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Background: Meniscal root tears cause menisci and their insertions to inadequately distribute loads and potentially leave
underlying articular cartilage unprotected. Untreated meniscal root tears are becoming increasingly recognized to induce joint
degradation; however, little information is known about anterior meniscal root tears and how they affect joint tissue.

Purpose: To observe the early degenerative changes within the synovial fluid, menisci, tibial articular cartilage, and subchondral
bone after arthroscopic creation of untreated anterior meniscal root tears.

Study Design: Controlled laboratory study.

Methods: Anterolateral meniscal root tears were created in 1 knee joint of 5 adult Flemish Giant rabbits, and anteromedial meniscal
root tears were created in 4 additional rabbits. The contralateral limbs were used as nonoperated controls. The animals were
euthanized at 8 weeks postoperatively; synovial fluid was aspirated, and tissue samples of menisci and tibial articular cartilage
were collected and processed for multiple analyses to detect signs of early degeneration.

Results: Significant changes were found within the synovial fluid, meniscal tissue, and tibial subchondral bone of the knees with
anterior meniscal root tears when compared with controls. There were no significant changes identified in the tibial articular
cartilage when comparing the tear groups with controls.

Conclusion: This study demonstrated early degenerative changes within the synovial fluid, menisci, and tibial subchondral
bone when leaving anterior meniscal root tears untreated for 8 weeks. The results suggest that meniscal tissue presents
measurable, degenerative changes prior to changes within the articular cartilage after anterior meniscal root tears. Anterior
destabilization of the meniscus arthroscopically may lead to measurable degenerative changes and be useful for future in vivo
natural history and animal repair studies.

Clinical Relevance: The present study is the first to investigate various tissue changes after anterior meniscal root tears of both
the medial and lateral menisci. The results from this study suggest that degenerative changes occur within the synovial fluid,
meniscus, and tibial subchondral bone prior to any measurable changes to the tibial articular cartilage. Further studies should
expand on this study to evaluate how these components continue to progress when left untreated for long periods.
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Menisci are crescent-shaped, fibrocartilaginous wedges that
play an important role in complex knee mechanics and func-
tion.3,39 The menisci are primarily responsible for distribut-
ing loads through the tibiofemoral joint, joint stabilization,
and congruency.1,20,27,30,49,55 The circumferential collagen
fibers in the meniscus body continue into the anterior and
posterior root insertional ligaments that attach to the tibial
plateau.5,7,18,22,45 Continuity of the circumferential fibers

between the meniscus body and its insertions enables proper
fixation into bone and facilitates the distribution of axial
tibiofemoral stresses to circumferential hoop stresses.13,50

Meniscal root tears (MRTs) are complete radial tears or
avulsion injuries of the meniscal root insertions from the
tibial plateau and are a subset of injuries that cause
the meniscus to inadequately distribute loads and protect
the underlying articular cartilage.26,32,48 Untreated
MRTs are becoming increasingly recognized to induce
articular cartilage degradation over time2,24; therefore,
proper understanding of injury and progression of degen-
eration is essential.
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Previously, studies on meniscal release, or destabilization
of the medial meniscus (DMM), have been used to induce and
analyze degeneration of knee joint tissues in murine, lapine,
canine, and ovine models over time.10,11,21-23,29,36 These mod-
els all demonstrate measurable degeneration within the knee
joint tissues. Despite the wide use of these models for osteoar-
thritis research, however, the authors are not aware of any
studies assessing the degeneration of several tissues within
the knee joint after release of the anterior insertions for both
the lateral and medial menisci. Cadavers have also been used
to investigate MRTs; however, these studies primarily focus
on changes in knee biomechanics to the posteromedial and
posterolateral meniscal insertions.2,6,34

Although tears of the anterior meniscal root insertions
may be less common than posterior tears, a recent study
reported that iatrogenic injury occurs at the anterior inser-
tions of the lateral and medial menisci while reaming tibial
tunnels for anterior cruciate ligament (ACL) reconstruc-
tion.56 Currently, literature on anterior MRTs is limited
to reports of case studies and anatomic analysis of the rela-
tionship between the ACL and anterior meniscal root inser-
tions.15,31,33,40,54 Since the anterior meniscal insertions are
susceptible to damage during ACL reconstructions,
increasing the risk for MRTs, it is important to understand
how these injuries affect the joint tissues. Additionally,
since clinical samples of articular cartilage and menisci are
usually salvaged from advanced stages of osteoarthritis
after total knee reconstructions, animal models are com-
monly used to experimentally induce injury and assess
early degeneration.

Therefore, the purpose of this study was to measure
characteristics of early degeneration in the rabbit knee
after untreated anterior MRTs for major sites of earliest
discernible joint involvement seen in osteoarthritis.38 The
amount and type of inflammatory cells present in the syno-
vial fluid, the compressive material properties of the
menisci and tibial articular cartilage, the subchondral bone
morphology of the tibial plateau, the coverage and content
of glycosaminoglycans (GAGs) of menisci and tibial articu-
lar cartilage, the total content of intact DNA, and the rela-
tive gene expression of matrix-degrading enzymes were
measured after anterolateral MRTs (ALMRTs) and antero-
medial MRTs (AMMRTs). It was hypothesized that if ante-
rior MRTs of either the medial or lateral menisci were left
untreated after injury, early osteoarthritic change would
occur within the joint tissues.

