase in length seems to be related to age.
In young animals the length of the muscle belly decreases and the tendons elongate. * In the adult there is no change in
tendon length, and the muscle adapts by increasing the number of sarcomeres.'! 12
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The chronology in which these length-associated changes occur in the immobilized muscle depends on and varies with
the age of the animal. Tardieu et al found that the infant rabbit had a marked decrease in muscle fiber length with a
concomitant increase in tendon length five days after immobilization.'> '° In spite of the animal's growth, the rate of
addition of new sarcomeres was lower in the immobilized limb than in the nonimmobilized limb, which accounts for the
shorter muscle fiber. During the next two weeks of immobilization, there was an actual reduction in the number of
sarcomeres in the muscles of the immobilized limb rather than a lower rate of addition. Concurrent with the decrease in
the number of sarcomeres was an increase in the length of the sarcomeres, present by the 18th day. In other words, the
muscle was adapting to meet its functional contractile needs.
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The young, though not mature, rabbit demonstrates changes that are similar to those in the infant rabbit, but the changes
are slight. The adult rabbit, on the other hand, shows no change in tendon or muscle fiber length within the first five days.
In the adult muscles, however, there is a significant increase in the number of sarcomeres and a decrease in length of each
sarcomere. Again, adaptation takes place at the sarcomere level, but the changes are opposite to those in the younger
animals.'!-13- 19
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In summary, adult animal muscle adapts to a lengthened position by increasing the number of sarcomeres. Young
animal muscle adapts by lengthening the tendon, which in effect places the muscle in a shortened position. The shortened
position then causes a reduction in the number of sarcomeres.
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Biochemical Changes ELFRZEAL

The weight of muscle increases within the first four weeks of immobilization in the lengthened state.!”2%-22 This increase
in weight is a reflection of changes in protein content related to the submolecular structure of the muscle fiber.2%-2*
Deleterious biochemical changes resulting from immobilization in the lengthened position have not been reported. The
scarcity of such reports may mean that muscles immobilized in the lengthened position are resistant to biochemical changes
that occur in shortened muscles.

O EEIL, XS NREECEE SN THRAO 4 BREILANIZEEINT 5 172022
ZOBEBEOWEIML, FRHEOIRS NS ICBEES 2 ¥ //\7%&@%0)2{“3%&55% LCw
B w0, IS AT BRI R 5 A7 e AL L S LT AL,

DX EPHDTH DL Z LI, MILSINTALEICEE ST fhAs, B L7 THRAE
T HHEAFREITHK L TIEDR B2 Z & 2 BHWT 5008 LRy,

Physiological Changes AR

Active and passive length tension curves for muscles that have been lengthened have a shape that is similar to that of
controls (Fig. 2). "' The amplitude of peak active tension generated by the lengthened muscle is up to 35 percent greater
than that of the controls. '# The peak occurs at approximately the position where the muscle had been immobilized.'!-'4
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In some experiments, however, the amplitude of active peak tension developed by the lengthened muscle was less than
that generated by the controls at equivalent length positions. That is, when the experimental muscle was tested at its new
"resting length," it could generate more peak tension than the controls at the same length; but when the muscles were tested
at shortened positions in their range, the controls produced a greater amplitude of peak tension. This experimental finding,
if it can be generalized to the intact human muscle, suggests that the phenomenon of stretch-weakness as described by
Kendall et al may be dependent on where in the range of motion the muscle was tested.> * 1° For example, a muscle that
has been continually stretched because of postural malalignment may test stronger at its new extreme length and weaker
in a standard muscle test position.

LL2RRS, WS ONOERTIIMESNTMHICEI T, BELZBBNREIOE—7
REOIRIRIL, FLWRSTHLar bur— LIl > T, BELLENLV NS o,

57



SOFEY ., ERGEF LY [ZHEORS) TRRLEZEAS, ALESOMBHEIY HE< 0
E— BN ERESED I ENTET

Ll BEZ0fEANTHLS LIEE CTREELZHA. FRBITLY KERhE—27E D
RIEABESEDLZENTET,

ZOERERIT, b LEGOE NOBHRIZ L TE 2D THILE, Kendall 23R ~_7= k-
SLERGIE. W AENRD & 2 TF 2 b ENTZITESFE L T D ATREM: 2RI~ 5 2910,

