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Summary

After anterior cruciate ligament (ACL) injury, a decrease in
muscle strength associated with muscle atrophy is frequently
observed. The temporal and spatial effects of reconstructive
surgery on muscle atrophy have not been examined in detail.
This study aimed to 1) reveal the short and mid-term effects of
reconstructive surgery on muscle atrophy, and 2) investigate the
differences in the degree of atrophy after ACL reconstruction in
the hindlimb muscles. ACL transection with or without
reconstructive surgery was performed unilaterally on the knees of
rats. Untreated rats were used as controls. At one or four weeks
post-surgery, the relative muscle wet weights (wet weight/body
weight) of the hindlimb muscles were calculated to assess
atrophy. At one week post-surgery, muscle atrophy was induced
by ACL transection and further aggravated by reconstructive
surgery. Reconstructive surgery facilitated recovery from muscle
atrophy in some muscles compared with those without
reconstructive surgery (ACL transection alone) at four weeks
post-surgery. Muscle atrophy after ACL reconstruction was
greater in the rectus femoris and plantar flexors than in the
semitendinosus and plantar extensors at one week post-surgery.
These results indicate that reconstructive surgery exacerbates
muscle atrophy in the first week post-surgery, while facilitating
recovery between the first and fourth week post-surgery. After
reconstructive surgery, muscle atrophy was observed not only in
the quadriceps and hamstrings, but also in the lower leg muscles,
suggesting the need for muscle strengthening interventions for

the lower leg muscles as well as the quadriceps and hamstrings.
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Introduction

Anterior cruciate ligament (ACL) injury is one
of the most common sport-induced injuries [1]. After
ACL injury, a decrease in muscle strength associated with
muscle atrophy is frequently observed [2,3]. Because this
decrease in muscle strength is related to poor functional
outcomes and may contribute to the development of
osteoarthritis [2], prevention and/or improvement of
muscle atrophy are considered critical issues in patients
with ACL injury.

The gold standard for treatment of ACL injury is
reconstructive surgery. Previous studies have reported
muscle atrophy in the early post-operative stage [4,5].
Yang et al. reported a significant decrease in thickness of
the quadriceps muscles, measured by ultrasound, in the
first seven days after surgery compared to pre-operatively
[4]. Similarly, Lee et al. reported a significantly thinner
vastus intermedius measured by ultrasound two to three
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days after reconstructive surgery, compared with pre-
operatively [5]. In summary, these studies provide
evidence that reconstructive surgery amplifies muscle
atrophy in the early post-operative stages.

As to the middle- and long-term effects of
reconstructive surgery on skeletal muscles, Ageberg ef al.
reported no differences in knee extensor and flexor
muscle strengths between patients with or without
reconstructive surgery two to five years after ACL injury
[6]. On the contrary, studies have reported improved knee
flexor muscle strength two years or more after
ACL injury when cases were treated with reconstructive
surgery compared with cases without reconstructive
surgery [7,8]. Thus, reconstructive surgery may have no
negative effects on muscle weakness recovery in the
middle- to long-term, but this possibility has not been
examined in detail.

It is well known that muscle atrophy and
decreased muscle strength after ACL reconstruction is
more prominent in the quadriceps than in the hamstrings
[9-11].
ACL reconstruction is observed also in the ankle planter

Decreased muscle strength after
flexors and extensors [12]. However, whether muscle

atrophy develops in the lower leg muscles after
ACL reconstruction has not been well studied. In
ACL injury models, muscle atrophy has been observed in
the lower leg muscles, such as the extensor digitorum
longus (EDL), tibialis anterior (TA), gastrocnemius (GC),
and soleus (SOL), as well as in the quadriceps and
hamstrings [13-17]. Moreover, muscle atrophy in the
lower leg muscles has been detected in knee arthritis
models [18,19]. Based on these reports, we consider that
ACL reconstruction may induce muscle atrophy not only
in the quadriceps and hamstrings, but also in the lower
leg muscles. If so, muscle strengthening interventions for
the lower leg muscles, as well as the quadriceps and
hamstrings, may be needed after ACL reconstructive
surgery.