METHODS

Institutional Animal Care and Use Committee (IACUC)
approval was obtained prior to performing the study. Nine
skeletally mature Flemish Giant rabbits (5.2 ± 0.2 kg) were
housed in individual cages and given 3 weeks to acclimate
to the housing facility. During housing, animals were mon-
itored daily for health status, and no adverse events were
observed. Before surgery, the animals were given 0.2 mg/kg
butorphanol, 0.05 mg acepromazine, and 0.005 mg glyco-
pyrrolate and then anesthetized with 5% isoflurane. A
small-joint arthroscope was used to confirm the absence
of preexisting arthritis or meniscal injury. Under arthro-
scopic visualization, a scalpel was used to create ALMRTs
in 1 knee joint of 5 rabbits and AMMRTs were created in
the remaining 4. After sectioning with a scalpel, the menis-
cal roots were probed to verify they were completely sec-
tioned off their root attachments. A top view of the dissected
proximal tibia with the menisci intact is presented for visu-
alization of the rabbit knee anatomy in Figure 1. To mini-
mize the effects of subjective bias, the animals were
randomly assigned to an MRT group and surgeries were
alternated between left and right limbs. The contralateral

Figure 1. A dissected, proximal tibia with menisci intact for
visualization of the rabbit knee anatomy from a left, control
limb.
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knees were left intact with no sham incision and used as
nonoperative controls. The animals were monitored postop-
eratively and returned to normal activity in individual
cages before euthanasia 8 weeks postsurgery.

Cytologic Joint Evaluation

Immediately after euthanasia, 1.5 mL of sterile saline was
injected into both injured and control knee joints just
medial to the patellar tendon. The knee was flexed and
extended 3 to 5 times, and diluted synovial fluid was reas-
pirated from the joint using the initial delivery syringe by a
veterinary technician. The volume acquired from each joint
was recorded to determine whether joint effusion was pres-
ent. After collection, approximately 20 mL of joint fluid was
placed onto a microscope slide and spread using a separate
slide to make a standard “push smear” for cytologic evalu-
ation. Duplicate smears for each joint were blinded and
viewed by a board-certified veterinary clinical pathologist.
Joint fluid was then subjectively interpreted and objec-
tively scored for overall cellularity, individual cell types
observed, evidence of synovial hyperplasia, and presence
of osteoclasts (Table 1).

Mechanical Testing

Indentation-relaxation testing was performed on menisci
and tibial cartilage similar to previous studies within 12
hours of sacrifice and dissection.16,17,35,52 The menisci and
proximal tibias were wrapped separately in gauze, satu-
rated with 1� phosphate-buffered saline, and stored at
4�C until ready to test. All tissues were hydrated in a 1�
phosphate-buffered saline bath at room temperature dur-
ing testing. Prior to mechanical testing, the menisci were
each transected into anterior and posterior halves.
Indentation-relaxation tests were then conducted in the
middle of each anterior and posterior meniscus half (Figure
2). A spherical, steel indenter with a 1.59 mm diameter was
used to indent to a depth of 0.2 mm at 0.2 mm/s for all
samples and held for 900 s to reach equilibrium.

Indentation-relaxation tests were conducted at 4 locations
on the articular cartilage of the tibial plateau to account for
locations normally covered and uncovered by the menisci,
similar to a previous study (Figure 2).16 Thickness mea-
surements of the articular cartilage indentation sites were
estimated by inserting a needle at a location adjacent to

TABLE 1
Objective Scoring Scheme for Grading Cytologic Findings Present in Synovial Fluid Smearsa

Cytology Score Grading Scheme

Measure

Score

0 1 2 3

Number of cells observed Normal Mild increase Moderate increase Marked increase
Cell types observed >95% large

mononuclear
cells present

>95% large mononuclear cells
present but activated cells
seen

Mixed inflammation Neutrophilic inflammation

Synovial hyperplasia (aggregates
of spindle-shaped fibroblasts)

Absent Present

Osteoclast (evidence for bone
remodeling)

Absent Present

aThis system, which allows increments from 0 to 8, provides an interpretation of inflammation, synovial hyperplasia, and bone remodeling
that may occur in a joint.

Figure 2. Tissue locations allocated for different analyses on
the menisci and tibial plateaus including: indentation-
relaxation (I), histology (H), biochemical assays (B), and
quantitative reverse transcription polymerase chain reaction
(qRT-PCR) (P).
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each indentation site and observing when the force changed
due to contact with calcified cartilage, similar to previous
studies.16,46 The distance between the initial force due to
the needle first contacting the cartilage surface and the
force peak observed when the needle displaced through the
articular cartilage and contacted the calcified cartilage was
used as the thickness measurement. The spherical
indenter was then pressed into the cartilage to a depth
of 20% of its estimated thickness at 20% strain/s and held
for 180 seconds to reach equilibrium. After a 1200-second
rest time, the indenter was replaced with the needle and
the actual thickness of the articular cartilage at the
indentation site was determined.16 Hertzian contact was
assumed between the tissue (elastic half-space) and the
steel, spherical indenter (rigid sphere), similar to previ-
ous studies.16,17,35,46 The instantaneous and equilibrium
elastic moduli were then calculated to determine the com-
pressive elasticity immediately after compression before
interstitial fluid dissipated and again once fluid dissipa-
tion reached equilibrium, respectively. Poisson ratios for
menisci and articular cartilage in rabbits have been esti-
mated in previous studies.16,17,46,52 Based on these stud-
ies, the Poisson ratio was assigned to be 0.01 for menisci
and 0.3 for the articular cartilage. The elastic modulus
and Poisson ratio of the indenter were 210 GPa and 0.3,
respectively.16,17

