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Summary Background/Objective: In a rat meniscal tear model of osteoarthritis (OA), a full-
thickness cut in the medial meniscus leads to joint instability and progressive development of
knee OA. This study evaluated in vivo high-resolution three-dimensional magnetic resonance
imaging (3D MRI) in demonstrating the knee joint structural changes of this animal model.
Methods: A left knee meniscal tear procedure was carried out on 10 rats, and sham surgery was
performed on five rats. The joints were MRI scanned 44 days after surgery at 4.7 Tesla. A 3D
data set was acquired using a 3D spoiled gradient echo sequence at a resolution of
59 � 117 � 234 mm3. After MRI, microscopic examination of the joints was performed.
Results: The medial meniscus tear was clearly visible with MRI. Cartilage damage was seen in
all animals, with varying degrees of severities, which included a decrease of cartilage thick-
ness and loss of cartilage in some areas, and focal neocartilage proliferation at the joint
margin. Damage to the subchondral bone included local osteosclerosis, deformed tibia cortex
surface, and osteophytes. The damage to the cartilage and bone was most extensive on the
weight-bearing region of the medial tibial plateau. No apparent subchondral bone damage
was observed in the epiphysis of the femur. In five animals, single or multiple high MR signal
areas were seen within the epiphysis of the tibia, consistent with epiphyseal cyst formation.
The knee interarticular space on the media side was slightly increased in two animals. Mild fe-
muretibia axis misalignment was seen in one animal. Changes seen on MRI were consistent
with histopathological changes.
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Conclusion: MRI offers in vivo information on the pathogenesis change of rat knee OA induced
with menisectomy. It can serve as a supplement technique to histology, as it is particularly use-
ful for longitudinal follow-up of OA model development.
Copyrightª 2015, The Authors. Published by Elsevier (Singapore) Pte Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Osteoarthritis (OA) is a degenerative joint disease that af-
fects a large and growing population. It is a progressive
disorder of the joints caused by a gradual loss of hyaline
cartilage resulting in the development of bony spurs and
cysts at the margins of the joints, and has a complex pa-
thology characterised by biochemical and enzymatic
changes, cartilage damage (fibrillation and erosion), and
bone remodelling (osteophyte formation and bone scle-
rosis). Advances in medical imaging, and especially mag-
netic resonance imaging (MRI), offer early diagnosis and
therapeutic follow-up both in clinics and in animal models
of OA. Animal models of arthritis are widely used preclini-
cally to investigate the pathogenesis mechanism of
degenerative OA, as well as to evaluate potential antiar-
thritis drugs for clinical use. Many experimental models of
rat OA have been developed, and their histological and
biochemical characteristics are established [1e3].

In general, OA animal models are divided into two main
categories: spontaneous joint degeneration models and
experimentally induced OA models; the latter category is
further subdivided into biochemically induced OA and
biomechanically induced OA. Biochemical induction is ach-
ievedwith intra-articular injection of proteolytic agents that
induce lysis of specific cartilage constituents, such as
collagen, proteoglycans, and/or chondrocytes. Biomechan-
ical induction, however, involves the initiation of biome-
chanical instability through surgical transection of a
ligament or the meniscus, or a combination of both. Animal
models of biomechanically induced OA include anterior
cruciate ligament transection in dogs, lateral meniscectomy
in sheep, partial meniscectomy in rabbits, meniscectomy in
guinea pigs and rats, and cruciate ligament transection in
rats [1e8]. High resolution MRI can noninvasively demon-
strate the detailed anatomy and pathological changes,
including progression and regression of joint changes of
bone, cartilage, synovium, fascia, muscles, and other soft
tissues [9e13]. MRI has also been used to assess therapeutic
effects in animal models, allowing paired comparisons, and
increasing statistical power of experiments, and reducing
the amount of animal usage [14e16]. Increasingly, the res-
olution of high magnetic strength MR scanners reaches close
to histology level [17e19]. Goebel et al [20] reported good
reproducibility for normal rat femorotibial cartilage volume
assessment using 7T MRI. Huang et al [21] investigated the
treatment effect of hyaluronic acid on cartilage in OA by
measuring the MR T2 value of cartilage in an anterior cruci-
ate ligament transection rat OA model.

