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Summary
Background: during limb lengthening, muscles are
thought to increase the number of sarcomeres. However, this adaptation may differ among muscles with
diverse architecture. Purpose: this study wish to
clarify the differences in muscle adaptation in a rabbit model of tibial lengthening. Methods: twelve rabbits underwent tibial lengthening (0.7 mm/day for 4
weeks), with the contralateral limb serving as a control, and were euthanized after either the lengthening
or the consolidation period. Six muscles around the
tibia were investigated in terms of muscle belly
length, muscle weight, sarcomere length and serial
sarcomere number. Results: muscle belly length increased in all the lengthened muscles. No increases
in muscle mass were noted. Sarcomere length increased in the ankle plantar-flexors and was kept
longer than the optimal sarcomere length after the
consolidation period. Nevertheless, significant increases in sarcomere number were observed in two
ankle plantar-flexors. Conclusion: this study demonstrated that muscle belly length largely adapted to
the lengthening. The increase in sarcomere number
did not match the increase in muscle belly length.
We estimated that elongation of the intramuscular
aponeuroses is another mechanism of the adaptation in addition to the increase in sarcomere number.
KEY WORDS: aponeurosis, limb lengthening, muscle
adaptation, muscle architecture, sarcomere number.
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Introduction
Limb lengthening, that is, experimental distraction osteogenesis, has been widely used to treat various orthopedic diseases, such as congenital limb deficiency
and acquired limb shortening. In this treatment, tension stress induces regeneration of all limb tissues including bone, muscle, vessels and skin 1,2. Despite
the benefits of this treatment, several complications
during limb lengthening have been reported3, in particular, muscle stiffness and joint contracture are major muscle-related complications. Equinus deformity
is a well-known complication of tibial lengthening.
Such complications are probably due to failure of the
skeletal muscles to adapt to the substantial increase
in muscle length.
Muscle contraction is generated by sarcomeres, the
minimum functional units of muscle. Two major myofilaments, actin and myosin filaments, have consistent lengths in striated muscle. Since the contraction
force in a sarcomere is generated at the overlap of
actin and myosin filaments, sarcomere length is an
important determinant of muscle force generation 4.
Human striated muscle can generate maximum active
tension at sarcomere lengths of 2.6-2.8 μm, which is
considered an optimal sarcomere length 5,6. On the
other hand, sarcomeres elongated to the end of descending limb of the sarcomere length-tension relationship (4.3 μm) can no longer generate active tension. Under this condition, muscle passive tension is
undesirably increased, resulting in joint stiffness and
contracture.
During limb lengthening treatment, sarcomere length is
unavoidably increased by its treatment nature, leading
to the loss of muscle contraction forces and an increase in muscle passive tension. To regain functional
muscle contraction, muscles are thought to increase
the number of sarcomeres in each muscle fiber by
adding new sarcomeres in series to reduce sarcomere
length7,8. This increase in sarcomere number is regarded as muscle adaptation to stretch. It is well
known, however, that skeletal muscles have architectural diversity, specifically in fiber length and physiological cross-sectional area. In the lower leg, the tibialis
anterior muscle has long fibers, while the soleus consists of many short fibers9. Muscle adaptation through
increasing number of sarcomeres in series may differ
among muscles with diverse architecture. Even in single-segment lengthening, where all muscles around
the lengthening segment are lengthened in the same
manner and to the same extent, muscle adaptation
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may be different. Against this background, this study
sought to clarify the differences in muscle adaptation
to a single-level stretch in a rabbit model of tibial
lengthening, a model for which all muscle architectures
have been previously described in literature10.