The aims of this study were to 1) reveal the
short- and mid-term effects of reconstructive surgery on
hindlimb muscles, and 2) investigate the differences in
the degree of atrophy after ACL reconstruction in the
hindlimb muscles. To achieve these goals, we
comprehensively examined changes in the muscle wet
weights in the hindlimb muscles between one and four
ACL

reconstructive surgery in rats.

weeks after transection with or without

Methods

Experimental animals

A schematic diagram of the experimental
protocol is shown in Figure 1. Fifty male Wistar rats
(8 weeks old; Japan SLC, Shizuoka, Japan) were used in
this study. Rats were randomly divided into control
(n=8), sham (n=13), ACL transection (ACLT; n=14), and
ACL reconstruction (ACLR; n=15) groups. Rats were
sacrificed at one or four weeks post-surgery to assess
muscle atrophy (n=6-8/group/time point, Fig. 1). Rats in
the control group were sacrificed at nine or twelve weeks
of age to produce age-matched controls (n=4/time point).
In the control group, right and left hindlimbs were used as
individual samples. Therefore, eight hindlimbs from four
control rats were used at each time point (Fig. 1). Rats
were housed in standard cages in a temperature-
controlled room (20-25 °C) with a 12 h light/dark cycle.
Standard
ad libitum. This experimental design was approved by the

rodent chow and water were provided

of Hiroshima

committee

animal experimentation

International University.
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Fig. 1. Experimental protocol design. ACLT, anterior cruciate
ligament transection; ACLR, anterior cruciate ligament
reconstruction.

Knee surgery

Except for the control group, rats received knee
surgery on the right knee using the methods described in
previous studies [20,21]. In brief, rats were anesthetized
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with an intraperitoneal injection of ketamine (80 mg/kg)
and xylazine (10 mg/kg). The knee joint was opened via
a medial parapatellar approach. The joint capsule and
skin of rats in the sham group were sutured. For rats in
the ACLT and ACLR groups, the ACL was transected
using a surgical knife. The joint capsule and skin of the
rats in the ACLT group were sutured. Rats in the
ACLR group had bone tunnels from the antero-medial
side of the proximal tibia to the lateral side of the distal
femur made using a 0.8 mm diameter Kirschner wire.
A quadruple-bundle tail tendon autograft was prepared
and inserted through the bone tunnels, with both ends
fixed to the bones with stainless steel interference screws
length, TE-00001;
Matsumoto, Chiba, Japan). Finally, the joint capsule and

(0.8 mm diameter and 2.0 mm
skin were sutured. Rats in the control group were left
untreated. After surgery, rats could move freely in the
cage without any intervention.

Measurement of body and muscle wet weight

At the end of the experimental period, rats were
anesthetized by inhaled diethyl ether, and body weight
was measured. Rats were sacrificed by exsanguination
under anesthesia. The rectus femoris (RF),
semitendinosus (ST), GC, SOL, plantaris (PL), TA, and
EDL, which are easily isolated hindlimb muscles, were
then sampled and the wet weights of these muscles were
measured using an electronic balance (GX-200; A&D,
Tokyo, Japan). To correct for differences in body size,
relative muscle wet weights (muscle wet weight/body
weight) were calculated and used as an index of muscle
atrophy. In addition, the percent of atrophy of each
muscle in the ACLR group was calculated using the
following formula: percent of atrophy = (1 — relative
muscle wet weight in the ACLR group/mean relative
muscle wet weight in the control group) * 100.

Measurement of muscle fiber cross sectional area

After measurement of wet weight, the RF was
frozen in isopentane cooled by liquid nitrogen.
Transverse sections (10-um-thick) were then cut from the
mid-belly portion using a cryostat and were stained with
hematoxylin and eosin. The central region of each section
was photographed at 10x magnification, and cross-
sectional area (CSA) of randomly selected more than
100 muscle fibers were manually measured using ImageJ
software (National Institutes of Health, Bethesda, MD,
USA). Finally, relative muscle fiber CSA (muscle fiber
CSA/body weight) was calculated, because muscle fiber

CSA is affected by body size [22].