The menisci plays an important role in load-bearing
distribution at the knee. Clinically, loss of meniscal
function due to meniscal extrusion and meniscectomy
result in increased mechanical loading of the articular
cartilage and subchondral bone of the affected knee
[22,23]. Total meniscectomy increases the risk of initiation
and progression of knee OA radiographically by 14-fold
after 21 years [24]. In the rat meniscal tear model of OA,
a full-thickness cut in the medial meniscus, and in some
studies plus transection of the medial collateral ligament,
leads to joint instability and progressive development of
OA characterised by proteoglycan loss, cartilage fibrilla-
tion, chondrocyte death, eventual damage to the sub-
chondral bone, and formation of osteophytes [1e3]. Rat
knee OA induced with meniscal transection offers the ad-
vantages of site specificity, known time to disease onset,
and a relatively short development time [1,2]. The carti-
lage lesions that occur in the rat meniscal tear model are
morphologically similar to those that occur in human OA
but occur much more rapidly. This may be due to the rats
normally using their unstable joint immediately after sur-
gery whereas humans and other animals such as dogs do
not immediately load their knee joint after surgery. Rats
have very little spontaneous degeneration in their knee
joints, so lesions observed are generally a result of surgical
manipulation only [5]. It was reported that lesions were
reasonably consistent if the surgical technique is consistent
[1]. The current study aimed to evaluate in vivo high-
resolution three-dimensional (3D) MRI in demonstrating
joint structural changes in the meniscal tear model of OA
in rats.

Materials and methods

All in vivo procedures were approved by the local Animal
Experimentation Ethics Committee. Fifteen Han Wistar
male rats, breed at Xiamen University, China, were aged
11e12 weeks when the studies were initiated. This animal
age was similar to those in the literature reports [1,25,26].
Two to three animals were housed per stainless steel cage
on a 12-hour light/12-hour dark cycle in an air-conditioned
room at 22�C, and were checked daily by the animal care
staff. A standard commercial rat chow (Prolab RMH 2500,
PMI Nutrition International LLC, Brentwood, USA) and
water were available ad libitum. The animals were thor-
oughly examined immediately after arrival and subse-
quently underwent a thorough daily clinical examination
which included body weight, physical condition, and
behaviour.

Rats were anesthetized by using a combination of xyla-
zine 10 mg/kg body weight and ketamine 90 mg/kg. The
operation was carried out by a staff member experienced in
animal surgery. The left leg of the rat was shaved and the
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skin cleaned with suitable skin antiseptic. With the leg held
in an extended position a medial parapatellar incision
(approximately 5 mm) and arthrotomy were performed.
The patella was dislocated laterally and the knee joint fully
flexed exposing the medial collateral ligament. An incision
was then made anterior to the medial collateral ligament to
separate the synovial tissues. Approximately 3 mm of the
medial meniscus was freed from its attachments to the
margin of the medial tibial plateau. The meniscus was then
grasped with fine tipped haemostatic forceps, retracted,
and transected with a fine-tipped scissors (n Z 10 rats).
When released, the anterior half of the meniscus retracts
anteriorly and the posterior half retracts posteriorly. The
incision was closed with a wound closure clip. Sham-
operated animals (n Z 5 rats) were treated identically,
except that transection of the meniscus was omitted.