After mechanical testing, all tissue was divided and
stored separately for additional analysis (Figure 2). Menisci
were sectioned to store anterior and posterior samples in
10% formalin to fix the tissue for histological analysis. The
central portions of each menisci were cut to store half in
RNAlater RNA Stabilization Reagent (QIAGEN) to imme-
diately stabilize tissue RNA for gene expression analysis
and the rest in Allprotect Tissue Reagent (QIAGEN) to sta-
bilize DNA, RNA, and protein in tissue samples for quan-
titative biochemical assays. Cylindrical, full-depth samples
of the articular cartilage using a 5-mm biopsy punch were
taken from the anterior and posterior locations of the tibial
plateau, with half of the tissue stored in RNAlater and the
rest stored in Allprotect. The remainder of the proximal
tibias were fixed in 10% formalin. All samples in RNAlater
and Allprotect were refrigerated for 24 hours to allow the
reagents to penetrate the tissues and then stored at �80�C
until analyzed.

Bone Morphology Analysis

Proximal tibias were scanned via a micro–computed tomog-
raphy machine (Scanco Medical AG) to evaluate subchon-
dral bone changes.44 Briefly, 4 spatially distributed,
cylindrical volumes of interest (VOIs) were identified for
each tibia based on anatomical markers and corresponding
with the mechanical indentation testing sites of the articu-
lar cartilage (Figure 2). Trabecular VOIs had a diameter of
2.2 mm and height of 3.7 mm and were taken immediately
under the subchondral bone plate to analyze the trabeculae
within the subarticular spongiosa.37 Subchondral bone
plate VOIs had a diameter of 2.2 mm with varying heights
because of anatomic differences. The following variables
were measured within the analyzed VOIs: trabecular

material bone mineral density, trabecular bone volume
fraction, trabecular number, trabecular thickness, trabec-
ular spacing, subchondral bone mineral density, and sub-
chondral bone volume fraction.

Histological Analysis

Fixed menisci were embedded in optimum cutting tempera-
ture medium (Pelco), flash frozen using liquid nitrogen, and
sectioned into 6-mm slices. The fixed proximal tibias were
decalcified with 10% formic acid and cut to evaluate central,
coronal sections of the tibial plateaus (Figure 2). The tibial
plateaus were then embedded in paraffin and sectioned into
6-mm slices. All sections were stained using hematoxylin,
safranin-O, and fast green before being imaged using a light
microscope (Olympus) and camera setup (QImaging).47

Imaged meniscal and tibial articular cartilage sections
were analyzed similarly to previous studies.16,17,43 Briefly,
the meniscal sections were analyzed quantitatively by mea-
suring the percentage of red-stained GAG covering the
entire meniscal section using Image J software (National
Institutes of Health) with the FIJI package. The GAG stain
intensity of the menisci was then blindly evaluated by 4
individuals using a previously used grading scale: no stain-
ing ¼ 0, slight staining ¼ 1, moderate staining ¼ 2, and
strong staining ¼ 3. Articular cartilage and subchondral
bone sections were graded histologically using a modified
Mankin scale in 3 categories (Table 2).16 Qualitative grades
of the menisci and articular cartilage for each specimen and
region were averaged across all graders.

Biochemical Analysis

The menisci and articular cartilage samples stored in Allpro-
tect Tissue Reagent were used to assess the biochemical con-
tent between the anterior MRT groups and controls.
Samples were removed from the�80�C freezer, thawed, and
all immediately digested with 200 mL of papain (125 mg/mL)
in 0.1 M sodium acetate, 5 mM L-cysteine–HCl, 0.05 mM
ethylenediamine tetra-acetic acid, pH 6 (Sigma-Aldrich) con-
stantly agitated at 60�C for 18 hours. DNA content of each
sample was quantified using a PicoGreen double-stranded
DNA quantification kit (Molecular Probes). Proteoglycan
content was estimated by quantifying the amount of sulfated
GAGs using a dimethylmethylene blue assay with a shark
chondroitin sulfate standard.14 Each constituent was nor-
malized to the tissue wet weight and the GAG was normal-
ized to the DNA content for analysis.

Quantitative Reverse Transcription Polymerase
Chain Reaction

Tissue samples stored in RNAlater were used to assess the
relative gene expression of various proteins between the
anterior MRT and control groups using quantitative reverse
transcription polymerase chain reaction (qRT-PCR). Expres-
sions of known catabolic proteins within articular cartilage
and meniscal tissue, matrix metalloproteinase (MMP)-1,
MMP-9, MMP-13, and aggrecanase-2 (ADAM-TS5), were
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targeted for gene analysis similar to previous studies.8,9,19,53

Furthermore, tissue inhibitor of metalloproteinase-1 (TIMP-
1) was assessed to measure the expression of catabolic pro-
tein inhibition within the tissues.8,9

Thawed menisci and articular cartilage samples were pul-
verized and homogenized in Trizol (Invitrogen) on ice using a
tissue homogenizer to extract RNA. Homogenized samples
were then allowed to incubate at room temperature for 20
minutes in Trizol followed by centrifugation at 12,000g for
12 minutes at 4�C. Supernatants were transferred to a new
microcentrifuge tube, mixed with 200 mL of chloroform, incu-
bated at room temperature for 3 minutes, and then centri-
fuged at 12,000g for 15 minutes at 4�C. The upper aqueous
phase was transferred to a new microcentrifuge tube and
mixed with 500 mL of isopropanol. Samples were incubated
at room temperature for 10 minutes followed by centrifuga-
tion at 12,000g for 10 minutes at 4�C to pellet the RNA. The
RNA fraction was rinsed with 70% ethanol and resuspended
with RNase-free water (QIAGEN). qRT-PCR was then car-
ried out through a single-step process using an iTaq

Universal SYBR Green One-Step kit (Bio-Rad Laboratories)
as per manufacturer’s instructions with the primers listed in
Table 3 (Integrated DNA Technologies). To determine rela-
tive expression of the target genes, 5 ng of RNA were used
per sample and assessed in duplicate. Quantification cycle
(Cq) values were determined, and duplicates were averaged
for the targeted genes of interest and the reference gene,
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Expression values were presented relative to GAPDH, and
each gene was adjusted using the respective PCR amplifica-
tion efficiencies.