Methods
Experiments were performed in accordance with the
guidelines of our Institutional Animal Care and Use
Committee, and international ethical standard 11 .
Twelve male Japanese White rabbits (mean body
mass ± SD, 2.33 ± 0.16 kg) underwent tibial lengthening, with the contralateral limb serving as a control. A
custom-made unilateral external fixator was fixed to
the tibia with four half-pins, followed by mid-diaphyseal osteotomy between the second and third pins using a manual saw. The periosteum was sutured to
cover the osteotomy site. After a latency period of 1
week, lengthening was started at a rate of 0.35 mm
every 12 h (0.7 mm/day) and was stopped 5 weeks after the operation (total tibial lengthening, 19.6 mm in 4
weeks). Half of the animals (n=6) were euthanized at
the end of the lengthening, at which the lengthening
was confirmed on radiographs (Group I). For the remaining animals (n=6), a 4-week consolidation period
was instituted before being euthanized (Group II). The
bilateral hindlimbs were then harvested for analysis in
both groups. Radiographs were taken every 2 weeks
after starting the lengthening protocol.
Hindlimbs were immersed for 5 days in 10% buffered
formalin with the ankles and knees fixed at right angles. Six full-length muscles around the tibiae – the
tibialis anterior (TA), extensor digitorum longus (EDL),
lateral head of the gastrocnemius (GCL), soleus (Sol),
flexor hallucis longus (FHL), and peroneus brevis (PB)
— were detached from the tibiae with special care to
include the originating tendinous tissue and the distal
tendon. All muscles originated at the proximal to the
lengthening site and inserted into distal to the ankle
joint. All except TA are pinnate muscles, and all except Sol consist of mainly fast-twitch fibers10. Muscle
belly length, defined as the length between the origin
of the most proximal muscle fibers and the insertion of
the most distal muscle fibers, and muscle wet weight
(mass) were measured directly. Using a dissecting microscope, three full-length muscle fiber bundles were
teased from the proximal and distal halves of each
muscle (6 fiber bundles per muscle). The length of
each teased muscle fiber bundle was measured directly using a digital caliper under the dissecting microscope. After mounting each fiber bundle on a glass
slide, sarcomere length was measured at five points
across the fiber bundle under a polarized light microscope (Eclipse TE2000-U, Nikon Corp., Tokyo, Japan)
using a digital measuring system (Digital Sight DS-L2,
Nikon Corp.). To obtain the mean sarcomere length at
each point, 30 serial sarcomeres were measured and
averaged (Fig. 1). The number of sarcomeres in series was calculated by dividing the fiber bundle length
by the average sarcomere length measured at the five
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Figure 1. High-power field view of a teased muscle fiber
bundle under a polarized microscope. Dark and light strata
correspond to the A-band and I-band of the sarcomere, respectively. The line traversing the middle spans 30 sarcomeres, and the scale bar indicates 10 μm.

points. The mean fiber bundle length and sarcomere
number were averaged from six measurements per
muscle. The paired t-test was used to determine significant differences between the lengthened and contralateral control sides, and analysis of covariance
was used for comparisons among six investigated
muscles and between Group I and Group II at two
time points, with the values of the contralateral side
serving as covariates. If there was interactions between independent variables and covariates, analysis
of variance was used for the comparisons. Data are
presented as the means ± SD, and p < 0.05 was considered statistically significant.

Results
Radiography revealed uneventful bone formation in
the lengthened site in all animals, and bony union of
the lengthened gap after the 4-week consolidation
period in Group II. Serial radiographs revealed that
length of the contralateral tibiae increased in the form
of natural bone growth by 8.5 ± 1.8 mm and 14.8 ±
2.5 mm during the 5-week course in Group I and during the 9-week course in Group II, respectively. Similarly, that of the lengthened tibiae increased in addition to the applied lengthening by 8.2 ± 2.0 mm in
Group I and 15.4 ± 3.3 mm in Group II.
Muscle belly length increased significantly in all the
lengthened muscles (range, 12.1-21.3 mm, 17.533.9%) compared with the corresponding contralateral control muscles at the end of the lengthening period in Group I (Fig. 2). The increases in muscle belly
length were maintained after the consolidation period
in Group II (range 14.6-20.0 mm, 20.3-33.0%). No
significant differences were detected between Groups
I and II or among the 6 muscles. Though the increase
in muscle belly length did not completely match the
applied tibial lengthening in this experiment; this outcome is not unreasonable since the elongation of
each external tendon was involved in the adaptation
to lengthening. In contrast to the increases in muscle
belly length, no increases in muscle mass were noted
in any lengthened muscles in either group compared
with the corresponding contralateral muscles (Fig. 3).
Furthermore, no significant differences in muscle
mass were detected between Groups I and II or
among the 6 muscles. These results indicate that
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Figure 2. Muscle belly length of the 6 muscles investigated
in this study. Each muscle is represented by 4 columns
showing (from left to right) the data of the contralateral
control and lengthened muscles at the end of the lengthening (Group I) and those of the contralateral control and
lengthened muscles at the end of the consolidation period
(Group II). Error bars indicate standard deviation. *Significant difference between lengthened and contralateral control sides (paired t-test, p < 0.05). #Significant difference
between the 6 muscles (analysis of covariance or analysis
of variance, p < 0.05).

study, the sarcomere length in the ankle plantar-flexors
of the contralateral control side was less than the optimal sarcomere length, implying that these muscles are
naturally adjusted to generate maximal active tension
in ankle dorsiflexion, that is, in the stretched muscle
position. On the lengthened side, however, sarcomere
length in the ankle plantar-flexors was longer than the
optimal sarcomere length, indicating that these plantarflexors would generate maximal tension during ankle
plantar-flexion. This might present difficulties in ambulatory and jumping movements in normal rabbits. Sarcomere length in the plantar-flexors did not change between Group I and Group II, even though a 4-week
consolidation period was instituted, which was considered a sufficient period for muscle adaptation. Sarcomere length in the lengthened EDL and PB decreased
significantly during this 4-week period.
The number of sarcomeres in the contralateral control
TA was about twice that of the other muscles, which
seems to be a characteristic feature of parallel muscle. Significant increases in sarcomere number were
observed in Sol (52.1%) and FHL (31.0%) of the
lengthened side in Group I compared with the contralateral muscles (Fig. 5). The lengthened muscles in