B ZIER B EBOF WD CTEHRAICHIES N T IEE Z RmRER RS L W HTIE L ViR
<. BEHEMRFBOT A ML TIE LIV ERESND AR S D,

The physiological changes may vary with age, species, or muscle fiber type. Williams and Goldspink found maximum
active peak tension in young mice at approximately the length of the soleus muscle when immobilized,'* 7 a finding that
is consistent with their results in adult mice. '3 Peak tension, however, was not as great in the lengthened muscles of the
young mice when compared with the controls (Fig. 3). Peak tension in adult lengthened muscles, on the other hand, was
greater than peak tension in the controls. '* These physiological findings seem to be consistent with the age-related
anatomical findings that young animals do not adapt to a lengthened position by adding sarcomeres, which results in a
"weaker" muscle when compared with its control.
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Crawford's findings, however, complicate the issue. He found that the anterior tibialis muscle of young rabbits
immobilized in the lengthened position showed a greater active peak tension than did the control muscles. * The
difference between the peak tension findings of Williams and Goldspink and Crawford could have been the result of
differences in the fiber types or in the species of the animals in the respective studies. These issues are yet to be resolved.
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Anatomical Changes i ssllesiop e

Fixation of muscle in a shortened position causes a decrease (up to 40%) in the number of sarcomeres.'!> 1> 24 25 The
adaptation in muscle length occurs in conjunction with an increase in the sarcomere length. !'- '3 The normal number and
length of sarcomeres is fully recovered when the immobilization is terminated.!" 2% 26 Just as in muscles in the lengthened
position, the change in sarcomere numbers in shortened muscles seems to be related to age. In young mice there is a
decrease in the rate of addition of new sarcomeres in the soleus muscle, whereas there is an absolute loss of sarcomeres in
the adult.
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The effects of a shortened position also are specific to fiber type. The absolute?’-*? and relative numbers of type II fibers®®

3% show an increase after a period of immobilization. This change is accompanied by phagocytosis in and among type [
fibers?%-*2 Changes related to fiber type are summarized in the Table.?% 3! 33-36
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TABLE
Structural Changes in Types of Muscle Following Immobilization in a Shortened Position

Muscle Fiber Type and Changes®

Structural —

Characteristics Slow Oxidative Faétlg’(‘)"ga‘c“’e Fast Glycolytic
Number of fibers KN 1 1
Diameter of fibers Wi I I
Fiber fragmentation T 1 . m
Myofibrils | and disoriented wavy
Sarcolemma undulating ++ undulating + + undulating +
Nuclei degenerated and degenerated and degenerated and

rounded rounded rounded

Mitochondria 1}, degenerated, 1|, degenerated |, degenerated, swollen

| orderly arrangement
Sarcoplasmic | and disorganized ! l

reticulum

Myofilaments W i | and wavy
Z band abnormal configuration faint or absent
Vesicles
Basement membrane irregular projections
Register of sarcomeres shifted with time
Fatty infiltration 1 -
Collagen 1 between fibers
Macrophages 1 invasion 1 invasion 1 invasion
Satellite cells 1
Target cells )

@ | = decrease; 1 = increase; + = present; number of symbols refer to relative amount.

Biochemical Changes AR

The biochemical changes in muscles that have been shortened are more pronounced than those in lengthened muscles.
The changes in the shortened muscles favor catabolism and are more pronounced in the soleus muscle than in the
gastrocnemius muscle of the rabbit.34 3 The increased catabolism is concomitant with a loss of weight. The breakdown of
proteins in the soleus muscle is apparently the result of the presence of increased amounts of catabolic enzymes; the
amounts of these catabolic enzymes do not change as much in the gastrocnemius muscle.?* These changes in muscle
proteins provide additional evidence that length-associated changes may be specific to muscle fiber types.
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The recovery of the biochemistry of muscle is timedependent-® The protein content (enzymes and contractile elements)
and wet weight return to normal within 14 days after immobilization ends. Sixty days after termination of the
immobilization, adenosine triphosphate, glycogen, and protein concentrations have returned to normal levels.?® Thus, there
is recovery of the biochemical and structural aspects of the muscle.
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Physiological Changes Ak