Statistical Analysis

Synovial fluid volumes were confirmed for Gaussian distri-
bution by the D’Agostino-Pearson omnibus normality test;
therefore, paired t tests were used to determine differences
between knees with anterior MRTs and control knees. Objec-
tive scorings of synovial fluid and histological staining were
not normally distributed; thus, data were analyzed using the

TABLE 2
Modified Mankin Grading Scale Used to Assess Histological Staining of the Tibial Articular Cartilage

Measure

Score

0 1 2 3 4 5 6

Glycosaminoglycan
staining

Uniform Loss of staining
in superficial
zone <50% of
length of
plateau

Loss of staining
in superficial
zone >50% of
length of
plateau

Loss of
staining in
upper 2/3
<50% of
length of
plateau

Loss of
staining in
upper 2/3
>50% of
length of
plateau

Loss of staining in
full depth of
cartilage <50%

of length of
plateau

Loss of staining in
full depth of
cartilage >50%

of length of
plateau

Fissures Absent Surface
fibrillation
<50% of
length of
plateau

Surface
fibrillation
>50% of
length of
plateau

1-2 midzone
fissures

3-5 midzone
fissures

Full depth
fissures or 5þ
midzone
fissures

Large segments of
cartilage
eroded with full
depth fissures

Tidemark integrity Normal Disrupted

TABLE 3
Specific Primer Sequences, Product Sizes, and References for Targeted Genes and Reference Gene for qRT-PCR Analysisa

Gene of Interest Primer Direction Primer Sequence Product Size, bp Reference Sequence

MMP-1 Forward 50-CCA AAG TCT CCA AGG GTC AA-30 83 NM_001171139.1
Reverse 50-CTG TCC TTC AGG TCC ATC AAA-30

MMP-9 Forward 50-TGC GAG TTT CCG TTC ATC TT-30 117 NM_001082203.1
Reverse 50-GTA GAG CTT GTC CTT GTC GTA G-30

MMP-13 Forward 50-GGG ATT CCC AAG AGA GGT TAA-30 100 NM_001082037.1
Reverse 50-TCA TAG CTC CAG ACT TGG TTT C-30

TIMP-1 Forward 50-ACT CCC ACA AAT CCC AGA A-30 98 NM_001082232.2
Reverse 50-GGA ACC ACG AAA CTG CAA-30

ADAM-TS5 Forward 50-GTC ATC CAT CCT CAC CAG TAT C-30 116 AF317415
Reverse 50-TCG TGG TAC ATC TAG CAA ACA G-30

GAPDH Forward 50-GGT CGG AGT GAA CGG ATT T-30 114 NM_001082253.1
Reverse 50-TGT AGT GGA GGT CAA TGA ATG G-30

aADAM-TS5, aggrecanase-2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MMP, matrix metalloproteinase; qRT-PCR, quantita-
tive reverse transcription polymerase chain reaction; TIMP-1, tissue inhibitor of metalloproteinase-1.
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Wilcoxon matched-pairs signed rank test. The remainder of
analysis methods utilized 2-sample, equal variance Student
t tests to determine differences between the anterior MRT
groups and controls. An a priori power analysis established
that with 9 total specimens, our study was powered to detect
differences with power of�80% for all statistical tests except
the objective scoring. The study was powered to detect dif-
ferences with power of �70% for the objective scoring of the
synovial fluid and histological staining. Significant differ-
ences were set at P < .05 for all tests performed.

RESULTS

After surgery, the rabbits favored the contralateral limb for
the initial 1 to 2 days but showed no further signs of gait
irregularity prior to euthanasia. All meniscal insertions
were inspected during dissection and remained free-
floating. Little to no macroscopic differences of the menisci
and articular cartilage were observed between the injured
and control knees during dissection. Inflammation of the
synovial membrane surrounding the knee was observed for
all anterior MRT knees when compared with the contralat-
eral macroscopically.

Cytology Evaluation

A significant increase (P ¼ .001) in synovial fluid volume
was aspirated from the joints with surgically induced
MRTs, suggesting an effusive process was present. Syno-
vial fluid volume aspirated from the control and injured
knees was 297 ± 112 and 1050 ± 125 mL, respectively. Com-
pared with control knees, injured knees demonstrated a
significantly higher (P ¼ .004) objective cytology score.
Cytology scores were interpreted from the synovial fluid
of each joint using the scoring scheme in Table 1, and med-
ians with interquartile ranges were calculated between
groups. The cytology score was 0 with an interquartile
range of (0, 0) and 3 with an interquartile range of (2, 3)

for control and injured knees, respectively. Synovial fluid
from control knees did not demonstrate cytologic abnormal-
ities. Joint fluid collected from injured knees, however, had
mild to moderate increases in activated large mononuclear
cells interpreted as nonsuppurative inflammation. Neither
synovial hyperplasia nor osteoclasts were observed.

