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[Purpose] The purpose of our study was to clarify temporal effects on restrictions to range of motion

and the histopathological changes of joint components after joint immobilization in a rat knee-contracture model.
[Subjects] Fifty-four male Wistar rats were randomly divided into two groups: a fixation group, and a control group.
[Methods] In the fixation group, unilateral knee joints were immobilized at full flexion using a plaster cast for 4
weeks. At four weeks the animals were randomly divided into six subgroups, corresponding to the time of examina-
tion after cast removal: 0, 4, 8, 16, 24, and 32 weeks. For comparison, control group animals of corresponding age
were also examined. [Results] Although movement restrictions of the knee joint had completely recovered 6 weeks
after the cast removal, cartilage and synovial membrane structures did not completely recover. [Conclusion] These
findings have not previously been reported, and as they form an addition to the fundamental scientific foundations

of physical therapy, further research must examine these findings from a variety of perspectives.
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INTRODUCTION

Joint contracture causes functional disturbances in pa-
tients’ activities of daily living, decreased movement abil-
ity, and impairs the joint function, with high incidence! ?.
Therefore, preventing the development of joint contrac-
ture is a key goal of physical therapists and rehabilitation
specialists. Unfortunately, medical professionals are still
struggling to find definitive therapies for the prevention and
management of joint contracture.

Although a number of factors can lead to the development
of contractures?, differentiating between them in a clinical
setting can be difficult. In addition, different classifications
are used by different specialists. Orthopedic surgeons gen-
erally classify contractures on the basis of changes causing
restriction of the normal range of motion of a joint, a rigid-
ity resulting from some extracapsular cause®>. In physical
therapy, classifying cases in terms of the area causing the
condition has little practical purpose. Therefore, joint im-
mobility causing restricted range of motion can be treated

as a case of contracture?.
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Changes in the cartilage and the synovial membrane
have been reported as intracapsular joint sequelae result-
ing from contracture®. To date, significant discrepancies
exist among reports, and thus, the current state of research
is inadequate for drawing meaningful conclusions. We pre-
viously clarified organic changes in the joint composition
and structure resulting from contracture!® !V: fibrosis of the
cartilage surface, atrophy of adipose tissue in the synovial
membrane, fibrosis in the lower layers of the synovial mem-
brane, microvasculature expansion, and blood congestion.
Furthermore, Evans et al.®) and Yaoita” investigated the ef-
fects of natural healing processes on these organic changes
and reported that restrictions of range of motion and struc-
tural changes both recovered within a comparatively short
time period. However, neither reported detailed histological
findings, providing only a general overview.

This study aimed to investigate histopathological chang-
es to clarify temporal effects on restrictions to range of mo-
tion and joint components after joint immobilization in a rat
knee-contracture model.

MATERIALS AND METHODS

Fifty-four 8-week-old male Wistar rats (body weight
234-269 g) were used in this study. The rats were ran-
domly divided into two groups: a fixation group (n = 36)
and a control group (n = 18). In the fixation group, right
hindlimb knee joints were immobilized in full flexion by
plaster casts, which were removed after four weeks. Subse-
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quent assessments were performed at weekly intervals. The
research protocol followed Kanazawa University Animal
Experiment Regulations and Kinjo University Experimen-
tal Animal Handling Regulations. All animal handling and
experimentation were undertaken with the approval of the
ethics committees of both universities (Kanazawa Univer-
sity: AP-091379 and Kinjo University: Approval no. 0003,
0004).

Control group rats were randomly subdivided into six
groups. Rats from each group were raised in cages (simi-
lar to fixation group rats) up to ages corresponding to the
subdivisions used for the fixation group. They were labeled
as OWC, 4WFC, 8WFC, 16 WFC, 24WFC, and 32WFC, cor-
responding to the times of examination after cast removal:
0,4, 8, 16, 24, and 32 weeks, respectively.