The amount of passive and active tension developed by a shortened muscle is less than that in controls. '$ 242587 The
active length-tension curves are compressed, and as with lengthened muscles, peak tension occurs at approximately the
point in the range at which the muscles are immobilized '''3 (Fig. 2). Shortened muscles, however, show no differences
between adult and young animals.'3 7
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Recovery of maximum isometric peak tension curve occurs, but normal values will not be reached until 120 days after
resumption of "free" movement.?® The shortened muscles show much steeper passive tension curves when compared with
controls. 337 These curves may be a reflection of connective tissue loss occurring at a slower rate than muscle tissue loss,
which results in a relative increase in connective tissue and therefore in a reduction in the extensibility of the muscle. In
addition to the relative increase in the amount of connective tissue, remodeling of the endomysium and perimysium occurs:
each becomes thicker.’’
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Perimysium

Clinical Correlates EGEEEE’J*E E@’fi

Few quantitative studies documenting length-associated changes in man can be found in the literature. One study by
Tardieu et al, however, does show quantitative changes in children (5—14 years of age) with congenital cerebral lesions.>
They showed changes in extensibility of the triceps surae muscle after casts had been applied. Casts were applied to nine
children who had "tight" (hypoextensible) triceps surae muscles. The muscles were placed in a lengthened position, and
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the casts were worn for three months. After removal of the casts, the passive torque curves of four of the nine children
were not as steep as before immobilization, that is, the muscles seemed longer. When casts were applied to children with
hyperextensible triceps surae muscles that were placed in a shortened position, there was an increase in the steepness of
the passive torque curves in four of five children. Nearly all of the children whose muscles were placed in the lengthened
position showed abnormal contractions of the triceps surae before and after immobilization; those whose muscles were
placed in the shortened position had abnormal contractions in the dorsiflexor muscles. In other words, the children's
muscles adapted to the imposed length changes in the presence of muscle hyperactivity. Some of the children whose
muscles did not respond to the cast procedure apparently did not manifest normal trophic capabilities and could not adapt
to length changes. The inconsistency of results among the children points up the variability that is typical of human research
but not of animal research. The difference in consistency of results between the human and the animal studies also is a
clear indication of the danger of interpolation of results from animals.
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COMBINATION MODELS A& HHEET IV
Tenotomy iz 391153

Tardieu and colleagues found that elongation of the triceps surae tendon of the cat resulted in a decrease in the number
of sarcomeres.*® The results of this procedure paralleled results of muscle shortening. The 56 percent decrease in
sarcomeres over that in the control limb was greater than the decrease expected from immobilization. The reduction in the
number of sarcomeres resulted in a decrease in muscle fiber length but an increase in sarcomere length.
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These structural changes in the muscle were associated with differences in the active length-tension curves between the
experimental and control muscles. The peak tension was measured at less than 50 percent of the control values and occurred
within a shortened range of the elongated muscle-tendon system. Over a seven-month period after the surgery, the
maximum active peak tension increased; for example, at two months it was 55 percent of that of the control side and at
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seven months, 75 percent. The passive curves in those same seven months returned essentially to the control values.>
These findings may relate to the decrease in strength manifested in patients who have undergone tenotomies.
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When Baker and Hall-Craggs performed a tenotomy of both the proximal and distal tendons of the soleus muscles of
rats, there was a marked reduction in the number of sarcomeres.*’ In addition, the muscle length decreased significantly
within 24 hours. The length of the sarcomeres increased within the neXt four weeks, but the length of the fibers remained
shortened, which suggested a decrease in the number of sarcomeres.*
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In a second study, Baker and Hall-Craggs performed a tenotomy on the distal tendon of the medial gastrocnemius
muscles and the proximal and distal tendons of the extensor digitorum longus muscles of rats.*! The results for the
gastrocnemius muscles were similar to those for the soleus muscles.*’ Specifically, there was a decrease in sarcomere length
within 24 hours, with an excessive overlap of the myofilaments. By the end of four weeks, adaptations had occurred and
the sarcomere length had increased. In addition, central core lesions (see article by Wheeler in this issue) were evident in
the gastrocnemius muscles.*' The absence of central core lesions in the extensor digitorum longus muscles was
accompanied by only a slight reduction in sarcomere length in spite of the severing of both tendons. Although the central
core lesions occurred only in the fatigue-resistant fibers, the authors suggested that central core lesions were related to a
critical sarcomere length and that the lesions did not occur unless the sarcomere had shortened to that critical length.
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Sjostrom et al found similar destructive changes in rabbits after the rabbits were immobilized for tendon repair.?’ These
changes in the soleus muscles were present when immobilization occurred with the muscles in the shortened position but
not when the muscles were lengthened. If these results are applicable to humans, physical therapists need to be aware of
the potentially weak muscle that may result when the surgeon immobilizes the muscle in a shortened position in an attempt
to reduce the load on the tendon. Surgeons also should be aware of the implications of leaving muscles in lengthened or
shortened positions. Stretch promotes protein synthesis in all muscle types, while shortening leads to catabolism. Fatigue-
resistant fibers are more susceptible to the effects of shortening than fibers that fatigue more easily.
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Truscelli et al performed surgical procedures to correct an equinus deformity on 58 children (3—14 years of age) with
cerebral palsy. The children were grouped as follows: 1) those with abnormal muscle shortening without spasticity, 2) those
with muscle shortening and spasticity, and 3) those with spasticity only.*? After the surgical procedure, those with abnormal
muscle shortening without spasticity (Group 1) had a temporary correction of the equinus deformity, but within five years
the equinus deformity was as severe as it had been before surgery. The investigators indicated that the muscle could not
adapt to the new length and that therefore surgery was not helpful in modifying an equinus deformity in children with
myostatic contractures.
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The surgical results with the children in Group 2, those with muscle shortening with spasticity, were varied and
unpredictable. The triceps surae muscles shortened after the surgery, and the new length was maintained when the amount
of spontaneous activity in the triceps surae muscles was balanced by the activity in the dorsiflexor muscles. If, however,
the spasticity was greater on one side of the joint than on the other, deformity recurred in the direction of the predominant
muscle group. The children with spasticity only (Group 3) had even more varied results, and valid assessment of the surgery
was not possible. The importance of developing valid measures that can serve as predictors of success for invasive as well
as noninvasive procedures is clear from these data.
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Denervation HBHEPﬁ

