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Abstract—Little quantitative data is available on the struc-
ture of meniscal attachments. Therefore, as an aid to
designing meniscal replacements as well as a possible
explanation for mechanical behavior, this study was designed
to further the knowledge of the microstructure and biochem-
istry of native meniscal attachments. Bovine medial meniscal
attachments (the external ligamentous portion as well as the
transition zones at the bony insertion) were removed and
prepared for microstructural evaluation. After embedding in
paraffin, the samples were sliced on a microtome and stained
for quantitative analysis. The anterior and posterior insertion
sites are known to contain three zones: subchondral bone,
calcified fibrocartilage, and uncalcified fibrocartilage. Addi-
tionally, others have shown that the anterior insertion site
contains a ligamentous zone. The insertion zones were
further divided into proximal, middle, and distal zones. The
posterior attachment’s insertion site had a significantly
greater thickness of interdigitations, subchondral bone,
uncalcified fibrocartilage, and calcified fibrocartilage zone
thickness compared to the anterior attachment insertion. The
anterior attachment’s insertion had the greatest GAG frac-
tion in each zone when compared to the posterior attach-
ment’s insertion. GAG fraction decreased from the meniscus
to the subchondral bone. Both GAG fraction and normalized
thickness varied within a given zone, decreasing from the
distal to proximal regions in both the anterior and posterior
attachments’ insertion zones. Crimp frequency of the colla-
gen fibrils in the external ligamentous portion of the tissue
was homogeneous along the length. The findings from this
study agree with previously published material property data
on the medial meniscal attachments, and could be used in the
future to design methods of attachment for tissue engineered
replacement menisci.
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INTRODUCTION

Menisci are fibrocartilagenous structures in the knee
joint that aid in joint lubrication and stability.**°
Menisci are frequently torn due to both degeneration
and traumatic injuries. Many of these tears do not heal
due to their complexity or location in the avascular
regions of the meniscus. When the tears do not heal, a
complete or partial meniscectomy is the common
treatment. Short-term clinical studies indicate
improvements in patient pain.'> However, long term
studies have shown that a meniscectomy can lead to
degenerative arthritis of the knee.'” Tissue engineered
(TE) menisci are currently being developed as a
replacement for damaged menisci following a menis-
cectomy.

Helping to prevent premature arthritis in menis-
cectomy patients, TE menisci could be a potential
solution when tears do not heal.*” The success of TE
menisci in the human body depends on their ability to
restore normal meniscal function. It is believed that
material properties, geometry, and attachment to the
tibial plateau affect meniscal function.** Previous
experimental and theoretical studies have shown that
meniscal attachment strength affects meniscal stability
and function.>'*?%4