Fixation group rats were immobilized with plaster casts
according to a modified version of previously described
methods'® 12 13, Pentobarbital sodium (5 mg/100 g body
weight) anesthesia was administered through the abdomi-
nal cavity. Custom-made jackets produced from Velfoam
(Velcro USA Inc., Manchester, NH, USA) were fitted to the
animals’ backs. To prevent scratches and abrasions to the
right hind limb resulting from the plaster casts, the right
hindlimb was covered with a layer of gauze that centered
on the knee. The casts extended from the pelvic girdle to
the ankle joint, with the hip joint at maximal extension, the
knee joint at maximal flexion, and the ankle joint at maxi-
mal plantar flexion. The cast area was exposed from the dis-
tal ankle to the foot to confirm the absence of swelling and
congestion. Considering the bone growth during the cast
period, the kneecap was exposed as well.

Rats were able to freely move in their cages using their
left hind limb and both forelimbs. Adequate levels of food
and water were maintained during the raising period. If
swelling was observed in the fixed limb, the fixation pro-
cedure was repeated, and casts were immediately replaced
to prevent continuance. If casts were observed to slip out of
place or become loose, they were also replaced as soon as
possible. The cast period was set at four weeks on the basis
of the findings of previous studies, which confirmed that
histological changes were evident in the joint structure and
content at this point.

Following the cast period, fixation group rats were ran-
domly divided into six subgroups, with six rats in each
group: these were labeled OWF, 4WF, SWF, 16WF, 24WF,
and 32WF, corresponding to the examination times after
castremoval: 0, 4, 8, 16, 24, and 32 weeks, respectively. The
OWF and OWC groups underwent immediate assessments
(described below) to measure the extension angle of their
knee joints, to assess restrictions to range of motion, and
to create histological specimens for analysis of the joints.
Other groups were returned to their cages and raised under
standard conditions. The restriction of knee joint extension
angle was measured and recorded on the basis of a prelimi-
nary experiment. An intra-abdominal pentobarbital sodium
anesthetic was administered (5 mg/100 g body weight), and
the rats were laid on their sides. Using one hand to hold the
femur in place, researchers used the other hand to hold the
leg at 35 mm from the knee joint and guide the knee into

maximal extension, the feeling experienced at the end of
the range of motion. Using a digital camera, images of the
principal axis of extension of the knee joint (the line run-
ning from the greater trochanter to the lateral condyle of the
femur) and the movement axis (the line running from the
head of the fibula to the lateral malleolus) were captured in
the sagittal plane. The images were loaded onto a computer,
and the angles of the principal and movement axes were
measured using Three-Point Measuring Instrument soft-
ware (Version 1.1.2). This protocol was used for all assess-
ments. In addition, a digital force gauge (IMADA DPS-5)
was attached at 35 mm from the knee joint, which was then
extended to the angle measured. The force was recorded
from the gauge. Three technicians, each with more than five
years of clinical experience, performed each procedure five
times. The average value was 0.33 + 0.05 N. On the ba-
sis of these preliminary findings, all measurements of the
restriction of knee joint extension angle were recorded by
first attaching a digital force gauge at 35 mm from the knee
joint, followed by application of 0.3 N of extension force
and recording of the resulting angle. For the fixation group,
these measurements were conducted before the experiment,
immediately after cast removal and then weekly until the
experiment was concluded. Measurements for the control
group were conducted at the same intervals.

Individual differences in the development of contrac-
tures were assessed using retention rate calculations, which
were as follows: retention rate = [(the measured angle at
each time-period) — (the angle at development of contrac-
ture)] x 100.