The denervation model has been used to determine if the regulation of sarcomere number is under a direct neural
influence. Denervation without immobilization resulted in no changes in the number of sarcromeres.* * However,
denervation in combination with four weeks of immobilization produced a 35 percent reduction in sarcomeres when the
shortened position was used and a 25 percent increase in sarcomeres when the lengthened position was used. Denervation
did not alter the expected recovery to normal numbers of sarcomeres after the immobilization period.** There also were no
differences in the passive length-tension curves between the innervated and denervated immobilized muscle.* The
adaptation of the number of sarcomeres to imposed length changes apparently is not under direct neural control*3 44
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Hayat and colleagues, however, using the cat's soleus muscle, found only a slight reduction in sarcomere numbers after
the denervated muscle was immobilized in the shortened position for seven days and no change in extensibility*> They
indicated that the difference between denervated and nondenervated immobilized muscles is a result of a difference in
sarcomere length caused by the presence or absence of muscle contractile activity. That is, in the innervated, immobilized
muscle, the length is a function of the position imposed by the cast and the contraction of the muscle. A contracting muscle
causes a further decrease in length and thus a greater decrease in the number of sarcomeres. The denervated muscle does
not contract, and the expected reduction in sarcomeres imposed by the immobilization is therefore not as great in a
denervated preparation.
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Protein synthesis and breakdown also was used as a dependent measure in denervation investigations. Goldspink
demonstrated that denervation caused an immediate decrease in protein synthesis, but that with time the decrease was
reversed, and ultimately there was an increase.*® When the denervated limb was immobilized, it responded as a
nondenervated immobilized preparation. In other words, when the muscle was in a shortened position, there was a decrease
in protein synthesis and breakdown; whereas when it was in the lengthened position there was an increase in synthesis and
a decrease in breakdown of the proteins.
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A comparison of the work of Hayat et al*’ and that of Goldspink et al*? also suggests that denervation alters the rate at
which an immobilized muscle will adapt to length-imposed changes. The altered muscle physiology and biochemistry
caused by the denervation seem to slow the rate at which sarcomeres are lost. Clinically, this reduced rate of structural
change indicates the advantage of early intervention for prevention of length-associated changes secondary to the primary
problem such as peripheral nerve injury and repair.
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Tetanus Toxin and Electrical Stimulation 7 & XA (m%ﬁk) %i & %ﬁﬂﬁ@ﬁ%’(