Mechanics

Indentation-relaxation testing of the menisci resulted in
decreases of both the instantaneous and equilibrium elastic
moduli in the injured limbs compared with control limbs.
The instantaneous (P¼ .01) and equilibrium (P¼ .02) elastic
moduli of the anteromedial region significantly decreased
when comparing the AMMRT group with the control group
(Figure 3). Similarly, the instantaneous elastic modulus of
the anterolateral region in the ALMRT group significantly
decreased when compared with the control group (P ¼ .009)
(Figure 3A). Although not significant, the mean equilibrium
elastic modulus decreased for both the anterior and pos-
terior regions of the lateral meniscus after the ALMRT
(Figure 3B). In the analysis of the tibial articular cartilage,
significant changes were not present in either the instan-
taneous or equilibrium elastic moduli for either MRT group
when compared with the control group (Figure 4).

Bone Morphology

Significant decreases in subchondral bone integrity were
present after anterior MRTs, primarily within the trabec-
ular structure of the subarticular spongiosa region (Table
4). When an anterior MRT was left untreated, the region
uncovered by the menisci within the hemijoint opposite the
MRT demonstrated a significant decrease in the mean
number of trabeculae and a significant increase in the aver-
age spacing between trabeculae. For example, the number
of trabeculae decreased and spacing between trabeculae
increased for the lateral uncovered region after the
AMMRT. Additionally, the mean thickness of the

Figure 3. Instantaneous and equilibrium elastic moduli of meniscus regions (mean with standard deviation). *Statistically significant
(P < .05). ALMRT, anterolateral meniscal root tear; AMMRT, anteromedial meniscal root tear.
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trabeculae significantly decreased in the medial covered
region after the AMMRT (P ¼ .04). No significant changes
were seen in trabecular thickness for any regions after
ALMRT. There were no significant changes within the tra-
becular or subchondral bone volume fraction for all regions
when compared between MRT groups and controls. Simi-
larly, there were also no significant changes to the mineral
content within the trabecular or subchondral bone plate
tissue in any regions. Volume-rendering examples for the
trabecular and subchondral bone VOIs in control and both
anterior MRT limbs are shown in Figure 5.

Histology

There was a positive correlation between the quantitative
percentages of meniscal GAG coverage and the qualitative

GAG stain intensity scores (R2 ¼ 0.84). A significant
decrease was found in the mean percentage of GAG cover-
age in the PM region of the meniscus after the AMMRT
(P ¼ .04) (Figure 6). Similar results were obtained from
GAG stain intensity grading, where the only significant
decrease in GAG was in the PM region after the AMMRT
(P ¼ .01) (Table 5). Additionally, although not significant,
average GAG decreased in the anterior regions after the
transection of that meniscal root, with a greater decrease
in the anteromedial region after the AMMRT. Examples of
GAG staining in meniscal regions for control, AMMRT, and
ALMRT limbs are shown in Figure 7.

Qualitative Mankin scores suggest little to no change in
the tibial articular cartilage after untreated anterior MRTs
(Table 6). There were no significant changes to the scores
for GAG stain intensity or fissures within the articular

Figure 4. Instantaneous and equilibrium elastic moduli of tibial articular cartilage regions (mean with standard deviation). *Statis-
tically significant (P < .05). ALMRT, anterolateral meniscal root tear; AMMRT, anteromedial meniscal root tear.

TABLE 4
Subchondral Bone Morphology Measurement Variables for Meniscal Root Tear and Control Groupsa

Trabecular
Thickness,

mm

Trabecular
Spacing,

mm

Trabecular
Number,

1/mm

Trabecular
Bone Volume

Fraction,
mm3/mm3

Trabecular
Bone Mineral

Density,
mg HA/mm3

Subchondral
Bone Volume

Fraction,
mm3/mm3

Subchondral
Bone Mineral

Density,
mg HA/mm3

Control Lateral Covered 0.24 (0.03) 0.33 (0.06) 2.88 (0.49) 0.56 (0.07) 873 (22) 0.92 (0.07) 905 (14)
Uncovered 0.24 (0.04) 0.50 (0.14) 2.15 (0.50) 0.41 (0.04) 889 (26) 0.90 (0.06) 952 (13)

Medial Covered 0.28 (0.04) 0.52 (0.12) 2.10 (0.44) 0.46 (0.09) 865 (26) 0.91 (0.04) 897 (29)
Uncovered 0.25 (0.06) 0.68 (0.22) 1.67 (0.51) 0.34 (0.12) 871 (34) 0.89 (0.08) 934 (25)

ALMRT Lateral Covered 0.26 (0.05) 0.34 (0.07) 2.65 (0.32) 0.57 (0.08) 884 (18) 0.95 (0.02) 920 (9)
Uncovered 0.29 (0.06) 0.43 (0.04) 2.28 (0.15) 0.47 (0.05) 920 (26) 0.96 (0.01) 957 (4)

Medial Covered 0.29 (0.05) 0.57 (0.11) 1.94 (0.25) 0.44 (0.08) 885 (26) 0.92 (0.04) 926 (15)
Uncovered 0.27 (0.06) 0.96 (0.11) 1.15 (0.09) 0.27 (0.05) 902 (27) 0.91 (0.04) 946 (25)