Statistical analysis

Data are expressed as mean + standard
deviation. Statistical analyses were performed using
Dr. SPSS II for Windows (SPSS Japan Inc., Tokyo,
Japan). For body weight, relative muscle wet weight,
relative muscle fiber CSA, and percent of atrophy, two-
way analysis of variance (ANOVA) was applied. If
significant main or interaction effects were detected, post
hoc Bonferroni tests were performed to localize the
effects. After assumption of normality was checked using
Kolmogorov-Smirnov test, the Pearson’s correlation
coefficient was calculated between relative muscle wet
weight and relative muscle fiber CSA of the RF.

A P-value of <0.05 was considered statistically significant.
Results

Body weight

At one week post-surgery, body weights in the
control, sham, ACLT, and ACLR groups were 232+11,
239+6, 222+7, and 206+11 g, respectively (Fig.2).
Compared with the sham group, body weight in the
ACLT group was significantly lower (P=0.024). Body
weight in the ACLR group was significantly lower than
in the control, sham, and ACLT groups (P<0.025).
At four weeks post-surgery, body weights in the control,
sham, ACLT, and ACLR groups were 29649, 288+9,
300+14, and 273+11 g, respectively (Fig.2). For all
groups, body weight at four weeks post-surgery was
significantly higher than at one week post-surgery
(P<0.001). Body weight in the ACLR group was
significantly lower than in the control and ACLT groups
(P<0.0006).
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Fig. 2. Body weight. Values are expressed as mean + standard
deviation. Different letters indicate statistically significant
differences between groups at the same time point, such that
groups not sharing the same letter are significantly different from
one another. *: significant difference compared with one week
post-surgery. ACLT, anterior cruciate ligament transection; ACLR,
anterior cruciate ligament reconstruction.
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Muscle wet weight

At one week post-surgery, the relative wet
weights of the RF in the sham, ACLT, and ACLR groups
were significantly lower than in the control group (Fig. 3A,
P<0.001). Compared with the sham group, the relative wet
weights of the RF in the ACLT and ACLR groups were
significantly lower (P<0.001). Between the ACLT and
ACLR groups, the relative wet weight of the RF was
significantly lower in the ACLR group (P=0.020). At four
weeks post-surgery, the relative wet weights of the RF in
the sham, ACLT, and ACLR groups were significantly
than at
Compared with the control and sham groups, the relative

higher one week post-surgery (P<0.001).

wet weight of the RF was significantly lower in the
ACLT group (P<0.009), but not in the ACLR group
(P>0.477). There was no significant difference in the
relative wet weight of the RF between the ACLT and
ACLR groups at four weeks post-surgery (P=0.175).
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Fig. 3. Relative muscle wet weight of the thigh muscles.
(A) Rectus femoris and (B) semitendinosus. Values are expressed
as mean + standard deviation. Different letters indicate statistically
significant differences between groups at the same time point,
such that groups not sharing the same letter are significantly
different from one another. *: significant difference compared with
one week post-surgery. ACLT, anterior cruciate ligament
transection; ACLR, anterior cruciate ligament reconstruction.

At one week post-surgery, the relative wet
weights of the ST in the ACLT and ACLR groups were
significantly lower than those in the control and sham