In an attempt to further understand the mechanism of sarcomere number adaptation, Huet de la Tour et al altered the
length and tension of the soleus muscle independently.*’*$ Muscle contraction and thus tension were produced by a local
injection of tetanus toxin. The mechanism of action of the toxin is not clearly understood, but the result is a strong
continuous muscle contraction within 24 to 36 hours after the injection. Each of four groups of guinea pigs received an
injection of tetanus toxin.*’ The first group had no other intervention and was therefore viewed as a model for shortening
(muscle contraction) and tension. Length was altered in the second group by immobilizing the animal's ankles in full
dorsiflexion (tension plus lengthening). The tension was altered in a third group by performing a tenotomy on the triceps
surae tendons (shortening with no tension). The fourth group had no length change nor tension development because the
nerves to the triceps surae muscles were severed.
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The tetanus toxin caused an increase in the resistance to passive movement (hypoextensible or tight muscles) in the first
group of animals. The hypoextensibility was eliminated, however, when the animals were placed in the lengthened position
or full dorsiflexion for 48 to 72 hours. The muscle fibers shortened in the group that had a tenotomy. When the tenotomy
was combined with denervation in the fourth set of animals, no change in muscle fiber length occurred after 72 hours.
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Histological results of the study by Huet de la Tour et al provided evidence that the hypoextensibility in the soleus
muscle was the result of a decrease in the number of sarcomeres concomitant with an increase in sarcomere length.*’ These
changes were evident 48 to 72 hours after the muscle had been injected with tetanus toxin. The decrease in sarcomeres also
was present 72 to 120 hours after tenotomy of the muscle. Thus, the change in sarcomere numbers and length occurred
after muscle shortening regardless of the presence or absence of tension in these muscles.*® In those muscles that were
prevented from shortening, there were no changes in sarcomeres*’ The stability of the sarcomere numbers and length was
apparent regardless of whether tension was present (immobilized group) or absent (denervated group).
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In summary, the number of sarcomeres decreased when the muscle was allowed to shorten regardless of tension.
Secondly, the number and length of sarcomeres remained the same when the overall length of the muscle was held constant

in the presence or absence of tension. The investigators therefore concluded that the number of sarcomeres is determined
by length and not tension.*’
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When electrical stimulation was used, more evidence was compiled that implicated length as the determinant for the
number of sarcomeres.* Twelve hours of continuous electrical stimulation while the limb was immobilized with the soleus
in the shortened position caused a greater reduction in the number of sarcomeres than the decrease produced by either the
stimulation or the immobilization alone. However, there was no reduction when stimulation was combined with
immobilization in the neutral or lengthened positions. A change in the number of sarcomeres occurred only when there
was an absolute length change regardless of the presence of tension.
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The results of the tetanus toxin*’ 43 and electrical stimulation*” models strongly indicate that length is the determinant for
the number of sarcomeres. They also suggest that greater reduction of sarcomeres and thus more shortening and tightness
will occur when passive shortening is combined with contractile activity in the muscle.
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Other Models & DfHLDET L