Anchoring the menisci at the anterior and posterior
horns, the meniscal attachments are primarily com-
posed of Type I collagen fibrils extending from the
main body of the meniscus into the tibial plateau.®
The attachments are often referred to as insertional
ligaments. They are defined as the part of the meniscus
extending from the edge of the meniscal horn to the
bony insertion on the tibia.'®?*> Meniscal attachments
are made up of water, proteoglycans, and collagen,
which is oriented parallel to the direction of loading.*’
Serving as the transition from meniscal fibrocartilage
into subchondral bone, they act as the primary anchor
for the menisci to the tibial plateau. The meniscal
attachment consists of an external, visible ligamentous
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structure, which then inserts into the underlying bone.
In a study done in rabbits, Gao et al. suggested that
the anterior attachment is primarily in tension, while
the posterior attachment is subjected to both tension
and compression.'® The authors have previously
quantified the time-dependent and failure properties of
the anterior and posterior medial meniscal attach-
ments.*"*® While no significant differences in the creep
or stress-relaxation properties between the anterior
and posterior medial meniscal attachment were found,
the ultimate strain in tension and tensile modulus were
significantly different. The anterior attachment had a
significantly lower tensile modulus and ultimate strain.
The zones of the medial meniscal attachment’s
insertion into the subchondral bone have been previ-
ously identified.'”2%?* In both rabbit and man, the
anterior and posterior insertion sites have been iden-
tified to contain three zones: uncalcified fibrocartilage,
calcified fibrocartilage, and subchondral bone. The
anterior insertion site contains an additional zone re-
ferred to as a ligamentous zone.*'® Limited research
has been conducted to quantitatively describe the
microstructure in these transition zones. Benjamin et
al., showed quantitatively that the thickness of both
the uncalcified and calcified fibrocartilage in human
medial meniscal attachments were greater in the pos-
terior attachments compared to the anterior attach-
ment.® With regard to the composition of meniscal
attachments, Gao et al., 2000 determined the distri-
bution of types I, II, and X collagen in tibial insertion
sites of medial meniscus by immunohistochemistry.'®
Aggrecan is a proteoglycan found in fibrocartilage that
support compressive loads’ due to the high osmotic
pressure created by its GAG chains.”> Previous
researchers have suggested that meniscal attachments’
insertion sites are subjected to compressive loads,'®
however, no measurement of GAG fraction has been
made to date. The distribution of GAGs across the
insertion site will provide a better understanding of
how meniscal attachments carry and distribute the
loads into the tibia. To further understand how the
microstructure and biochemistry may relate to func-
tion, we seek (1) to determine the glycosaminoglycan
(GAG) fraction of the anterior and posterior medial
meniscal attachments’ insertion zones, (2) to determine
the collagen fibril crimp frequency in the external
attachment, and (3) to provide normalized thickness
data on each zone of the attachments’ insertion into
the bone. A better understanding of the microstructure
and composition could provide further insight into
these transitional tissues, allowing for better TE
replacement attachments to be designed. In addition,
these data may help explain the mechanical response of
attachments when the meniscus is loaded.

MATERIALS AND METHODS

Specimen Preparation

The microstructure of the anterior and posterior
medial meniscal horn attachments were studied in both
knees of nine bovines that were 2-years old (skeletally
mature). During dissection the knees were visually in-
spected. If any pre-existing damage or signs of osteo-
arthritis was found, the knees were rejected from the
study. The knee joints with attached femur and tibia
were obtained from a local abattoir and frozen within
24 h after death. The knee joints were kept frozen until
dissection.

After dissection of the knee joint and removal of the
femur, the medial meniscal horn attachments were
isolated. The attachment consists of the external liga-
ment portion, and the transitional insertion into the
bone (Fig. 1). The width, depth, and proximal (P) and
distal (D) surface length of the external ligament
portion were measured using calipers. It should be
noted that the external ligament portion has previ-
ously been shown to have a longer proximal surface
length than the distal surface.>’ The external ligament
portion of the attachment was defined as extending
from the edge of the meniscal body to its insertion into
the bone (Fig. 1). The medial meniscus was bisected
and the attached horn (either anterior or posterior)
was removed with the underlying bone using a band
saw. The attachments are in such close proximity that
removal of the medial anterior attachment destroys the
lateral anterior attachment thus the lateral anterior
attachment was not included in the study. The bovine
lateral posterior attachment inserts into the femur and
thus was not studied. The meniscal attachment block
was sliced into 5 mm sections, parallel to the collagen
fibrils and prepared for histological evaluation
(Fig. 1).

The samples were fixed in 10% neutral buffered
formalin for 48 h and then decalcified in 10% formic
acid for 8 days. After removal from formic acid, the
samples were fixed again in 10% formalin and dehy-
drated in increasing concentrations of ethanol. Fol-
lowing clearing of the samples in xylene, the samples
were infiltrated and embedded in paraffin. The par-
affin-embedded blocks were sliced on a microtome
(Shandon AS325, Thermo Electron Corp., Waltham,
MA) to obtain 10 um slices at 200 um intervals par-
allel to the collagen fibrils. Half of the slides were
stained with safranin O for GAG analysis and colla-
gen crimp frequency, and the other half were stained
with hematoxylin and eosin (H&E) and alcian blue-
periodic acid schiff (AB-PAS) for microstructural
evaluation.
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FIGURE 1. Anatomical layout of meniscus showing external
ligament portion of the horn attachment, and the location of
the bone block taken to make histological slices. Side view
shows how external ligament was divided into meniscus (ME),
midsubstance (MI), and bony insertion (BO) zones as well as
showing the proximal (P), middle (M), and distal (D) regions
within each zones. The transition zones into the tibia are also
shown with interdigitations.