groups (Fig. 3B, P<0.001). There was no significant
difference in the relative wet weight of the ST between
the ACLT and ACLR groups at one week post-surgery
(P=1.000). At four weeks post-surgery, the relative wet
weights of the ST in the sham, ACLT, and ACLR groups
were significantly higher than at one week post-surgery
(P<0.003). The relative wet weight of the ST in the
ACLT group was significantly lower than in the control
and sham groups (P<0.001). In the ACLR group, the
relative wet weight of the ST was significantly higher
than in the ACLT group (P=0.002) and was comparable
to the control and sham groups (P=1.000).
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Fig. 4. Relative muscle wet weight of the plantar flexors.
(A) Gastrocnemius, (B) soleus, and (C) plantaris. Values are
expressed as mean + standard deviation. Different letters indicate
statistically significant differences between groups at the same time
point, such that groups not sharing the same letter are significantly
different from one another. *: significant difference compared with
one week post-surgery. ACLT, anterior cruciate ligament
transection; ACLR, anterior cruciate ligament reconstruction.
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At one week post-surgery, the relative wet
weights of the GC in the sham, ACLT, and ACLR groups
were significantly lower than in the control group
(Fig. 4A, P<0.001). Among operated groups, the relative
wet weights of the GC in the ACLT and ACLR groups
were significantly lower than in the sham group
(P<0.001). Between the ACLT and ACLR groups, the
relative wet weight of the GC was significantly lower in
the ACLR group (P=0.013). At four weeks post-surgery,
the relative wet weights of the GC in the sham, ACLT,
and ACLR groups were significantly higher than at one
week post-surgery (P<0.001). Compared with the control
and sham groups, the relative wet weights of the GC in
the ACLT and ACLR groups were significantly lower
(P<0.001). There was no significant difference in the
relative wet weight of the GC between the ACLT and
ACLR groups at four weeks post-surgery (P=1.000).

At one week post-surgery, the relative wet
weights of the SOL in the ACLT and ACLR groups were
significantly lower than in the control and sham groups
(Fig. 4B, P<0.032). Between the ACLT and
ACLR groups, the relative wet weight of the SOL was
significantly lower in the ACLR group (P=0.049). At
four weeks post-surgery, the relative wet weight of the
SOL in the ACLR group was significantly higher than at
one week post-surgery (P<0.001). Compared with the
control and sham groups, the relative wet weight of the
SOL was significantly lower in the ACLT group
(P=0.007), but not in the ACLR group (P>0.096). There
was no significant difference in the relative wet weight of
the SOL between the ACLT and ACLR groups at four
weeks post-surgery (P=1.000).

At one week post-surgery, the relative wet
weights of the PL in the sham, ACLT, and ACLR groups
were significantly lower than in the control group
(Fig. 4C, P<0.005). Compared with the sham group, the
relative wet weights of the PL in the ACLT and
ACLR groups were significantly lower (P<0.001). The
relative wet weight of the PL in the ACLR group was
significantly lower than in the ACLT group (P=0.009).
At four weeks post-surgery, the relative wet weights of
the PL in the sham, ACLT, and ACLR groups were
significantly higher than at one week post-surgery
(P<0.001). The relative wet weights of the PL in the
ACLT and ACLR groups were significantly lower than in
the control and sham groups (P<0.009). There was no
significant difference in the relative wet weight of the
PL between the ACLT and ACLR groups at four weeks
post-surgery (P=1.000).

At one week post-surgery, the relative wet
weights of the TA in the sham, ACLT, and ACLR groups
were significantly lower than in the control group
(Fig. SA, P<0.001). Compared with the sham group, the
relative wet weights of the TA in the ACLT and
ACLR groups were significantly lower (P<0.001).
Between the ACLT and ACLR groups, the relative wet
weight of the TA was not significantly different
(P=0.799). At four weeks post-surgery, the relative wet
weights of the TA in the sham, ACLT, and ACLR groups
were significantly higher than at one week post-surgery
(P<0.001). In the ACLT group, the relative wet weight of
the TA was significantly lower than in the control and
sham groups (P<0.001). The relative wet weight of the
TA in the ACLR group was also significantly lower than
in the control group (P=0.002) but was significantly
higher than in the ACLT group (P=0.005).