At the end of each experimental period, a group of six
animals was euthanized with a pentobarbital sodium over-
dose, and their hindlimbs were severed at the hip joint. Tis-
sues were fixed over a 72-h soaking period in a 10% buff-
ered neutral formalin solution, and then decalcified using
the Planck-Rychlo solution for 72 h at 4 °C. Thereafter, an
area approximately 10 mm above and below the knee joint
was removed. Tissues from the center of the kneecap, mov-
ing toward its inner regions in the sagittal plane, were re-
moved. To preserve this removed region, a 5-mm margin
was cut and stored in an embedding cassette. It was subse-
quently neutralized in a 5% anhydrous sodium sulfate solu-
tion for 72 h, rinsed under running water for 30 min, and
soaked for approximately 3 h in 100% alcohol to remove
any remaining fat. Thereafter, samples were processed in
an automatic dehydrating-and-paraffin-wax-embedding de-
vice into paraffin blocks and sliced into 3-pm thick sections
using a sliding microtome (Leica SM2000R). After these
organizational segments had been attached to a slide glass
and dehydrated, they were stained with hematoxylin-eosin
(HE) stain and enclosed in a hydrophobic mounting agent,
to complete the histological specimen preparation. The
specimens were observed using a microscopic digital cam-
era (Olympus DP50) connected to an optical microscope
(Olympus BX-51) to examine the entire knee joint structure.
Although it is possible to classify cartilage on the basis of
the degeneration it has undergone in cases of osteoarthri-
tis'*~19), histological classification of cartilage degeneration
resulting from immobilization is a relatively new area of



Table 1. Changes in knee extension angle restrictions
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Immediate Week following fixation removal
removal 1th 2nd 3rd 4th Sth 6th
Group 4WF 100% 69.4+14.6% 42.5+10.4%  19.6+5.9% 7.1£3.8%
Group 8WF 100% 74.4+59%  50.5+4.8%  20.3+8.5% 7.8+5.3% 1.4+1.1% 0%
Group 16WF 100% 71.1£6.0%  46.0+£9.6% 16.2+6.9% 6.7£1.7% 1.7+0.6% 0%
Group 24WF 100% 76.6+8.8%  41.4+8.4% 16.0+4.5% 7.5£3.2% 0.5£1.1% 0%
Group 32WF 100% 75.6£7.5%  44.6£3.7%  22.0+4.3% 10.5+3.0% 1.2+1.2% 0%
Table 2. Abnormal findings in joint cartilage and the frontal synovial membrane
Fibrosis of Degeneration Thinning of Adhesionof Atrophy of  Fibroblast
cartilage of cartilage cartilage  frontal tibia adipocyte  hyperplasia
Group OWF 6 0 0 5 6 6
Group 4WF 6 0 0 3 6 6
Group 8WF 6 0 0 3 6 6
Group 16WF 6 2 0 3 6 6
Group 24WF 6 3 1 1 6 6
Group 32WF 6 5 2 0 6 6

Numbers within the table indicate the number of specimens presenting the conditions out of a total of 6.

study. Therefore, to quantify histological changes in the
cartilage, we classified samples into one of the following
four groups: Group I, fibrosis and degeneration could not be
identified in outer layers; Group II, irregularities and fibro-
sis could be identified on the cartilage surface; Group III,
thinning and transformation into fibrous pseudocartilage
could be identified; and Group IV, destruction and damage
could be identified in the cartilage.

For each group fitted with plaster casts, a comparative
examination was conducted with the control group using
Fisher’s exact test using the statistical software, R (version
2.15.1). Significance was accepted for values less than 5%.

RESULTS

Following the cast period, knee joint extension angles re-
vealed following restrictions: 73.2 £ 9.9° in the OWF group,
71.4 + 8.3° in the 4WF group, 71.2 + 8.1° in the 8WF group,
68.8 £ 7.4° in the 16WF group, 73.6 £ 7.9° in the 24WF
group, and 70.2 + 11.2° in the 32WF group. Using reten-
tion rate calculations, each group showed improvement
over time, and the retention rate in the 4WF group was 7.1
+ 3.8% at the end of the study. Excluding the 4WF group,
retention rates by the fifth week after cast removal were as
follows: 8WF, 1.4 + 1.1%; 16WF, 1.7 £ 0.6%; 24WF, 0.5 +
1.1%; and 32WF, 1.2 = 1.2%. Furthermore, retention rates
of all groups were 0% by the sixth week. Knee extension
angles were measured over the subsequent weeks, but none
of the individual subjects in any group revealed any recur-
rence of their restrictions (Table 1).