AMMRT Lateral Covered 0.26 (0.03) 0.56 (0.32) 2.14 (0.78) 0.50 (0.11) 868 (17) 0.95 (0.03) 901 (20)
Uncovered 0.21 (0.03) 0.78 (0.32) 1.48 (0.48) 0.32 (0.12) 871 (21) 0.87 (0.04) 938 (11)

Medial Covered 0.23 (0.03) 0.39 (0.32) 2.50 (0.24) 0.50 (0.05) 868 (18) 0.93 (0.03) 910 (32)
Uncovered 0.22 (0.02) 0.74 (0.25) 1.50 (0.43) 0.31 (0.11) 871 (24) 0.85 (0.07) 913 (30)

aValues are presented as mean (SD). Values in boldface indicate statistical significance (P < .05 when compared with the control group).
ALMRT, anterolateral meniscal root tear; AMMRT, anteromedial meniscal root tear; HA, hydroxyapatite.
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cartilage, and tidemark integrity appeared unchanged
when the MRTs were left untreated for 8 weeks. Examples
of GAG staining in tibial articular cartilage for control and
anterior MRT limbs are shown in Figure 8.

Biochemical Content

There were no significant changes to the meniscus regions
in total DNA content normalized to wet weight or total GAG
content when normalized to wet weight or DNA content
(Figure 9). There were also no significant changes in the
total DNA content or GAG content observed in the tibial
articular cartilage when comparing the MRT groups to the
control group.

Gene Expression

There were no significant differences between the ALMRT
and AMMRT meniscus sample groups for any of the

targeted genes; they were therefore pooled for comparison
with the controls. The results were evaluated to determine
relative gene expression changes that occurred after an
anterior MRT, regardless of whether the injury was induced
in the medial or lateral compartment. For the menisci, the
comparison was made between the menisci of the control
knees, the menisci in the injured joint that were left intact,
and the menisci that were surgically cut to induce an ante-
rior MRT. Since articular cartilage was taken from both
compartments for each knee, the control limbs were com-
pared with the limbs with an induced anterior MRT.

Menisci with surgically induced, anterior MRT showed
significant increases in the gene expressions of MMP-1 (P¼
.03), MMP-9 (P ¼ .03), and MMP-13 (P < .001) when

Figure 5. Volume renderings of trabecular and subchondral
bone volumes of interest (VOIs) in control and anterior meniscal
root tear limbs. Examples are provided for trabecular bone VOI
from (A) the lateral uncovered region in the control limb, (B)
trabecular bone VOI from the lateral uncovered region in the
anteromedial meniscal root tear limb, (C) subchondral bone
VOI from the medial uncovered region in the control limb, and
(D) subchondral bone VOI from the medial uncovered region in
the anterolateral meniscal root tear limb.

Figure 6. Histological staining results of meniscal glycosami-
noglycan (GAG) coverage (mean with standard deviation).
*Statistically significant (P < .05). ALMRT, anterolateral menis-
cal root tear; AMMRT, anteromedial meniscal root tear.

TABLE 5
Histological Results of Meniscal GAG Stain Intensity for

Meniscal Root Tear and Control Groupsa

GAG Stain Intensity (0-3)

Control Lateral Covered 2 (2, 3)
Uncovered 2 (2, 3)

Medial Covered 2 (1.25, 3)
Uncovered 2 (1,2)

ALMRT Lateral Covered 1.5 (1, 2.75)
Uncovered 2 (1, 3)

Medial Covered 3 (2, 3)
Uncovered 1 (0.25, 1)

AMMRT Lateral Covered 2 (1, 3)
Uncovered 2 (1, 2)

Medial Covered 0 (0, 2.25)
Uncovered 0 (0, 0.75)

aValues are presented as median (interquartile range). Values
in boldface indicate statistical significance (P < .05 when compared
with the control group). ALMRT, anterolateral meniscal root tear;
AMMRT, anteromedial meniscal root tear; GAG, glycosaminoglycan.
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compared with the control meniscal tissue (Figure 10).
Additionally, the relative gene expression of MMP-13 was
significantly higher in the menisci with the anterior MRT
than the menisci within the same joint that were left intact
(P¼ .01). There were no significant changes between any of
the menisci groups for TIMP-1 and ADAM-TS5 gene
expressions. There were also no significant changes in all
targeted gene expressions between the tibial articular car-
tilage of the control knees and the knees with induced ante-
rior MRTs (Figure 11).

DISCUSSION

The results of this study demonstrate that knees with sur-
gically induced anterior MRTs left untreated begin to

display early degenerative change, particularly within the
synovial fluid, menisci, and tibial subchondral bone. The
cytologic evaluation of joint inflammation between knees
with anterior MRTs and the nonoperated control knees
suggest these injuries produce an effusive process in the
joint with increases in activated large mononuclear cells.
Collectively, these findings are consistent with chronic joint
inflammation, suggesting early signs of synovitis possibly
contributing to the pathogenesis of osteoarthritis.51

Instantaneous elastic moduli comparisons for the
menisci demonstrated significant decreases to the anterior
meniscal regions that experience the MRT. This suggests
that untreated anterior MRTs decrease the ability for the
anterior regions of the injured meniscus to immediately
resist compressive loads. Although there have been no pre-
vious studies evaluating changes of internal stresses and
strains of menisci after MRTs, the separation of the menis-
cal insertion from the tibial plateau prevents proper load
distribution, which may change the mechanical environ-
ment the meniscal tissue is exposed to. We theorize that
this lack of proper fixation and change in mechanical envi-
ronment of the region near the torn insertion induces a
response to change the structure of the meniscal tissue.
Additionally, the equilibrium elastic modulus significantly
decreased for the AM meniscal region after AMMRT. These
changes may also suggest that decreases in material prop-
erties of the menisci are more severe for the medial menis-
cus after anterior MRTs than the lateral meniscus. This
unequal response to anterior MRTs and a greater distur-
bance in medial meniscal integrity may be a result of the
presence of the popliteus tendon helping prevent extrusion
and greater meniscal coverage of the lateral tibial condyle.

