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In this article, we compared changes in the length and circumference of the 
soleus and the plantaris muscles in rabbits. The rabbits were assigned to a 
nonimmobilized external control group (n = 4), an experimental shortened-
position group (n = 10), or an experimental lengthened-position group (n = 9). 
One hind limb of each animal in the experimental groups was immobilized in a 
cast for four weeks to put the muscles in either a shortened or lengthened 
position. The contralateral limb served as an internal control for the animals in 
the experimental groups. After the immobilization period, the limbs were fixed in 
situ, the muscles were dissected, and length and circumference measurements 
were taken. In both experimental conditions, the immobilized soleus muscles 
were shorter than their contralateral counterparts (p < .05); the length of the 
plantaris muscles did not change. The immobilized muscles had decreased 
circumference values regardless of the immobilization angle. When compared 
with the control condition, the shortened soleus muscles had a greater decrease 
in circumference than did the plantaris muscles. More connective tissue was 
observed in the muscle bellies of the soleus after immobilization than in the 
plantaris. Similar significant changes (p < .05) were found in the nonimmobilized 
limbs of the animals in the experimental groups. Specifically, the soleus muscles 
demonstrated length and circumference changes, whereas the plantaris muscles 
showed changes only in circumference. These findings suggest that when a 
weight-bearing limb is immobilized, adaptations in gross muscle length and 
circumference are to be expected in the involved and uninvolved limbs. An 
assessment of similar adaptations in humans should be a part of the evaluation 
during recovery. 
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Several investigators have described 
changes in muscle after an imposed 
length change. Such length-associated 
changes may be induced by immobi

lization, tenotomy, or postural 
malalignment1-3 and include alterations 
in the anatomical structure,1-4 biochem
ical composition,2,3,5-7 and physiological 
function8,9 of muscle. 

Immobilization of a limb often causes 
changes that are deleterious to the pa
tient and can lead to secondary move
ment problems. These changes may in
clude muscle atrophy or changes in the 
length of the muscle and its connective 
tissue. The extent and direction of these 
changes depend on the position of the 
joint during immobilization. Some au
thors have reported that a muscle placed 
in a shortened position will atrophy and 
that those placed in a lengthened posi
tion will atrophy less and in some in
stances will hypertrophy.4,5 Other au
thors, however, have reported atrophy 
in the lengthened vastus intermedius 
muscle of the rat.6,7 This difference in 
results may be related to the design of 
the separate studies. In those studies in 
which no atrophy was reported, the de

sign did not include a control group. 
That is, the immobilized limb was com
pared with its nonimmobilized, contra
lateral limb. Booth reported that in the 
lengthened position, type II (fast-twitch) 
muscle fibers temporarily increased in 
size and then atrophied, whereas type I 
(slow-twitch) muscle fibers did not atro
phy.10 Type I muscle fibers are affected 
preferentially by immobilization in the 
shortened position.4-7 Researchers who 
reported an increase in muscle fiber 
length and in the number of sarcomeres 
in lengthened muscles versus a decrease 
in the same characteristics for shortened 
muscles also cite the importance of the 
angle of immobilization in muscle ad
aptations.8,9 

Studies of the effects of immobiliza
tion on muscle generally have focused 
on changes at the cellular level, and 
macroscopic evidence of length-associ
ated change has often not been reported. 
Several investigators also have com
pared the muscles of immobilized limbs 
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with their contralateral counterparts 
without making similar comparisons 
with uninvolved, nonimmobilized 
limbs.4,10-12 Such a research paradigm 
seems to discount the mutability and 
adaptive responses of the uninvolved 
limb and presumes that a normal state 
is maintained. 

Muscle characteristics, such as fiber 
type predominance, number of joints 
crossed, joint position during immobi
lization, and potential adaptations of 
other muscles, are clinically relevant 
considerations when treating patients 
who have had joint immobilization. For 
example, immobilization of the ankle 
joint complex with a cast promotes 
modifications of the use of the nonim
mobilized limb. In the selection of clin
ical treatment strategies, it is important 
to recognize that the extent of atrophy 
in the immobilized limb may be due to 
the selective involvement of specific 
muscle fiber types, to whether single-
joint or multijoint muscles are involved, 
or to the position in which the joint is 
immobilized. 