An MR scan was carried out on the 15 animals 44 days
after surgery. At this time, the arthritic damage to the joint
is known to be apparent [3,16]. Animals were anaes-
thetised. The MR scanner was a 4.7 Tesla horizontal mag-
netic resonance system equipped with a 300 mT/m gradient
(Agilent/Varian, Palo Alto, California, USA). To increase the
signal receiving sensitivity, a special coil was built in-house
to fit with the size of rat leg at the level of the knee joint.
The radio frequency coil was a double balanced matched
3 cm diameter copper sheet solenoid and was 1 cm in
length. A 3D data set was acquired using a spoiled multi-
echo fat-suppressed 3D gradient echo (TR Z 75 ms,
TE Z 2.8 ms, flip angle Z 30). Scan duration was approx-
imately 50 minutes. The MRI parameters were optimised to
allow reasonable scan duration (50 minutes) and best tissue
contrast and spatial resolution. Prior to the acquisition of
the 3D data set, the overall positioning of the rat was
verified using a fast multislice sagittal gradient echo image
to ensure that the leg was placed adequately within the
radiofrequency coil. Then, a transverse image of the knee
was used to select the orientation of the sagittal view of
the 3D images such that they were parallel to the medial
condyle. Fat suppression in the centre of the coil was
Figure 1 Magnetic resonance imaging of a rat knee with medial m
to the level of the dotted line on coronal view). Both images show
shown to be normal (black arrowhead). Bone damage is also seen
achieved using an 8.2 ms Gaussian pulse placed 650 Hz off-
resonance from the water signal. The images covered the
entire knee joint with a resolution of 59 � 117 � 234 mm3.
Image reconstruction was performed using in-house soft-
ware developed in Matlab (The Mathworks, Natick, MA,
USA).

Following MRI, the animals were scarified for histology.
The soft tissue was removed from each leg and the femo-
rotibial joints were isolated by cutting the mid femur and
tibia. The intact joints were then preserved in a 10% neutral
buffered formalin for 48e72 hours and subsequently
decalcified for 24e36 hours in rapid decalcification fluid.
Trimmed joint tissues were processed with standard histo-
logical techniques and mounted in wax blocks for coronal
sectioning. Multiple 4 mm sections at 450 mm steps were
prepared through the whole thickness of each block and
stained with toluidine blue or haematoxylin and eosin for
light microscopy. The MRI data and histology images were
analysed on a one animal-to-one animal base by a radiol-
ogist and a pathologist experienced in small animal studies.
Results

Three-dimensional high-resolution MR images were ob-
tained in all 15 rats with a high signal-to-noise ratio. The
cortical bone and trabeculae and tendon/ligament showed
a low signal; menisci showed a low signal intensity with
focal intermediate signal; muscle showed an intermediate
signal; fat showed a low signal due to the fat suppression
technique; cartilage showed a high signal. In one animal, a
susceptibility artefact was seen in the surgically operated
location. The most likely cause of this artefact was due to
the debris of metal surgical instruments remaining in the
tissue. This artefact partially affected the assessment of
the medial side and the subchondral bone of the tibia of
this animal. The medial meniscus tear was clearly visible on
MR images, and the five sham-operated animals could be
easily identified (Figure 1). It was seen that the anterior
eniscal tear: (A) coronal view; (B) sagittal view (corresponding
the media meniscal tear (black arrow). The lateral meniscus is
(white arrow).
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half of the meniscus retracted anteriorly and the posterior
half retracted posteriorly. The connective tissue fibrous
scar caused by the surgical operation could also be seen on
the medial side of the knee joint.

Of the 10 animals with meniscal transection, cartilage
damage could also be seen in all animals, with varying
degrees of severities. Damage to the cartilage included a
decrease of cartilage thickness and loss of cartilage in some
areas, and focal neocartilage proliferation at the joint
margin (Figure 2). The interface between the bone cortex
and cartilage is well defined; however, the interface be-
tween the tibia cartilage and intra-articular space is less
clear with the current MR technique, therefore the quan-
tification of cartilage loss remained difficult.
Figure 2 (A) Sagittal view magnetic resonance image of a rat kn
become much thinner (arrowheads). (B) Sagittal view magnetic reso
cartilage (arrowheads).