Considering the relationship between age and histo-
logical changes, case—control comparisons matched by
age produced the following data (Table 2, Fig. 1). In the
articular cartilage of the OWF group, fibrosis was identi-
fied on the surface of all cartilage specimens, and in five

of six specimens, adhesion of the forward synovial mem-
brane and fibrous structure of the hyperplasia was observed
in the frontal tibial area. The gap between these adhesions
resulted in narrowing of the articular cavity. All specimens
revealed adipocyte tissue atrophy in the frontal synovial
membrane, fibroblast hyperplasia in the lower layers, and
expansion and blood congestion in the microvasculature.
No significant changes were observed between OWF, 4WF,
8WF, 16 WF, 24WF and 32WF groups in terms of adipocyte
tissue atrophy and size, fibroblast hyperplasia, and micro-
vasculature changes.

Although findings in the 4WF group were largely identi-
cal to those of the OWF group, adhesions were only found
in three out of six samples. The same numbers of adhesions
were observed in the 8WF group and the 4WF group, but
the gap between fibers tended to become larger. Findings in
the frontal synovial membrane were identical in OWF and
4WF groups.

In addition, the results of articular cartilage examina-
tion in the 16 WF were the same as for the 4WF and 8WF
groups, but two of six specimens revealed replacement of
the original hyaline cartilage with of a fibrous-type car-
tilage. Although adhesions of the frontal tibial area were
identified in three of six specimens, gaps between fibers
greater than those in the 8WF group, and fibrous structures
were sparser.

Fibrosis of the articular cartilage surface was identified
in all 24WF samples. However, only a partial adhesion was
observed in the frontal tibial area of just one of six speci-
mens. The gap between fibers was even greater than those
observed in the 16WF group. In three of six samples, origi-
nal cartilage was replaced with fibrous-type structures, and
one of these revealed additional thinning in the cartilage.

Fibrosis of the articular cartilage but no adhesion was
observed in the frontal tibial area in the articular cartilage
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Fig. 1. Histological findings (HE stain, scale bar left: 1 mm, center and right: 100 um)

The OWF group: Adhesions of fibrous hyperplasia tissue between the frontal tibial area and the
frontal synovial membrane were noted (A, left). Fibrosis was identified in the articular cartilage
surface (center). Adipocyte atrophy and fibroblast hyperplasia appeared, as well as expansion and
blood congestion in the microvasculature (right). The 4WF group: Findings were the same as for
the OWF group. There were no clear differences in the extent of any of the conditions between
the 4WF and OWF groups. The 8WF group: Findings were the same as for the OWF group. The
space between adhesions was more expanded than in the 4WF group (A, left). The I6WF group:
Adhesions covered an even larger area than in the 8WF group (left). Some hyaline cartilage had
been replaced with fibrous cartilage tissue (center). Findings related to conditions in the frontal
synovial membrane were identical to those of the OWF group (right). The 24WF group: Spaces
between adhesions were bigger than in the I6WF group (A, left). Cartilage degeneration and thin-
ning were identified (center). Findings related to conditions in the frontal synovial membrane were
identical to those of the OWF group (right). The 32WF group: No adhesions were evident (left).
Cartilage degeneration and thinning were identified (center). Findings related to conditions in the
frontal synovial membrane were identical to those of the OWF group (right).



samples of the 32WF group. However, the original carti-
lage was replaced with fibrous-type structures in five of six
cases, and the degeneration was quite severe; two of these
revealed additional thinning the cartilage. All adhesions
had disappeared in this group.

Finally, inflammatory cell infiltration was observed in
all groups. On the basis of histological classification of the
cartilage in the cast group compared with the control group,
a significant difference was observed between both groups
(Table 3, p <0.05).

DISCUSSION

In this study, six weeks after cast removal, all rats showed
complete recovery in their range of knee joint extension.
However, although the degree of contracture-associated
adhesions decreased over time, a replacement of existing
cartilage with fibrous-type structures along with thinning
of the cartilage was observed. Moreover, at all stages, there
were persistent changes in the frontal synovial membrane,
atrophy and differences in the size of adipocyte tissues,
fibroblast hyperplasia in lower layers, and expansion and
blood congestion in the microvasculature. Therefore, al-
though the range of knee joint extension improved, the ar-
ticular cartilage and frontal synovial membrane remained
damaged.