The effect of imposed length changes has been investigated in combination with starvation®® and the administration of
steroids.”’*2 In both types of investigations, the dependent measure was protein synthesis and breakdown rather than
sarcomere number or length. Starvation together with immobilization in the shortened position caused a greater increase
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in protein catabolism than either condition alone.’® The changes, however, were not different from those found in the
internal control, which indicates that in the starving animal, immobilization in the shortened position affects muscles in
both limbs in a catabolic manner. The catabolism was diminished when the starving animal's limb was placed in a
lengthened position, and slight growth was apparent in the lengthened muscle.
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When McGrath and Goldspink administered cortisone to rats, they found a reduction in protein synthesis and breakdown
in the soleus muscle.’! The catabolic activity of the drug was increased, however, when cortisone was given in conjunction
with immobilization in a shortened position. The decrease in protein synthesis and marked increase in protein breakdown
were greater than with immobilization alone or than that seen in the internal control (nonimmobilized) limb. If this finding
is true for humans, immobilization (especially in a shortened position) is detrimental for patients on cortisone therapy.
Because the cortisone enhances the effects of shortening, perhaps these patients should be placed in a lengthened position
when possible.
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The differing results with the shortened versus the lengthened position also are manifested when the limb is
deafferentated by cutting the dorsal root ganglia or when the thoracic spinal cord is transected in cats. Gallego et al>
showed that damage to the dorsal roots alone did not produce a significant decrease in the weight of the soleus, findings
similar to other denervation models. 4”-4° When the deafferentated limb was immobilized in the shortened position, there
was decrease in the weight (shortening) of the muscle. Positioning the soleus in a lengthened position, however, nullified
the effects of transection of the dorsal roots; in fact, there was a slight increase in the weight of the soleus. The influence
of the immobilized position on muscle shortening and loss of weight therefore does not seem to be dependent on peripheral
reflex activity, as was suggested by Goldspink. 2
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This independence was supported further when the thoracic spinal cord was transected.’* Muscle weight decreased when
the cord was transected and did not increase when the muscle was immobilized in a shortened position. In contrast, when
the muscle was immobilized in a lengthened position, the weight of the soleus was not different from the weight of
nonimmobilized muscles in animals with intact spinal cords. These findings again suggest that the length-associated
changes are due to local events in the muscle and not to differing amounts of reflex activity.>
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Gallego et al also showed differences in the physiological responses of the motor unit between shortened and lengthened
muscles.> The mean tetanic peak tension decreased in both groups, but the decrease was greater in the lengthened muscles
than in the shortened ones. These findings support Kendall et al's concept of stretch-weakness.> * ' But Gallego et al>?
failed to indicate the length of the muscle at which the tension was measured, and without knowing the length, one cannot
say whether the muscle has a lower than normal peak tension.!! 1% 13
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The evidence from experimental studies and clinical observations clearly indicates that muscle is an extremely mutable
(prone to change) tissue. Change is more pronounced when a muscle is shortened than when it is lengthened. The changes
can be deleterious; but they arc reversible, a condition that can be used in correcting movement dysfunction.
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Animal studies suggest that the changes induced in muscle are related to age. In the young, an individual muscle will
adapt by first changing its tendon length and then adjusting muscle fiber length. This type of adaptation prevents the muscle
in the child from achieving its normal length relationships after either a shortened or lengthened position is imposed. For
example, when the child's muscle is stretched, the tendon may elongate and the muscle tissue may not adapt to the imposed
length change, creating a weak muscle. When intervention is attempted by placing the muscle in a shortened position, the
muscle may adapt and the number of sarcomeres will be reduced. The result would be an even weaker muscle and a clinical
problem that is difficult to reverse. Maintaining the normal resting length of muscle is important regardless of the patient's
age, but it appears critical in the young.
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The primary theoretical clinical implication of the physiological properties of length-associated muscle changes is that
the clinical understanding of muscle "strength" must be reconsidered. Muscles that have shortened—for example, the hip
flexor muscles—may test as strong as normal length muscles, mainly because they are tested in their optimal "adapted"
position. In addition, the associated change in their passive tension, through shortening of the connective tissue elements,
contributes to the clinically perceived "strength." But, in fact, the actual passive and active peak tension produced by these
muscles should be less than that of the normal length muscle. Furthermore, once a program of stretching has been initiated,
the previously short and seemingly strong muscles will be weaker by the change in their length. Therefore, a program of
strengthening exercises should be considered. In the foregoing example, the hip extensor or abductor muscles may test
weak because the evaluation of these stretched or weakened muscles is not performed at their optimal test length. According
to the animal studies, these muscles would actually be capable of developing greater peak tension than if their length was
normal. These findings suggest that the emphasis of the correction program should be on restoring normal length and
developing tension at the appropriate point in the range rather than on just strengthening the muscle.
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Muscle tightness can develop to a greater degree and more rapidly in the presence of neurological hyperactivity.
Constant contraction of the muscle, when it is allowed to shorten, may exaggerate the rate and quantity of sarcomere
loss. The reduction in the number of sarcomeres weakens the muscle. Such changes in the intrinsic properties of muscle
of animal suggest that the resistance to passive motion, encountered by clinicians in the chronic patient with spasticity,
can most often be attributed to anatomical rather than to neurological mechanisms. Any change in the resistance to
passive stretch after a cast is applied may best be explained by alteration in anatomical muscle length rather than in
neurological activity. Applying casts or splints in a lengthened position should add sarcomeres to the muscle fiber and
stretch the connective tissue elements. The changes in the properties of the muscle could explain the decreased resistance
to passive movement after the cast is applied. This lengthening will occur in the presence of muscle contraction if
movement about the joint (i.e., isotonic contractions) does not occur.
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Experimental evidence derived from animal studies describing and classifying length-associated changes in muscle
is available. The mechanism(s) involved in the cause of those changes, however, has not been completely identified.
Evidence of comparable changes in humans is not available. Empirical observations strongly imply that such alterations
do occur and have a major role in the muscle imbalance of all patients with or without pathological conditions of their
neurological, muscular, or skeletal systems. Understanding the role of length-associated changes in muscle is essential
for those involved in the prevention, evaluation, and treatment of movement dysfunction.
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