The purpose of this study was to com
pare gross anatomical changes in the 
muscles of rabbits that had an immobi
lized limb with those from animals that 
did not have an immobilized limb. The 
effects on a one-joint muscle, the soleus, 
were compared with the effects on a 
multijoint muscle, the plantaris. We hy
pothesized that when the muscles in the 
immobilized limb are compared with 
their counterparts in the nonimmobil
ized, contralateral limb and in the limbs 
of control animals, the following differ
ences would be demonstrated: 1) an in
crease in length of muscles immobilized 
in a lengthened position and a decrease 
in length for muscles immobilized in a 
shortened position, 2) a decrease in cir
cumference, and 3) an increase in con
nective tissue. We also hypothesized 
that changes in length and circumfer
ence would be greater in the soleus mus
cles than in the plantaris muscles. 

METHOD 

Procedure 
The twenty-three adult New Zealand 

white rabbits in this study were assigned 
to either the experimental or control 
groups. Those assigned to the experi
mental groups had their right hind limb 
immobilized in a plaster cast (Fig. 1). 
Nine animals were anesthetized with in-
novar vet using a volume-to-body 

Fig. 1. Typical postures rabbits assumed 
when immobilized in the lengthened (A) and 
shortened (B) positions. 

Fig. 2. Schematic of the plantaris and so
leus muscles illustrating the sites for the 
length and circumference measurements. 

weight ratio of 0.1 cc/kg. Their right 
hind limbs were immobilized in a posi
tion of flexion at the knee and dorsiflex-
ion at the ankle joints, which placed the 
plantaris and soleus muscles in a length
ened position (Fig. 1A). The right hind 
limbs of the remaining experimental an
imals (n = 10) were immobilized in a 
position of extension at the knee and 
plantar flexion at the ankle, which 
placed the relevant muscles in a short
ened position (Fig. 1B). The nonimmo
bilized, contralateral muscles of the ex
perimental animals served as internal 
controls. 

The experimental animals were main
tained in their casts for four weeks. 
Water and food were available at all 
times, and the animals' general well 
being, their mobility and posturing, and 
the condition of their casts were moni
tored. Casts were changed when neces
sary to maintain the desired position of 
the limb. After the period of immobili
zation, the experimental animals were 

anesthetized using sodium pentobarbi
tal and killed by exsanguination using 
4% glutaraldehyde and a cacodylate 
buffer with a pH value of 7.4. This 
method permitted the muscles of both 
limbs to be fixed histologically in situ at 
the angle of ankle immobilization ( = 
141 ± 12 degrees for the lengthened 
position and = 8 ± 4 degrees for the 
shortened position) and initiated the 
preparation of the tissue for electron 
microscopy. 

We disarticulated the hind limbs of 
the animals at the hip and placed them 
in a shallow dish containing a 4%-glu-
taraldehyde solution. The limbs were 
skinned, and the plantaris and soleus 
muscles were dissected carefully to 
avoid pulling the muscles or their ten
dons. The distal tendon of the plantaris 
muscle was separated from the tendons 
of the soleus and other muscles in the 
sheath surrounding the Achilles tendon. 
The tendon was cut proximally to the 
calcaneus, and the muscle was reflected 
from the underlying tissues and re
moved with its proximal tendon at
tached to the sesamoid bone associated 
with the lateral femoral condyle. The 
soleus muscle was dissected in the same 
manner from its proximal attachment 
to the head of the fibula and distally 
from the Achilles tendon. 

Using an optic headpiece with a mag
nification of 10 × and a micrometer 
caliper, we measured the length and cir
cumference of the bellies of each of the 
muscles (Fig. 2). The length of each 
muscle was measured between the prox
imal and distal musculotendinous junc
tions. A nylon thread was placed around 
the largest area of the muscle belly and 
then measured to obtain circumference 
measurements of each muscle. After 
these anthropometric measurements 
were recorded, the muscles were pre
pared for single-fiber dissection and ob
served for amount of connective tissue. 

Another group (n = 4) did not 
undergo immobilization and served as 
external control animals. Two animals 
were killed with their hind limbs fixed 
in a position of knee flexion and ankle 
dorsiflexion; the other two animals had 
their hind limbs fixed in a position of 
knee extension and ankle plantar flex
ion. The limbs fixed in full dorsiflexion 
were used as controls for muscles im
mobilized in a lengthened position, 
whereas those fixed in plantar flexion 
served as controls for muscles immobi
lized in a shortened position. The plan-
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TABLE 1 
Analysis of Variance for Length Measurements of Rabbit Plantaris and Soleus Muscles 
Fixed in the Lengthened Position 