Zones of the Medial Menisci Attachments’ Insertions

The H&E and AB-PAS stained slides were analyzed
using a light microscope (Olympus CX4, Melville,
NY), a digital camera (Canon PowerShot G6, Lake
Success, NY), and an image analysis program created
in Matlab v7.1 (Mathworks, Inc., Natick, MA). The
program determined the GAG fraction on the pictures
using the pixel channel (red (R), green (G), and blue
(B)). The program allowed for opening many pictures
quickly, saving and tabulating the data automatically.
The thicknesses of the ligamentous zone (anterior

attachment only), uncalcified fibrocartilage, calcified
fibrocartilage, and subchondral bone and the fre-
quency and thickness of the interdigitations were out-
lined and measured as previously described®'® (Fig. 2).
The total thickness of the anterior attachment insertion
was the sum of all four zones for the anterior insertion,
and the posterior attachment insertion thickness was
the sum of the three defined zones. The insertional
ligamentous zone in the anterior attachment extends
from the wavy collagen fibrils of the external ligament
to the first series of chondrocytes in the uncalcified
fibrocartilage. The frequency of interdigitations was
calculated by dividing the number of interdigitations
over the length that they spanned. The subchondral
bone thickness was measured by calculating the mean
distance from the interdigitations to the beginning of
the trabecular bone. While these zones are well-defined
by others, to ensure repeatability between attachments
in the distinction between these zones, three blind users
quantified the data (KJ, DV, TH). The data collected
by all three users came to the same statistical conclu-
sion, hence, the data from only one user is presented
(DV). Each user analyzed coded samples. Since the
sections are decalcified for thin slicing, it was not
possible to stain for calcium to help distinguish tran-
sitions from calcified to uncalcified zones. Von Kossa
calcium staining was completed on thicker sections
that had not been decalcified, however the thicker
sections prevented viewing of the interdigitations.

The thickness of the uncalcified fibrocartilage and
calcified fibrocartilage were measured as described in
Gao et al., 1996."7 Briefly, the thickness of the uncal-
cified fibrocartilage was defined as the distance be-
tween the tidemark and the most distally located series
of chondrocytes. The tidemark was characterized as
the border between uncalcified and calcified fibrocar-
tilage. The cement line was defined as the uneven
border between the calcified fibrocartilage and sub-
chondral bone. This uneven border results in interdi-
gitations between these zones, thereby increasing the
contact area between the calcified fibrocartilage and
subchondral bone. The mean distance between the
tidemark and interdigitations was described as the
thickness of the calcified fibrocartilage. The thickness
of interdigitations was defined as the mean distance
between the peak and trough of the interdigitations.
Proximal, middle and distal thicknesses of each zone
were normalized with respect to the corresponding
external ligament length. The middle length was taken
as the average between proximal and distal length.

GAG Quantification

The safranin O stained slides were analyzed for
glycosaminoglycan (GAG) fraction using a light
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FIGURE 2. (a) Anterior medial meniscal attachment transition zones stained with H&E/AB-PAS and used for microstructural
measurements (b) Anterior medial meniscal attachment transition zones stained with Safranin O for GAG fraction measurements.
Interdigitations are overlaid on the slide. Key: SB—Subchondral Bone; CF—Calcified Fibrocartilage; UF—Uncalcified Fibrocarti-

lage; LI—Ligamentous zone.

microscope (Olympus CX4, Melville, NY), a digital
camera (Canon PowerShot G6, Lake Success, NY),
and an image analysis program created in Matlab
(Mathworks, Inc., Natick, MA). The binding intensity
of the safranin O stain was correlated to the GAG
fraction similarly to Huang et al., 2002.%¢ In short, the
intensities of the red (R), green (G), and blue (B)
channels were assigned values from 0 to 255. The
proportion of red color to all of the colors primarily
represented the safranin O binding and was calculated
using the equation r = R/(R® + G*> + B»)'2 The
higher the r value represented the greater GAG frac-
tion. Each attachment’s insertion was divided into its
zones, four anterior attachment zones and three pos-
terior attachments zones. Each respective attachment
zone was then divided into three regions: distal, mid-
dle, and proximal (Fig. 1). The GAG fraction in each
region was measured.