Figure 3 (A) Coronal view magnetic resonance image of a rat
meniscal tear (white arrowhead), and bone damage at the medial
(green arrow). (B) Coronal view magnetic resonance image of a
arrowhead) and normal tibia plateau.
Of the nine rats assessed, subchondral bone change can
be appreciated in eight animals, again with varying sever-
ities. One animal’s subchondral bone retained a normal
appearance on MRI. Damage to the subchondral bone
included local osteosclerosis and deformed tibia cortex
surface (Figure 3). Osteophytes also occurred on the medial
joint margin of the tibia plateau in some animals (Figure 3).
The damage to cartilage and bone was most extensive on
the weight-bearing region of the medial tibial plateau. No
apparent subchondral bone damage was observed in the
epiphysis of the femur. In five animals single or multiple
high MR signal areas were seen within the epiphysis of the
tibia, consistent with epiphyseal cyst formation (Figure 4).
The knee interarticular space on the media side was slightly
ee with medial meniscal tear. Parts of the tibia cartilage have
nance image of a rat with sham operation, showing normal tibia

knee with medial meniscal tear showing the location of the
third of the medial tibia plateau (white arrow) and osteophyte
rat with sham operation showing the normal meniscus (white



Figure 4 (A) Magnetic resonance image of a rat knee with medial meniscal tear: a cyst is seen in the epiphysis of the tibia (white
arrow). (B) Haematoxylin and eosin histology (low power magnification at original magnification � 25, and medium power
magnification insert at original magnification � 100) of the medial femorotibial following meniscal transection. The articular
cartilage of the tibia shows loss of chondrocytes (arrowhead) and staining pallor reflecting loss of proteoglycan (arrow). There is a
vertical fracture in the degenerate cartilage and underlying focal loss of subchondral bone with extrusion of the degenerate matrix
through into the marrow space. There is an associated loss of the normal marrow cellularity in the insert region with replacement
by cellular infiltrates and fibrous tissue, resulting in epiphyseal cyst formation (insert). MFC Z medial femur condyle.
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increased in two animals. Mild femuretibia axis misalign-
ment was seen in one animal. In that animal, the articular
capsule was seen bulged outwards toward the media side,
suggesting the weakening of ligaments at that side.

Histopathological changes were characterised by a var-
iable severity of cartilage degeneration (Figure 5). There
Figure 5 (A) Sagittal view (at peripheral level) magnetic resonan
indicates cartilage thinning, and white arrows indicate neocartilag
the medial MTC stained with toluidine blue (original magnificatio
neocartilage proliferation (dotted arrow) are seen in the tibia cartil
were loss of chondrocytes, and proteoglycan loss evidenced
by reduced toluidine blue staining. Fibrillation of the su-
perficial cartilage, vertical, and lateral fractures in the
cartilage matrix and ulceration generally to the tide mark
were common findings. Notable chondrophytes were pre-
sent at the lateral borders of both the medial tibial and
ce image of a rat knee with medial meniscal tear. Black arrow
e proliferation. (B) Corresponding coronal histology section of
n x 100) after meniscal tear. Cartilage erosion (arrows) and
age. MFCZmedia femur condyle; MTCZ medial tibia condyle.
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femoral condyles. These histopathological changes were
generally most severe in the medial tibial cartilage. In some
joints further degeneration and destruction of the sub-
chondral bone occurred in areas of cartilage degeneration
or ulceration. In these locations extrusion of the degen-
erate articular cartilage and some bone spicules into the
underlying epiphyseal marrow spaces were seen. Within
these areas there was a loss of the normal marrow with
replacement by cellular infiltrates which included activated
osteoclasts, and mononuclear cells including osteoblasts
and small to medium sized fibroblast-like cells with fibrous
matrix formation. These areas occasionally replaced a
substantial proportion of the marrow space and with
further degeneration of the cancellous bone of the epiph-
ysis, formed sizable cysts. Occasionally the cystic areas
were relatively acellular and contained eosinophilic mate-
rial, presumably fluid. It was notable that epiphyseal cysts
were only present when there was evidence of subchondral
bone destruction. These epiphyseal cysts were consistent
with the high signal areas seen in the epiphysis of tibia with
MRI (Figure 4).
Discussion