Source 

Condition 
Muscle 
Condition x muscle 
Error 

df 

2 
1 
2 

38 

SS 

68.26 
2240.10 

62.01 
510.36 

MS 

34.13 
2240.10 

31.00 
13.43 

F 

2.54 
166.79 

2.31 

P 
NS 

.0001 
NS 

TABLE 2 
Analysis of Variance for Length Measurements of Rabbit Plantaris and Soleus Muscles 
Fixed in the Shortened Position 

Source 

Condition 
Muscle 
Condition x muscle 
Error 

df 

2 
1 
2 

42 

SS 

145.37 
4036.08 

16.77 
489.23 

MS 

72.68 
4036.08 

8.38 
11.65 

F 

6.24 
346.49 

.72 

P 
.004 
.0001 

NS 

Fig. 3. Length values (mm) for muscles in 
immobilized ("casted") and nonimmobilized 
("uncasted") control animals. The mean val
ues ± SE for casted, uncasted, and control 
animals, respectively, were plantaris-length-
ened 81.1 ± 1.1, 81.7 ± 0.9, 84.4 ± 1.9; 
soleus-lengthened 65.5 ± 1.5, 70.2 ± 1.4, 
66.9 ± 1.0; plantaris-shortened 73.6 ± 1 . 1 , 
76.1 ± 0.6, 75.8 ± 1.9; and soleus-short-
ened 53.9 ± 1.2, 58.9 ± 1.2, 57.8 ± 1.8. 
(a = Significantly different than uncasted, 
P <-02.) 

taris and soleus muscles of the control 
animals were prepared in the same man
ner as those muscles of the experimental 
animals. 

Data Analysis 

The data were subjected to a two by 
three unbalanced design analysis of var
iance for each position. The least 
squares means were used with Fisher's 
protected LSD test for post hoc analysis. 

RESULTS 

A visual examination of the muscles 
revealed that the most apparent changes 
were in muscles that had been immobi
lized in the shortened position. The 
muscles of the animals whose ankles had 
been immobilized in plantar flexion ap
peared to be atrophic (ie, smaller) with 
increased amounts of connective tissue. 

Length Measurements 

Analyses of variance for length meas
urements of the plantaris and soleus 
muscles fixed in lengthened and short
ened positions are shown in Tables 1 
and 2, respectively. Figure 3 depicts the 
length measurements for each muscle 
for both the lengthened and shortened 
positions. The immobilized soleus mus
cle for each position was shorter than 
the nonimmobilized, contralateral so
leus muscle (p < .02), but neither mus
cle differed from the soleus muscles of 
the control animals. The length of the 
plantaris muscles did not change. 

Circumference Measurements 

Analyses of variance for circumfer
ence measurements of the plantaris and 
soleus muscles fixed in lengthened and 
shortened positions are shown in Tables 
3 and 4, respectively. In the lengthened 
position, the plantaris muscles in the 
immobilized and nonimmobilized 
limbs were smaller in circumference 
than the plantaris muscles of the control 
animals (p < .001 and p < .04, respec
tively). The soleus muscles immobilized 
in the lengthened position also were sig

nificantly smaller (p < .04) than those 
of the control animals. In the shortened 
position (Fig. 4), the plantaris muscles 
exhibited a decrease in circumference in 
the immobilized and nonimmobilized 
limbs when compared with the plantaris 
muscles of the control animals (p < .04). 
In addition, the circumference of the 
plantaris muscles in the casted limbs was 
smaller than their contralateral counter
parts (P< .001). 

The soleus muscles immobilized in 
the shortened position showed a de
crease in circumference when compared 
with the soleus muscles of the contralat
eral, nonimmobilized limbs and with 
the soleus muscles in the limbs of the 
control animals (p < .001). The non-
immobilized soleus muscles, however, 
were not smaller than their counterparts 
in the limbs of the control animals. 

DISCUSSION 

Immobilizing muscle by casting 
caused atrophy in the plantaris and so
leus muscles, regardless of the position 
of immobilization or the muscle type. 
These observations confirm conclusions 
reported by Boyes and Johnston6 and 
Tomanek and Lund.7 Our study and 
those of Boyes and Johnston6 and To
manek and Lund7 are comparable be
cause each used nonimmobilized ani
mals for controls and comparisons. In 
other studies in which atrophy did not 
result when the muscles were immobi
lized in the lengthened position, only 
muscles from nonimmobilized, contra
lateral limbs were used as controls.4,10-12 