Figure 4. Sarcomere length of the 6 muscles investigated
in this study. Descriptions are the same as Fig. 2.
Figure 3. Mass of the 6 muscles investigated in this study.
Descriptions are the same as Fig. 2.

limb lengthening increased muscle length but reduced cross-sectional area; in other words, lengthening resulted in muscle atrophy.
Sarcomere length in Group I increased significantly in
the ankle plantar-flexors (GCL, Sol, and FHL) of the
lengthened side (2.53-2.61 μm) compared with the
contralateral control side (2.08-2.27 μm) (Fig. 4). Sarcomere length in TA, one of the ankle dorsiflexors, in
Group I decreased compared with the contralateral
side. Among the 6 investigated muscles, pairs in which
the sarcomere length in the lengthened side was significantly different from that in the contralateral control
side were TA-GCL, TA-FHL, EDL-GCL, and GCL-PB.
Optimal sarcomere length in rabbit skeletal muscles
has been estimated at 2.3-2.4 μm12. In the present
Muscles, Ligaments and Tendons Journal 2014; 4 (4): 433-437

Figure 5. Number of sarcomeres in series of the 6 muscles investigated in this study. Descriptions are the same as Fig. 2.
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Group II had significantly more sarcomeres than the
corresponding contralateral muscles in TA, Sol and
FHL. Among the 6 muscles investigated, pairs in
which the serial sarcomere number in the lengthened
side was significantly different from that in the contralateral control side were TA-all other muscles and
Sol-all other muscles.

Discussion
This study demonstrated that under a normal rate of
lengthening (0.7 mm/day), all muscle belly lengths
largely adapted to the applied lengthening. However,
the increase in muscle belly length did not imply proportional increases in mass and number of sarcomeres. A rapid increase in number of sarcomeres
(~3,700) was observed in Sol during the lengthening
period, corresponding to an increase in muscle fiber
length of approximately 10 mm when the sarcomere
length was ≥2.5 μm; this increase was merely half the
distance of the applied lengthening. These results
suggest that muscle fibers are mostly elastically
stretched while muscles becoming thinner by decreasing the fiber pennation angle, although other
mechanisms might be involved in elongating the muscle belly length.
We considered elongation of the intramuscular
aponeuroses as another mechanism. As all skeletal
muscles have aponeuroses in the muscle belly, to
which muscle fibers attach, muscles contain many
muscle fibers within a compact space, which enables
large contraction forces to be generated13. Previous
studies have shown that the aponeurosis had a larger
compliance compared with tendon14,15. The present
tibial lengthening model used immature animals. A
study with an experimental model of acute musculature stretch which closely investigated tendon adaptation showed that in young animals both tendon and
muscle were elongated, while in adult animals only
muscle contributed to the adaptation to the stretch16.
In the present study, tendon measurement was not
performed, which is one of the limitations of this
study. However, measurement of tendinous elements
in the same rabbit tibial lengthening model is currently underway. It will also be necessary to clarify
whether this adaptation is due to aponeurosis compliance, aponeurosis remodeling, or regeneration of
aponeurosis elements.
It is well known that muscles have a high adaptability
to mechanical demands and that the number of sarcomeres in series could be easily increased to regain
an optimal sarcomere length17,18. This sarcomerogenesis was recently confirmed by a mathematical model
based on experimental data19. However, in the present study, a significant increase in number of sarcomeres was found in only Sol and FHL during the
lengthening period. Sol, which showed the highest increase in number of sarcomeres, contains primarily
type I (slow-twitch oxidative) fibers and has been
shown to have larger adaptability to the applied
stretch than any other muscles20. There are no other
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slow-twitch dominant muscles in the lower hindlimb of
the rabbit10. The increase in number of sarcomeres
was less conspicuous in other muscles even after the
4-week consolidation period, the reason for which
should be clarified in future studies. It is not known
whether this higher adaptability of Sol to lengthening
is specific to Sol or common to the other slow-twitch
oxidative muscles. Type I muscle fiber typically presents a two- to threefold higher mitochondrial density21. Recently it has been recognized that mitochondrial behavior regulates not only muscle function but
muscle growth and myoblast differentiation21,22. The
significant increase in number of sarcomere in Sol
might be explained by mitochondrial specialization.
No additional increase in number of sarcomeres was
observed during the consolidation period, even though
the sarcomere length of Sol was higher than that of
the control side at the end of lengthening. Sarcomere
length in other ankle plantar-flexors of the lengthened
side was increased compared with that in the corresponding contralateral muscles. These results may be
related to equinus contracture, which is sometimes
encountered in clinical limb lengthening. Recently, a
goat hindlimb lengthening model showed that the ankle plantar-flexors had less capacity for adaptation to
lengthening than the dorsiflexors, and one of the reasons for this difference was the larger muscle volume
in the plantar-flexors compared with the dorsiflexors23.
Clarifying the detailed mechanism of poor adaptability
of the plantar-flexors should be also done in the future
study and it will be important target for improving limb
function after limb lengthening.
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