Calculated elastic moduli values from control samples
corresponded well with previous studies using a similar
testing procedure analyzing menisci from Giant Flemish
rabbits under posttraumatic osteoarthritis conditions.16,17

These studies evaluated meniscal material properties after
traumatic impact or surgical injury and showed decreases
to both moduli of the lateral and medial menisci when com-
pared with the control groups. Compared with the present
study, the equilibrium elastic modulus of the meniscus
after an anterior MRT was similar to the menisci after
traumatic impact or combined transection of the ACL and
menisci. Instantaneous elastic moduli for the menisci after
anterior MRTs remained slightly higher compared with
menisci in these studies, which may be due to the shorter
time period of 8 weeks compared with 12 weeks.

Significant decreases in GAG coverage and stain inten-
sity were found within the PM meniscus region after
AMMRT. These results along with the mechanical analysis
suggest that both anterior and posterior regions of the
meniscus may be negatively affected by untreated anterior
MRTs. In a previous study, GAG content measured after
release of only the anteromedial meniscal insertion in rab-
bits demonstrated moderate changes in the subjectively
graded scores after 8 weeks.4 However, the subjective
scores in this study were analyzed and presented using
means and standard deviations even though the Mankin
grading scheme is ordinal and may have detected signifi-
cance when there may not have been any. In other studies,

Figure 7. Glycosaminoglycan staining in anterior meniscal
regions for control and both anterior meniscal root tear limbs.
Examples provided are (A) the posterior region of the medial
meniscus in a control limb, (B) the posterior region of the
medial meniscus in an anteromedial meniscal root tear limb,
(C) the anterior region of the lateral meniscus in a control limb,
and (D) the anterior region of the lateral meniscus in an ante-
rolateral meniscal root tear limb.

TABLE 6
Average Mankin Scores for Tibial Articular Cartilage
Analysis for Meniscal Root Tear and Control Groupsa

GAG Stain
Intensity (0-6) Fissures (0-6)

Tidemark
Integrity (0-1)

Control Lateral 1 (0, 1) 0.75 (0.25, 1) 0.25 (0, 0.25)
Medial 0.63 (0.44, 1) 1.5 (0.44, 2.56) 0 (0, 0.25)

ALMRT Lateral 0.75 (0.75, 1) 0 (0, 0.5) 0.25 (0, 0.75)
Medial 0.75 (0.75, 0.75) 1.5 (0.25, 2.75) 0 (0, 0.25)

AMMRT Lateral 1.13 (1, 1.31) 0.25 (0, 0.63) 0.25 (0.19, 0.31)
Medial 1 (1, 1.38) 3.25 (2.56, 3.63) 0 (0, 0.06)

aValues are presented as median (interquartile range).
ALMRT, anterolateral meniscal root tear; AMMRT, anteromedial
meniscal root tear; GAG, glycosaminoglycan.
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Figure 8. Examples of glycosaminoglycan staining in the tibial articular cartilage for a control limb in the (A) lateral and (B) medial
hemijoint as well as an anterolateral meniscal root tear limb in the (C) lateral and (D) medial hemijoint.

Figure 9. Total DNA content with respect to wet weight, total glycosaminoglycan (GAG) content with regard to wet weight, and total
GAG with regard to total DNA content for menisci (A, B, and C, respectively) and tibial articular cartilage (D, E, and F, respectively).
ALMRT, anterolateral meniscal root tear; AMMRT, anteromedial meniscal root tear.
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observing significant decreases in meniscal GAG content
has been difficult. A previous study evaluating GAG content
after surgically inducing bucket-handle tears in a canine
model showed that GAG content only significantly decreased
after 48 weeks.41 Another study, however, showed signifi-
cant decreases in GAG content in most meniscal regions
after traumatic impact in a lapine model after only 12
weeks.16 These studies suggest that perhaps if MRTs were
evaluated after traumatically occurring or left untreated for
longer, a greater decrease in meniscal GAG may be appar-
ent. The changes seen in GAG content may also only be
temporal as the tissue compensates; therefore, further anal-
ysis of the menisci after these injuries over a longer period
with multiple time points should be investigated.

There were no significant changes in the compressive
elastic moduli or histological parameters of the tibial artic-
ular cartilage. The changes in contact mechanics after
anterior MRTs are unknown; however, posteromedial
MRTs in humans have demonstrated loading conditions
similar to total meniscectomies, which are known to lead
to degenerative articular cartilage.2 Previous animal stud-
ies have demonstrated osteoarthritic change within 3

months of meniscectomy.25 Since the loading conditions
after anterior MRTs are unknown, perhaps the anterior
MRTs are less severe and may need to be left untreated
longer to see results similar to previous meniscectomy ani-
mal studies.