We also found evidence that lengthen
ing retards atrophy when we compared 
the circumferential measurements of the 
muscles of immobilized limbs with 
those of their nonimmobilized, contra
lateral counterparts. When we com
pared the immobilized muscles of the 
experimental animals with the nonim
mobilized muscles of the control ani
mals, however, the circumference of the 
plantaris and soleus muscles decreased 
approximately 19%. When the muscles 
of the nonimmobilized limbs of the im
mobilized group were compared with 
their counterparts of the nonimmobi
lized control group, the decrease was 
approximately 14% for both muscles. 
The changes in the muscles of the con
tralateral limbs not only confirm our 
observation that muscles from both 
limbs undergo adaptations but also sup
port the need for a separate group of 
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animals to be used as controls. The 
amount of atrophy (ie, decrease in cir
cumference) in the lengthened position 
was less than that in the shortened po
sition, which is in agreement with the 
findings of Booth and Kelso5 and 
Booth.10 

The soleus muscles of the immobi
lized limbs were smaller than either their 
nonimmobilized counterparts or the so
leus muscles of the limbs of the control 
animals, but the nonimmobilized soleus 
muscles of the experimental animals did 
not manifest any atrophy when com
pared with the soleus muscles of the 
control animals. The posturing and mo
bility behaviors of the animals with im
mobilized limbs may have prevented 
atrophy of the soleus muscles of the 
contralateral limbs. 

The rabbits with immobilized limbs 
had to use the nonimmobilized limb for 
weight bearing and movement. The sin-
gle-joint soleus muscle may have as
sumed more of the work required by the 
limb than did the plantaris muscle, thus 
preventing the atrophy that was appar
ent in the plantaris muscle. The animals 
with immobilized limbs were not able 
to move the nonimmobilized limb 
through the full range of motion when 
moving about the cage, which main
tained that limb in slight flexion at the 
knee and only a few degrees of dorsiflex-
ion at the ankle. This posture placed the 
soleus muscle in a slightly lengthened 
position, whereas the plantaris muscle 
was at less than full resting length be
cause it is located posterior to the knee 
and attaches to the four full phalanges. 
The optimum length for greatest tension 
development is at or just beyond resting 
length; thus, the posturing behavior of 
the animal may have prevented the 
plantaris muscle from being exercised at 
its optimum length. The soleus muscle, 
however, was exercised at a lengthened 
position that placed it at an optimum 
length to generate tension, preventing 
atrophy. Some nonimmobilized soleus 
muscles appeared to have hypertrophied 
as a result of the demands imposed by 
the single-limb weight bearing, which is 
supportive of models for strength train
ing.13,14 

The hypothesis that posturing behav
ior causes a differential effect between 
the soleus and plantaris muscles in the 
nonimmobilized limbs is supported fur
ther by the length measurements. The 
plantaris muscles did not show any 
length differences, although the nonim-

TABLE 3 
Analysis of Variance for Circumference Measurements of Rabbit Plantaris and Soleus 
Muscles Fixed in the Lengthened Position 

Source 

Condition 
Muscle 
Condition x muscle 
Error 

df 

2 
1 
2 

38 

SS 

539.68 
6923.84 

37.28 
1240.31 

MS 

269.84 
6923.84 

18.64 
32.64 

F 
8.27 

212.13 
.57 

P 
.001 
.0001 

NS 

TABLE 4 
Analysis of Variance for Circumference Measurements of Rabbit Plantaris and Soleus 
Muscles Fixed in the Shortened Position 

Source 

Condition 
Muscle 
Condition x muscle 
Error 

df 

2 
1 
2 

42 

SS 

2498.05 
4714.38 

183.84 
991.24 

MS 

1249.02 
4714.38 

91.92 
23.60 

F 

52.92 
199.75 

3.89 

P 
.0001 
.0001 
.02 

mobilized soleus muscles were longer 
than their immobilized, contralateral 
counterparts in both the lengthened and 
shortened positions. The continuous, 
flexed posture of the hip, knee, and an
kle in the uncasted limb caused length
ening of some of the muscles crossing 
the posterior aspect of the ankle and had 
a greater effect on the one-joint soleus 
muscles than on the multijoint plantaris 
muscles. This finding was evident in 
pilot research (n = 6) in which the plan
taris muscle demonstrated a 2% increase 
in length at full plantar flexion com
pared with an ankle position of 93 de
grees (ie, neutral and essentially rest po
sition of control animals); the soleus 
muscle showed a 13% increase in length 
over the same range. The soleus muscle 
demonstrated an additional 3% increase 
between 93 and 140 degrees of dorsiflex-
ion and the plantaris muscle lengthened 
by 9%. In other words, the soleus muscle 
had a greater total percentage of change 
and underwent the greatest extent of its 
length change at a position of 93 degrees 
of ankle dorsiflexion, which was the ap
proximate joint position of the uncasted 
limbs assumed by the animals with im
mobilized limbs. These pilot findings 
are consistent with the results of re
search on cats reported by Tabary et 
al.15 