Collagen Fibril Crimp Frequency

The external ligamentous portion of the attach-
ments was divided into the three longitudinal zones
(ME, MI, and BO) and three regions (P, M, and D)
to divide each sample into nine sections (Fig. 1). ME
and BO zones were taken where the fraction of GAG
diminishes (no red stain). To measure collagen crimp

frequency a Zeiss Apotome Microscope equipped
with a Differential Interference Contrast (DIC) lens
was used. Pictures were taken in each section with a
digital camera and analyzed with a custom-made
program in Matlab v7.1 (Mathworks, Inc., Natick,
MA). The users chose three successive crimps at four
different locations on the picture to obtain 12 mea-
surements of crimp period, and calculated the fre-
quency of the crimps. The program measured the
crimp period (see Fig. 3). The data is presented in
crimps/mm =+ SD.

Statistics

Paired t-tests were used to compare differences in
external ligament dimensions, thickness of attachment
insertion zones, frequency of interdigitations, and
GAG fraction between the anterior and posterior
attachment insertions. ANOVA was used with Bon-
ferroni post-hoc tests for assessing differences between
proximal, middle, and distal regions for the thickness
of the attachment zones and GAG fractions in the
anterior and posterior attachments, and collagen crimp
frequency in the external attachment. Linear regression
was used to determine trends from the proximal to
distal regions or from the ligamentous zone to sub-
chondral bone.
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FIGURE 3. Representative image taken with a Differential
Contrast Microscopy of collagen crimp frequency in meniscal
attachment. The period (w) was taken as the distance between
two consecutive peaks.

RESULTS

External Ligament Attachment

The posterior ligament was significantly wider and
shorter in length than the anterior ligament (p < 0.05).
The anterior external ligament had a width of
13.9 £ 1.2, a proximal length of 25.7 £ 1.6, a distal
length of 13.3 £ 1.2, and a depth of 4.4 + 0.3 mm.
The posterior external ligament had a width of
17.9 + 1.7, a proximal length of 18.8 £ 1.4, a distal
length of 12.1 £ 0.5, and a depth of 4.34 + 0.33 mm.
All values are represented as mean + SD.

Microstructure of the Meniscal Attachments’ Insertions
into Bone

The posterior attachment’s insertion site had a sig-
nificantly greater thickness of interdigitations, sub-
chondral bone, uncalcified fibrocartilage, and calcified
fibrocartilage zone thickness compared to the anterior
attachment insertion (Table 1, Fig. 2b). Additionally,
all zones were significantly different with respect to
each other, except for UF and CF in both attachments
(p > 0.05) (Table 1). There was a gradual but signifi-
cant decrease in the thickness of the zones from the
ligamentous zone to the calcified fibrocartilage zone
(Table 1).

Breaking each zone into three transverse regions (P,
M, and D) and measuring the zone thicknesses in each
region, revealed significant differences between all re-
gions (p < 0.05, Table 1). The attachment’s insertion
zone normalized thicknesses and interdigitation thick-
nesses significantly increased from the proximal to the
distal regions (Table 1). On the other hand, the fre-
quency of interdigitations per millimeter for both
medial meniscal attachments look similar between
proximal, middle, and distal regions with values of
39 + 0.6, 4.0 £ 0.7, and 4.0 + 0.6 interdigitations/
mm, respectively for the anterior, and 4.0 = 1.1,
44 £+ 1.2, and 4.5 £ 1.2 interdigitations/mm for the
posterior attachment. The frequency of interdigitations
was significantly greater in the posterior attachment
(p < 0.05).

Collagen fibril crimp frequency showed no signifi-
cant differences between attachments and longitudinal
zones (ME, MI, BO) in both attachments. With the

TABLE 1. Normalized thickness of the anterior and posterior medial meniscal attachment zones.