>

Tibialis anterior relative wet weight
{mg/g body weight)

Tw 4w

mcontrol msham OACLT OACLR

wet weight (mg/g body weight)

Extenser digitorum longus relative

1w 4w

mcontrol ®sham OACLT DACLR

Fig. 5. Relative muscle wet weight of the plantar extensors.
(A) Tibialis anterior and (B) extensor digitorum longus. Values
are expressed as mean + standard deviation. Different letters
indicate statistically significant differences between groups at the
same time point, such that groups not sharing the same letter
are significantly different from one another. *: significant
difference compared with one week post-surgery. ACLT, anterior
cruciate ligament transection; ACLR, anterior cruciate ligament
reconstruction.
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At one week post-surgery, compared with the
control group, the relative wet weight of the EDL was
significantly lower in the ACLT group (P=0.008) but not
in the sham or ACLR groups (Fig. 5B, P>0.121). There
was no difference in the relative wet weights of the EDL
among operated groups (P>0.179). At four weeks post-
surgery, the relative wet weights of the EDL were not
significantly different among groups (P>0.252).

Muscle fiber CSA

At one week post-surgery, each additional
surgical step (i.e. arthrotomy, ACL transection, and
ACL reconstruction) incrementally decreased the relative
muscle fiber CSA of the RF (Fig. 6A-D, I). Compared

with the control group, the relative muscle fiber CSA of
the RF was significantly lower in the sham, ACLT, and
ACLR groups (P<0.031). Among the sham, ACLT, and
ACLR groups, there were no significant differences in the
relative muscle fiber CSA of the RF (P>0.208). At four
weeks post-surgery, the relative muscle fiber CSA of the
RF in the sham, ACLT, and ACLR groups were
significantly higher than at one week post-surgery
(P<0.040, Fig. 6F-I). There significant
differences in the relative muscle fiber CSA of the

were no

RF among groups at four weeks post-surgery (P>0.529).
Apparent pathological changes such as inflammation,
fibrosis, or fatty tissue deposition were not observed in all
groups at both time points.
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Fig. 6. Relative muscle fiber cross sectional area of the rectus femoris. (A-H) Histological changes in the rectus femoris examined by
staining with hematoxylin and eosin. Representative images of the rectus femoris for the control (A and E), sham (B and F),
ACLT (C and G), and ACLR (D and H) groups. A-D and E-H show sections at one and four weeks post-surgery, respectively. Scale bars:
200 pm. (I) Relative muscle fiber cross sectional area. Values are mean % standard deviation. Different letters indicate statistically
significant differences between groups at the same time point, such that groups not sharing the same letter are significantly different
from one another. *: significant difference compared with one week post-surgery. CSA, cross sectional area; ACLT, anterior cruciate

ligament transection; ACLR, anterior cruciate ligament reconstruction.
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Correlation between muscle wet weight and muscle fiber
CS4

In the RF, strong positive correlation was
observed between relative muscle wet weight and relative
muscle fiber CSA (Fig. 7).
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Fig. 7. Correlation between muscle wet weight and muscle fiber
cross sectional area of the rectus femoris. CSA, cross sectional
area; ACLT, anterior cruciate ligament transection; ACLR, anterior
cruciate ligament reconstruction.

Differences in the percent of atrophy of muscles in the
ACLR group

Overall, the
ACLR group tended to be higher in the knee extensor
(RF) and plantar flexors (GC, SOL, and PL) than in the
knee flexor (ST) and plantar extensors (TA and EDL) at
one week post-surgery (Fig.8). At one week post-

percent of atrophy in the

surgery, the percent of atrophy in the GC was
significantly higher than in the ST, TA, or
EDL (P<0.004). Percent of atrophy in the RF and PL was
significantly higher than in the ST and EDL (P<0.021).
Moreover, the percent of atrophy in the SOL was
significantly higher than in the EDL (P=0.002). At four
weeks post-surgery, the percent of atrophy was
significantly lower than at one week post-surgery in all
muscles (P<0.001), except for the EDL (P=0.575).
Percent of atrophy in the knee extensor (RF) and flexor
(ST) recovered nearly to 0 %, while those in the plantar
flexors (GC, SOL, and PL) and plantar extensors (TA and
EDL) remained at approximately 10 % at four weeks
post-surgery. However, there were no significant
differences in the percent of atrophy in muscles at four