In rat knee OA induced using meniscal transection, the loss
of meniscal function resulted in cartilage degeneration and
subchondral bone defects particularly in the region covered
by menisci, which progress over time after surgery [16].
Forty-four days after surgery it was shown that OA changes
were well established. Tibial cartilage degeneration was
focally severe with degenerative changes of lesser severity
in the surrounding matrix and prominent osteophytes [1].
Although it was suggested that lesions were reasonably
consistent if the surgical technique is consistent [1],
interanimal variability in the response to the meniscal tear
was observed, both in our current MRI study and a few
literature reports [6,27]. This was probably related to the
activity level and joint loading of the individual rats. This
OA model enables researchers to quantify cartilage damage
during active disease and the action of potential chon-
droprotective agents, for example, experiments have
shown that matrix metalloproteinase inhibition is effective
in reducing the joint damage that occurs in this OA model,
and fibroblast growth factor-18 can stimulate repair of
damaged cartilage [6,27]. With histological assessment,
Janusz et al [6] reported that moderate cartilage degen-
eration of the tibial plateau with focal loss of chondrocytes
and proteoglycan loss was observed at Week 1 after
meniscal tear and surgical transection of the medial
collateral ligament. The cartilage lesions increased slightly
in depth and osteophytes were more common at Week 2
with some areas of focally severe cartilage degeneration.
Cartilage lesions were often severe by Week 3 with small to
large osteophytes. By Week 6 cartilage lesions were often
severe and extending beyond a third of the cartilage sur-
face generally seen at Weeks 1e3 and small to large
osteophytes were present. The degree of cartilage degen-
eration of the femur was much less marked than that of the
tibial plateau.

Histology remains the gold standard for the assessment
of structural change of small OA models. However,
histology is limited by its inability to track sequential
changes of disease progression in joints, requiring the need
to sacrifice groups of animals at specific time points in
order to evaluate the disease progression. This approach
leads to an inability to assess individual variations among
given animals and requires using larger amounts of experi-
mental compounds when the availability of which is often
limited. MRI is noninvasive, and can be applied repeatedly
to follow the course of structural change development.
While histology has superb tissue resolution and contrast,
MRI can provide in vivo joint information with structures
fully intact. It is challenging to study cartilage in rat knee
with MRI. By using large animal OA models such as dogs,
sheep, and rabbits, the joint anatomical structures will be
larger and therefore less demanding on MR spatial resolu-
tion. However, these large animal OA models remain
expensive and take a significant period of time to develop.
Very high resolution and good signal-to-noise ratio are
needed to characterise the OA structural changes in rats.

Owing to the fact that bone lacks mobile protons (1H),
bone cortex and bone trabeculae have a low signal on MR
images, and therefore provide contrast to the surrounding
connective tissues such as cartilage, which contains more
mobile protons. We used the MR sequence that best
delineated the cartilage from the surrounding tissues, i.e.,
3D fat-suppressed spoiled gradient echo. However, it should
be noted that this sequence is relatively insensitive for
bone marrow oedema [12]. In our study with a magnet at
4.7 Tesla field strength, a spatial resolution of
59 � 117 � 234 mm3 was achieved with a good signal-to-
noise ratio. To increase the signal receiving sensitivity, a
special coil was built so as to have a tight fit with the rat
knee joint, and a shorter echo time of 2.8 ms was selected.
Our study showed the anterior half of the meniscus
retracted anteriorly and the posterior half retracted pos-
teriorly. Cartilage show high signal and its damage could
also be seen in all animals in this study, with varying degree
of severities. Femuretibia axis alignment, and articular
capsule, subchondral bone changes, osteophytes are well
demonstrated. The interface between bone cortex and
cartilage is well defined; however the interface between
tibia cartilage and intra-articular space is less clear with
the current MR technique, therefore the quantification of
cartilage loss remained difficult. Another interesting finding
from this study is the cyst formation in tibia epiphysis.
Owing to the good tissue contrast, MRI can easily detect
these cysts. Pain is the principal symptom of OA [28]. Rat
knee OA induced using meniscal transection has been used
as an OA pain model [25]. It is well known that cartilage
does not contain pain fibres. Bone in the periosteum and
bone marrow is richly innervated with nociceptive fibres. In
this respect, assessment of bone structure would be more
important. Our histology data showed these cysts in the
tibia epiphysis were linked to the degree of destruction of
the subchondral bone. Since bone marrow is richly inner-
vated with nociceptive fibres, it would be interesting to
further investigate the relationship between these cyst
formations and pain.