Anterior attachment®

Posterior attachment

Proximal Middle' Distal*S Average Proximal Middle' Distal*S Average
Total 11.8+2.3 16.0 + 3.3 2417 +5.3 17.3+ 6.4 147+41 198x35 26.0+47 201+6.2
Ligamentous (L) 1.9 = 0.4% 2.8 +0.7% 4.7 £ 1.1 3.1 +1.4% - - - -
Uncalcified 1.5+ 0.4 22+05 35+1.0 24+ 1.1 25+0.9 33+1.0 43+1.3 34+13
fibrocartilage (UF)
Calcified 1.3+ 0.4° 1.8+ 0.5° 2.7 +1.0° 1.9+0.9° 2.3+0.8 31+07 41 +1.1 3.1 +1.1
fibrocartilage (CF)
Subchondral 59 +2.0%° 82+28%° 123+36%"° 88+39%°° 86+29%° 11.9+3.2%° 154 + 4.0%° 12.0 + 4.4%°
Bone (BO)
Interdigitations 0.6 + 0.12P%4 0.9 + 0.220cd 13+ 0.322%9 0.9+ 0.320%¢ 1,0+ 0.3%%9 1.3+ 0429 1.9+ 0.92%¢ 1.4 +0.7%%
(INT)

Values are represented as mean + SD.
3Statistically different than UF.
bStatistically different than L.
CStatistically different than CF.
dStatistically different than BO.
CStatistically different than posterior.
fStatistically different than proximal.
9IStatistically different than middle.
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posterior medial attachment, no significant differences
were found within regions, however, in the medial
anterior attachment, the transverse regions (Proximal,
Middle, Distal) had significant differences in the
meniscus transition zone, bony insertion zone, and
overall average (Table 2, Fig. 3).

GAG Fraction in the Meniscal Insertions into Bone

The anterior attachment’s insertion zones had sig-
nificantly higher GAG fraction than the posterior
attachment’s insertion zones. The GAG fraction sig-
nificantly decreased from the anterior ligamentous
attachment zone to the subchondral bone and from the
posterior uncalcified fibrocartilage attachment zone to
the subchondral bone (p < 0.05) (Table 3, Fig. 2b).

Significant differences in GAG fraction were seen
between regions of the posterior attachments insertion.
These data show that the proximal regions of the lig-
amentous, uncalcified fibrocartilage, and calcified
fibrocartilage in the anterior and posterior meniscal
attachments’ insertions were lower in GAG fraction
than the distal regions (Table 3). In contrast, the sub-
chondral zone had no change in GAG fraction within
a zone.

DISCUSSION

The medial meniscus is torn four times as often as
the lateral meniscus.''*' For this reason, the medial

meniscal attachments were the focus of this study. This
is the first data to quantify the thickness of all zones in
medial meniscal attachments, and study variations
within a zone from the proximal to distal regions
within each attachment. Furthermore, we present for
the first time the frequency of interdigitations, regional
GAG fractions and collagen crimp frequency for both
the anterior and posterior attachment. Based on
studies that relate the collagen crimp frequency with
time-dependent properties,’ we noted that our colla-
gen crimp frequency results agree with time-dependent
mechanical property testing which showed no differ-
ence between medial anterior and posterior attach-
ments.>' The mechanical property tests did study an
intact, entire attachment (external ligament portion
and insertion zones) while the differences noted in
collagen crimp frequency in the current study are based
only on the external ligamentous portion. It does ap-
pear that both anterior and posterior attachments have
a gradual decrease in GAG fraction from the external
ligament portion to the subchondral bone. This study
also showed that the normalized thickness is greater in
the distal region in each attachment zone than the
proximal region for both the anterior and the posterior
attachment. In contrast, the proximal length of the
external ligament portion is longer than the distal
side.”! The clinical significance of this is currently un-
known and requires further study.

In agreement with previous studies on the cru-
ciate ligaments,'” this study found that the calcified

TABLE 2. Crimping of the anterior and posterior medial meniscal attachment zones.