weeks post-surgery (P>0.132).
Discussion

The first aim of this study was to study the short-
and mid-term effects of ACL reconstructive surgery on

hindlimb muscle atrophy. At one week post-surgery,
muscle atrophy, characterized by a significant decrease in
relative muscle wet weight, was observed in all the
examined muscles in the ACLT group. In the
ACLR group, the atrophy of the RF, GC, SOL, and
PL was more advanced compared with the ACLT group.
At four weeks post-surgery, we observed a significant
decrease in the relative muscle wet weight of all
EDL, in the
ACLT group. However, the relative muscle wet weight of
the RF, ST, and SOL as well as the relative muscle fiber
CSA of the RF in the ACLR group recovered to non-
significant levels in comparison with the control group.

examined muscles, except for the

In particular, the relative muscle wet weight of the ST in
the ACLR group was significantly higher than that of the
ACLT group. In addition, although the relative muscle
wet weight of the TA was significantly lower in both the
ACLT and ACLR groups compared with the control and
sham groups, the relative muscle wet weight was
significantly higher in the ACLR group. These results
indicate that surgery
muscle atrophy in the first week post-surgery, while

ACL reconstructive increases

facilitating recovery in some muscles between the first
and fourth week post-surgery.
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Fig. 8. Percent of atrophy of the muscles in the ACLR group.
Values are expressed as mean * standard deviation. Different
letters indicate statistically significant differences between groups
at the same time point, such that groups not sharing the same
letter are significantly different from one another. *: significant
difference compared with one week post-surgery. RF, rectus
femoris; ST, semitendinosus; GC, gastrocnemius; SOL, soleus;
PL, plantaris; TA, tibialis anterior; EDL, extensor digitorum
longus.

The mechanisms involved in muscle atrophy
ACL fully
understood, but the contribution of disuse as well as

after reconstructive surgery are not
arthrogenic muscle inhibition (AMI) has been suggested
[2,23]. A previous study with rats reported that joint
swelling at one week post-surgery was more intense in

ACL reconstructed knees than in ACL transected knees
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[20,24]. Moreover, they reported that knee joint motion
and weight bearing time on the operated limb during
treadmill walking transiently decreased at one week post-
surgery in the ACL reconstructed rats compared with the
ACL transected rats [20]. Thus, insult associated with
reconstructive surgery (such as bone drilling and ligament
reconstruction) would induce disuse (i.e. immobilization
and unloading) of the operated limb by contributing to
joint inflammation and nociception. This reconstructive
surgery—induced disuse could explain, at least in part, the
more severe muscle atrophy observed at one week after
reconstructive surgery than the atrophy observed after
ACL transection alone. The decrease in knee joint motion
and weight bearing time after reconstructive surgery
peaks at one week post-surgery and gradually recovers
thereafter [20].

AMI is the inability to fully activate muscles
after injury or surgery of the joint [25,26] and is
frequently observed after ACL injury and reconstruction
[2]. Joint laxity induced by ACL injury, as well as joint
swelling and pain, are considered to contribute to AMI
[25]. Using the index of voluntary quadriceps muscle
activation ratio, studies have reported that re-stabilization
of the knee joint by reconstructive surgery attenuates
AMI after ACL injury [27-29]. Attenuation of AMI by
ACL reconstruction may be able to explain the positive
effects of reconstructive surgery on recovery from muscle
atrophy detected between one and four weeks post-
surgery.