Evans et al.®) evaluated the restoration of mobility in im-
mobilized joints following the onset of contracture using
an internal-fixation knee-arthrodesis contracture model in
rats. Their study reported that provided, the fixation lasted
no longer than 30 days, changes in the range of motion were
reversible. Yaoita” and Maoka'? also reported that range
of motion and organizational structures were restored com-
paratively quickly following short-term fixation of 30 days
or less in a rat knee contracture model. Although we found
some differences in the time required to restore mobility
and used a different fixation method, the complete restora-
tion of mobility we observed agrees with prior research.

The hyaline cartilage forms a structure around joints
and functions as a load-bearing buffer, reducing friction
between bones in the course of normal joint movement, and
playing a role in maintaining mobility. Hyaline cartilage
does not contain blood cells, lymph ducts, or nerves, and
does not directly experience inflammation'®).

In a broader evaluation of joint changes resulting from
contracture, Evans et al.®) examined histological changes in
rats with internal fixation knee arthrodeses. They reported
that after 30 days of fixation, there was a proliferation of in-
tra-articular connective tissue as well as fibrosis and blood
congestion under the kneecap and in the intercondylar fossa.
They also observed cartilage compression at contact points
of the femur and tibial condyles, and miniaturization of
chondrocytes, and they concluded that intra-articular con-
nective tissue hyperplasia and adhesions within the carti-
lage were the cause of the restricted range of motion. These
adhesions did not completely cover the cruciate ligament of
the knee and its surroundings, rather they originated from
fibrosis of the synovial membrane.

Similar to results of the study conducted by Evans et
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Table 3. Histological classification of cartilage

Group Group Group Group
OWF 0OWC 4WF 4WEC
I 0 3 I 0 3
11 6 0 11 6 0
111 0 0 111 0 0
v 0 0 v 0 0
p=0.011 p=0.011
Group Group Group Group
8WF SWFC 16WF 16WFC
1 0 3 I 0 3
11 6 0 11 4 0
111 0 0 111 2 0
v 0 0 v 0 0
p=0.011 p=0.011
Group Group Group Group
24WF 24WFC 32WF 32WFC
1 0 3 I 0 3
1I 3 0 11 1 0
111 3 0 111 5 0
v 0 0 1\% 0 0
p=0.036 p=0.034

Numbers indicate the number of confirmed specimens.

al.%, Yaoita et al.”), using internal fixation for the knee joint
in rats, revealed thinning of cartilage tissue, disordered cell
arrangement, and necrobiosis after 30 days of fixation. Be-
cause of these structural changes, fibrous connective tissues
and adipocytes filled the intra-articular area from the rear
of the joint, extending the joint surface forward, parallel to
the femur, narrowing the articular space. Both the studies
cited here discussed the process used to induce contracture
in detail and highlighted resulting histological changes.
However, their descriptions of the recovery process after
the removal of fixation was limited to general statements
about the range of motion being restored to its pre-experi-
mental levels, and the joint being otherwise normal.

We could find no other study in the literature which de-
scribed the progress of contracture and histological joint
changes over time. Moreover, the hyperplasia we observed
in the membrane tissue of the outer layer of articular carti-
lage is consistent with our previously published reports'%-!3)
and could have resulted from joint immobilization. In addi-
tion, adhesions within the frontal synovial membrane and
the frontal tibial area were consistent with the findings of
Watanabe et al.'9 during long-term cast fixation. Although
these adhesions may be consistent with the work of Evans
et al. and Yaoita, the position in which the adhesions de-
veloped were clearly different. This could be explained by
differences in the fixation methods and observation areas
among the studies, but the true reasons remain unclear and
require further investigation.

In the present study, as the time interval progressed, ad-
hesions diminished; moreover, by 32 weeks after cast re-
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moval, they had completely disappeared. This agrees with
the findings of Evans et al. and Yaoita, who noted that free
movement after removal of fixation resulted in mechanical
stress, though it is equally possible that the adhesions may
have simply detached. In contrast with the resolution of ad-
hesions, the number of cases, wherein normal cartilage was
replaced with fibrous structures and thinning, increased as
time progressed.