Changes in the femorotibial cartilage are of great in-
terest in studying the structural progression of OA, because
changes in thickness can be localized in particular com-
partments. Additionally, concomitant cartilage erosion,
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oedema, and subchondral changes may alter the sensitivity
of a global measurement, thus reinforcing the interest of
monitoring compartmental changes in cartilage thickness.
MRI based 3D evaluation of cartilage thickness has the
advantage of being independent of positioning of the knee,
whereas histological assessments are made on 2D slices,
and the slice orientation could be influenced by the sample
preparation. As both water and lipids are eliminated in the
histological procedure, the histology can underestimate
cartilage thickness, and cartilage morphology could be
altered by histological methods, especially dehydration
[29]. At 7 Tesla and a spatial resolution of
109 � 109 � 145 mm3 voxel which is similar to the resolution
in our study, Faure et al [30] observed a dehydration of the
superficial layers of the rat knee cartilage which was not
detectable with histology. According to their report, MR
images obtained during the early stages of rheumatoid
arthritis allowed them to study joint changes before any
histological signs of attack were visible; however, cartilage
quantification was not performed. At the spatial resolution
of 51 � 51 � 94 mm3 voxel and 7T, Goebel et al [12] re-
ported an in vivo MRI-based study of healthy and OA rat
knee and demonstrated the ability to assess OA-related
changes in femorotibial cartilage volume/thickness in the
various femorotibial compartments.

There are some limitations to this study. Firstly, this was
a preliminarily exploratory study; the animal number used
in the study was relatively few. The study was cross-
sectional, while there was no longitudinal follow-up car-
ried out. As discussed earlier, the MRI spatial resolution
used in this study did not allow us to quantify the articular
cartilage thickness or volume. Goebel et al [12] demon-
strated that probably a resolution of 50 � 50 � 100 mm3

voxel would be required for this. As both femoral and tibia
cartilage thickness is around 180 mm [12], 50 � 50 mm in-
place resolution would allow three to four pixels across
the thickness, which is probably essential for cartilage
volume or thickness assessment. In future studies, MR scans
will be performed at multiple time points for follow-up of
OA development, including baseline, so as to show the
temporal changes. Another MR development to be explored
will be ultra-short echo time (typically 20e100 ms) for
cortical bone qualification [31].

In conclusion, this study showed that MRI, at the mag-
netic strength field of 4.7 Tesla and a spatial resolution of
59 � 117 � 234 mm3, offers in vivo information on the
changes of rat knee with OA induced using menisectomy.
Compared with histology techniques, MRI allows a holistic
assessment of a variety of tissues, including joint align-
ment, joint space widening or narrowing, meniscus, and
bone and cartilage changes; thus MRI can serve as a sup-
plement technique to histology; it is likely to be particu-
larly useful for longitudinal follow-up of the OA model. To
increase the scan time will allow further increases in spatial
resolution and/or signal-to-noise ratio. However, the
spatial resolution, signal-to-noise ratio, and acquisition
time are mutually interdependent, therefore to optimise
one of these parameters at the given magnetic field
strength of 4.7 T will be at the expense of others. With the
recent trend in the utilisation of higher magnetic field
strengths such as 9.4 T, better quantification of small ani-
mal OA models is further expected [32,33].
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