The second aim of this study was to investigate
the differences in the degree of atrophy after
ACL reconstruction in the hindlimb muscles. It is well
known that muscle atrophy after ACL injury and
reconstructive surgery is greater in the quadriceps than in
the hamstrings [9,30]. In our study, accordingly, the
percent of atrophy at one week post-surgery was
significantly increased in the RF compared to the ST.
Although decreased muscle strength is observed also in
the ankle planter flexors and extensors in patients with
ACL reconstruction [12], whether muscle atrophy is also
observed in the lower leg has not been well studied. We
demonstrated that ACL reconstruction induces muscle
atrophy not only in the quadriceps and hamstrings, but
also in the lower leg muscles at one week post-surgery.
However, at four weeks post-ACL reconstruction, the
relative wet weight of both the RF and ST as well as
relative muscle fiber CSA of the RF recovered to control
levels, while some lower leg muscles (GC, PL, and TA)
had a persistent significant reduction in relative wet

weight. The ankle and knee interact with each other
through a kinetic chain [31,32], and poor self-reported
ankle function in patients with ACL reconstruction is
associated with poor self-reported knee function [33].
Thus, muscle strengthening interventions for the lower
leg muscles, as well as for the quadriceps and hamstrings,
may be required after ACL reconstruction.

Overall, the extent to which atrophy developed
tended to be higher in the quadriceps (RF) and plantar
flexors (GC, SOL, and PL) than in the hamstrings (ST)
and plantar extensors (TA and EDL) at one week post-
ACL reconstruction. As mentioned above, disuse caused
by decreased weight bearing and joint motion could not
be avoided after ACL reconstruction [20] and could
contribute to the muscle atrophy observed early on after
ACL reconstruction. In rodent hindlimb unloading
models, the atrophy development rates in the quadriceps
muscles and plantar flexors (GC, SOL, and PL) are
higher than those in the plantar extensors (TA and EDL)
[34-36]. In addition, muscle atrophy after human knee
immobilization is greater in the quadriceps than in the
hamstrings [37,38]. Thus, the differences in the degree of
atrophy after ACL reconstruction among the hindlimb
muscles may be explained, at least in part, by the
differences in disuse responsiveness.

This study has some limitations. First, muscle
fiber CSA was measured only in the RF, and only the
relative muscle wet weight was used as an index for
muscle atrophy in other muscles. Relative muscle wet
weight may be affected not only by muscle fiber size, but
also by muscle fiber number as well as water and
connective tissue content. Measurement of muscle fiber
size would provide more definitive conclusions. In the
RF, apparent pathological changes such as inflammation,
fibrosis, or fatty tissue deposition were not observed in all
groups. We previously confirmed that these pathological
changes were not apparent also in the ST and GC after
ACL reconstruction in rats (unpublished data). Thus, we
consider that water and connective tissue content in the
muscles would not be significantly changed by
ACL reconstruction. A previous study examined the
changes in the muscle wet weight, muscle fiber CSA, and
muscle fiber number after joint immobilization and
reported that the muscle wet weight and muscle fiber
CSA were similarly decreased, while muscle fiber
number was not decreased [39]. Based on these results,
authors concluded that quantification on the basis of
muscle wet weight or muscle fiber CSA yield closely
similar values, and therefore, both methods would serve
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equally well for the determination of muscle atrophy [39].
In fact, strong positive correlation was detected between
relative muscle wet weight and relative muscle fiber CSA
of the RF in our study. Other study also reported parallel
changes in muscle wet weight and muscle fiber size after
denervation in the rat GC [40]. Therefore, muscle wet
weight would reflect muscle fiber size also in other
muscles, at least in part. Second, although most
ACL reconstructive surgeries in human patients are
performed arthroscopically, we chose an open approach
for technical reasons. Because sham surgery (arthrotomy)
alone induced a significant reduction of relative muscle
wet weight in some muscles (RF, GC, PL, and TA) at one
week post-surgery, muscle atrophy may have been
overestimated. Third, we could not study the negative
effects of graft harvesting from patellar or hamstring
tendons, because we used a tail tendon autograft. In
human patients, patellar and hamstring tendons are
commonly used as graft materials. Thus, graft harvesting
itself could be a cause of muscle weakness and may
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induce muscle atrophy in human’s cases [41-44]. Fourth,
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In conclusion, we report that reconstructive
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only in the quadriceps and hamstrings, but also in the
lower leg muscles, suggesting the need for muscle
strengthening interventions for the lower leg muscles as
well as for the quadriceps and hamstrings.
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