In addition to the marked decrease in 
the circumference of the shortened im
mobilized muscles (p < .001), we also 
noted an increase in connective tissue. 
The increased amount of connective tis
sue was more pronounced in the soleus 
muscles than in the plantaris muscles. 
This differential effect may be a function 

Fig. 4. Circumference values (mm) for mus
cles in immobilized ("casted") and nonimmo
bilized ("uncasted") control animals. The 
mean values ± SE for casted, uncasted, and 
control animals, respectively, were plantaris-
lengthened 53.5 ± 3.1, 57.6 ± 1.8, 65.9 ± 
1.4; soleus-lengthened 30.4 ± 1.5, 31.9 ± 
1.1, 37.7 ± 1.7; plantaris-shortened 47.9 ± 
1.8, 55.8 ± 1.6, 67.9 ± 0.6; and soleus-
shortened 25.4 ± 1.0, 40.6 ± 2.0, 43.0 ± 
1.0. (a = Significantly different than control, 
p < .04; b = Significantly different than un
casted, p < .001.) 

of single- and multijoint muscles or of 
muscle fiber type because the soleus 
muscles are composed primarily of type 
I muscle fibers and the plantaris muscles 
are composed primarily of type II mus
cle fibers. This proliferation of connec
tive tissue has been described by 
others7-9,15,16 and may have clinical im-
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portance if the findings of Tardieu et 
al17 are supported by studies of human 
subjects. 

In a study of length adaptation of 
connective tissue, Tardieu et al found 
that the parallel elastic elements of mus
cle did not shorten to the same extent 
as their respective contractile tissue ele
ments.17 Movement of a muscle over its 
complete articular range, therefore, 
would cause disruption of the sarcomere 
structure because the muscle would not 
have parallel connective tissue elements 
of comparable length to protect it. Thus, 
in a muscle that is weak because of 
disuse after immobilization, the muscle 
fibers are vulnerable to further trauma 
because of their own weakness and the 
temporary loss of a functional connec
tive tissue covering. 

CLINICAL IMPLICATIONS 

Immobilization caused atrophy in 
both the soleus and plantaris muscles, 
but the greatest increase in atrophy was 
observed in the soleus muscles. The loss 
of muscle tissue and the proliferation of 
connective tissue may affect the mus
cles' capability to produce tension. This 
loss of muscle tissue may be a contrib
uting factor in the changes clinicians 
observe after the casting or splinting of 
patients with spasticity.18-20 The term 
inhibitive casting may be a misnomer 
because the apparent reduction in mus
cle tone might be a result of a change in 
the amount of muscle tissue present and 
not a decrease in motor neuron activity 
as suggested by some authors. Addi
tional studies are needed to investigate 
the peripheral changes in muscle after 
casting in patients with spasticity. 

The shortened position of hind-limb 
immobilization resulted in greater 
amounts of atrophy than did the length
ened position. The deleterious and dif
ferential effects of the position of im
mobilization emphasize the need for 
documentation of the angles of immo
bilization in research and clinical re
ports. The lack of this documentation 
in several human studies21-25 limits the 
use of the results of that research in 
planning patient care. 

Another limitation of some human 
studies22-25 and several animal 

studies4,11,12 is the use of the contralat
eral limb as the control. The contralat
eral limb also undergoes adaptations 
and, therefore, should not be considered 
as the only control. The changes in the 
contralateral muscle must be considered 
when comparisons are made between a 
patient's previously immobilized limb 
and its contralateral counterpart. The 
adaptive changes that occur in an im
mobilized limb's nonimmobilized, con
tralateral counterpart may invalidate 
comparisons based on the presumed 
normalcy of the nonimmobilized limb. 

Our study further confirms that mus
cle tissue responds selectively and differ
entially to the demands placed on it. 
Understanding these differences is im

portant in the clinical management of 
the sequelae of immobilization. 

CONCLUSION 

The effects of immobilization in
duced by casting are greater in a one-
joint muscle than in a multijoint mus
cle. In addition, muscles that have been 
immobilized in a shortened position 
undergo greater changes than muscles 
immobilized in a lengthened position. 
Muscles in the nonimmobilized limb of 
animals that have been immobilized 
also undergo adaptive changes. Recog
nition of these variables and the selec
tive and differential changes in muscle 
is important in our clinical management 
decisions. 
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