Reports of thinning and degeneration of cartilage have
been extremely rare until now. Ely et al.® evaluated chang-
es in joint components resulting from cast fixation in adult
dogs, and reported a narrowing of the space between oppo-
site cartilage structures along with thinning of the cartilage
in load-bearing areas. In addition, Hagiwara et al.'” evalu-
ated knee articular cartilage thickness in rats after internal
fixation at 150°, and reported that the thickness increased in
movement areas, although it remained unchanged in con-
tact and non-contact areas. The timing of the appearance
of cartilage thinning in the study of Hagiwara et al. clearly
differs from that reported by Ely et al. and Yaoita. Further-
more, the cartilage thickening observed by Hagiwara et al.
was not observed in any sample in the present study.

We offer two hypotheses as to why these differences oc-
curred. First, because adhesions connect viscera and tissue
that should be separated??, the detachment of these adhe-
sions through mechanical stress may have caused bleeding
and inflammation?). As a result, the normal repair process
may have caused the replacement of normal cartilage with
fibrous tissue structures. Second, the articular cartilage de-
rives nutrition from synovial fluid, and if this nutritional
supply were obstructed by surface tissue hyperplasia, it
might cause degeneration. This could then result in a de-
cline in cartilage regeneration, necrobiosis, and decreasing
thickness, resulting in the replacement of cartilage with fi-
brous tissues through the recovery process?). These quali-
tative changes to the articular cartilage did not occur imme-
diately after the onset of the contracture but after an amount
of time had passed. This cartilage degeneration is a new
finding, and future biochemical analyses will be required to
clarify its causes.

Takemura et al.'? analyzed changes in the frontal syno-
vial membrane resulting from contracture with regard to
contractures induced by cast fixation. Joint immobilization
resulted in adipocyte tissue atrophy and size differences in
the frontal synovial membrane, fibroblast hyperplasia in
the lower layers, and expansion and blood congestion in the
microvasculature. Watanabe et al.'? and Matsuzaki et al.!D
reported identical findings, and these were unsurprisingly
confirmed by our study. These changes may have occurred
because of a decrease in the mechanical stress resulting
from the contracture.

To date, very few articles have prospectively considered
the recovery process of the frontal synovial membrane fol-
lowing immobilization. Although Evans et al. and Yaoita
provided detailed descriptions of the recovery process,
they only made general statements about histological im-
provement. Conversely, Takemura et al. and Matsuzaki et
al. failed to observe any improvement in frontal synovial
membrane atrophy. In this study, we observed adipocyte

tissue atrophy and size differences in the frontal synovial
membrane, fibroblast hyperplasia in the lower layers, and
expansion and blood congestion in the microvasculature.
Moreover, this occurred at all the examination periods (up
to and including 32 weeks after removal of cast fixation).
Even after the passage of a long time interval, no trends
toward improvement were identified in the findings. To the
best of our knowledge, although articles have reported the
posterior synovial membrane changes that result from joint
immobilization, our report is the first to observe atrophy of
adipose tissue in the frontal synovial membrane. In addi-
tion, atrophy of structural fat such as the corpus adiposum
infrapatellar as well as bone marrow is not thought to eas-
ily occur in such cases!!. Therefore, future histological and
biochemical investigations may be necessary to clarify how
this occurs.

The results of our present study are in agreement with
previous research that joint mobility may completely re-
cover after contracture. We further add that this may oc-
cur through time alone, and that damage to the articular
cartilage and frontal synovial membrane did not improve
within 32 weeks after fixation, the end of our observation
period. Briefly, free motion merely improves mobility and
does not result in any organic improvements in the joint it-
self. When physical therapists passively mobilize joints to
improve range of motion following contractures, they often
experience a different sensation toward the end of the range
of motion. This may result from an increased coefficient
of friction because of the fibrosis and degeneration in the
cartilage surface. The inadequate consideration of these
issues in reports to date means future research focusing
more closely on appropriate medical interventions to limit
organic changes is required. Furthermore, future research
must respond to advances in our understanding of the fun-
damental scientific basis of physical therapy.
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