Changes to the subchondral bone morphology were pres-
ent within the hemijoint that did not experience the ante-
rior MRT. These decreases in the subchondral bone
integrity may be due to the shift in load distribution along
the tibial plateau since the injured meniscus is unable to
properly distribute the load. While the biomechanical load-
ing of rabbit knees has not been elucidated, a previous
study in human knees evaluating posteromedial MRTs
demonstrated these injuries increased lateral translations
of the tibia.2 Perhaps this shifting causes abnormal loading
patterns, and the trabecular morphology changes are a
result of tibial regions that are being loaded much differ-
ently than normal. Additionally, another study evaluating
the bone baseline trabecular integrity, an indication of
number, spacing, and cross-connectivity of trabeculae, sug-
gested these changes may be an early indicator of osteoar-
thritis progression.28 These findings suggest that anterior

Figure 10. Relative gene expressions for meniscus samples (mean with standard deviation). Anterior meniscal root tears (AMRT) of
medial and lateral insertions were pooled for gene expression analysis. *Statistically significant (P < .05). ADAM-TS5, aggrecanase-2;
MMP, matrix metalloproteinase; TIMP-1, tissue inhibitor of metalloproteinase-1.

Figure 11. Relative gene expressions for tibial articular cartilage samples (mean with standard deviation). Anterior meniscal root tears
(AMRT) of medial and lateral insertions were pooled for gene expression analysis. *Statistically significant (P < .05). ADAM-TS5,
aggrecanase-2; MMP, matrix metalloproteinase; TIMP-1, tissue inhibitor of metalloproteinase-1.
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MRTs in 1 hemijoint may induce early degenerative change
in the form of decreased subchondral bone integrity in the
uninjured hemijoint.

Relative gene expressions for catabolic proteins signifi-
cantly increased in the menisci with an anterior MRT when
compared with both the intact menisci and the menisci of
control knees. Three of the targeted catabolic genes signif-
icantly increased when compared with the control menisci;
however, only 1 of those genes significantly increased com-
pared with the intact menisci. This may suggest that there
are increases within both the injured and intact menisci of
a joint with an anterior MRT, with a greater increase in the
catabolic gene expression in the injured menisci. Addition-
ally, there was no difference in TIMP-1 expression between
any of the evaluated groups. This may suggest that the
tissue is not compensating for the increase in MMP expres-
sion with inhibitory proteins. These results may help
explain the significant decreases in the compressive mate-
rial properties of the menisci. With an increase in catabolic
proteins degrading the collagen matrix and no change in
inhibitory proteins, a disruption in this balance may occur
and contribute to tissue breakdown causing a subsequent
change in material properties.12 Other MMPs or additional
catabolic gene expressions may also have been upregulated;
however, the tested genes were limited to a few that were
anticipated to change after the surgery and within the time
frame of the study. Finally, the lack of gene expression
changes within the articular cartilage suggests there are
no early pathological changes after these injuries occurring
after 8 weeks.

There are limitations of this study that should be consid-
ered when reviewing the presented results. The controls
used in this study were nonoperative controls; thus, the
influence of inflammation on these results is unknown.
Despite this, the inflammatory responses present in the
synovial fluid after 8 weeks are likely due to the MRTs since
inflammatory responses are typically cleared away from an
open wound after approximately 2 weeks.57 In the gene
expression analysis, for example, the MMP gene expres-
sions measured in the menisci left intact within the oper-
ated knee were not significantly different from the
nonoperative control, while the surgically cut meniscus
expression was upregulated. Thus, the effect of inflamma-
tion was predicted to be little or negligible. Another limita-
tion is that only 1 time point of 8 weeks was studied.
Multiple time points with longer time periods would allow
the tracking of osteoarthritis progression and may reveal
changes within the articular cartilage. This study was a
short, proof-of-concept study to evaluate results from dif-
ferent analysis methods following untreated MRTs of both
the lateral and medial menisci before progressing toward a
longer, refined study. The purpose of evaluating changes at
8 weeks in this study was to determine whether the ante-
rior destabilization performed arthroscopically was able to
produce measurable, degenerative changes, and a previous
study demonstrated this as an appropriate period to detect
degradation within rabbit knees.42 Since the present study
was able to produce measurable changes, future studies
evaluating longer time periods or different repair techni-
ques may confidently produce additional results. Also, the

small animal model may not be as useful as a larger animal
model for interpreting results for the human knee. Previous
studies have utilized similar small animal models and they
provide useful information to build on in future studies
while keeping the cost low.4,29 Additionally, using the con-
tralateral knees as controls may have skewed results due to
altered weightbearing; however, animal gait returned to
normal a couple days after surgery, so the impact on the
results was likely minimal.

CONCLUSION

This study demonstrated that early degenerative changes
occur within the synovial fluid, menisci, and tibial subchon-
dral bone after MRTs while the tibial articular cartilage
appeared mostly unaffected at 8 weeks. The results suggest
that changes occur to meniscal tissue prior to the tibial
articular cartilage after anterior MRTs. Decreases in the
material properties and GAG, and the increasing imbal-
ance of MMP expressions relative to TIMP-1 within the
menisci after 8 weeks, suggest that these injuries are
capable of diminishing the integrity of the menisci. As this
was a single, early time point study, further investigation
of longer time points into the progression of these changes
in the menisci and the onset of articular cartilage changes
after these injuries are warranted. Also, this study showed
that anterior destabilization of the meniscus arthroscopi-
cally without creating a posterior arthrotomy leads to
measurable degenerative changes and may be useful for
future in vivo studies of MRTs to expand on the presented
results. Clinically, it is important to understand the pro-
gression of degenerative changes within the joint tissues
after anterior MRTs to properly approach repairs. There-
fore, the results of this study provide promising direction
for further analysis of these injuries left untreated for lon-
ger time points and for establishing a model to evaluate in
vivo repairs in future studies.
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