Anterior attachment

Posterior attachment

Proximal (P) Middle (M) Distal (D) Average Proximal (P)  Middle (M) Distal (D) Average
ME 18.48 +8.05 27.72+452 33.99+805 27.29+854 2394+622 2417 +7.16 2387 +9.07 2400z 7.18
Ml 1823 +4.96 26.88+549 2298 +1.81 2270 + 543 26.37 +7.53 27.11+525 26.85+10.51 26.78 +7.93
BO 2231 +7.00 30.94+836 3475+ 11.17 29.73+10.50 30.48 +8.31 3251 +9.79 29.27 +11.93 30.76 + 10.19
Average 20.03+5.90 29.21 +6.83 32.96 + 9.58 27.44 £+ 791 29.00 +8.33 27.50 + 10.98
Values are represented as mean + SD (crimps per mm). ME: Meniscus, MI: midsubstance, BO: Bony insertion.
* Significantly different than proximal region (p<0.05).

TABLE 3. GAG fraction in the anterior and posterior medial meniscal attachment zones.
Anterior attachment Posterior attachment
Proximal Middle Distal Average Proximal Middle Distal Average

Ligamentous 0.73+£0.10 0.76 + 0.09 0.80 + 0.08 0.76 + 0.09 - - - -
Uncalcified fibrocartilage 0.73 +0.11 0.76 £ 0.11 0.78 £ 0.11 0.76 = 0.11 0.61 = 0.05 0.63 +0.05 0.64 =+ 0.05 0.63 = 0.05
Calcified fibrocartilage 0.66 + 0.07 0.68 +0.07 0.70 +0.08 0.68 + 0.07 0.58 + 0.05 0.60 + 0.05 0.61+ 0.04 0.60 + 0.05
Subchondral bone 0.58 + 0.03 0.56 + 0.02 0.56 + 0.02 0.57 + 0.03 0.54 + 0.05 0.54 +0.04 0.54 + 0.04 0.54 = 0.06°

Values are represented as mean + SD.
* Significantly different than the anterior attachment (p<0.05).
** Significantly different than proximal region (p<0.05).
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fibrocartilage interdigitates deeply within the subchon-
dral bone at the cement line in meniscal attachment
insertions. The interdigitations are calcified fibrocarti-
lage like branch forms that go into the subchondral
bone with the purpose to anchor the attachment into the
bone. The interdigitations increase the surface area
between the zones. It is believed that the number of
interdigitations provide strength of the attachment.
The posterior attachment was found to have a greater
frequency and thickness of interdigitations compared
to the anterior attachment. This correlated well with
the fact that the posterior attachment had a greater
ultimate strain compared to the anterior attach-
ments.*® Not only may the interdigitations be respon-
sible for the mechanical behavior, but the increased
thicknesses of the zones in the posterior attachment
may contribute to the increased ultimate strain seen in
the posterior attachment compared to the anterior
attachment. Both the frequency and thickness of the
interdigitations was shown to increase from the prox-
imal to distal regions of the medial meniscal attach-
ment. This relates back to the fact that the proximal
side of the external ligament attachment is longer than
the distal side and may be related to the stress and
strain levels seen in vivo.

Interestingly, for the anterior attachment it was
shown that the proximal region (on average 20 crimps/
mm) had a lower collagen crimp frequency than the
distal region (on average 33 crimps/mm). Multiplying
these numbers by the length of the external ligamen-
tous portion of the attachment, which is different for
the proximal and distal regions, results in 514 crimps in
the proximal region and only 438 crimps in the distal
region. Furthermore, for the posterior attachment,
while differences were seen in the external ligamentous
lengths for the proximal versus distal surface, no dif-
ferences were seen in the average collagen crimp fre-
quency between the proximal and distal regions, both
were 27 crimps/mm. This suggests that if the attach-
ments are loaded uniformly in vivo, based on external
lengths, more strain would be present on the distal
surface. It does not appear that the distal surface has
more crimp frequency to accommodate this. Meniscal
attachments have a typical ligamentous structure,®
since they are mainly composed of Type I collagen.
The tensile mechanical properties of soft connective
tissues have been correlated with collagen crimping.®®
The crimp pattern of collagen has been extensively
studied, and some studies have shown that collagen
fibrils start uncrimping at very low tensile loads'® and
the toe region in the tensile stress—strain curve of lig-
aments and tendons is due to the straightening of
crimped collagen fibrils.”® In a typical stress—strain
curve for ligaments and tendons we can see three re-
gions, these are: toe, heel, and linear. In the toe region,

the strain increases with low stress, and the crimps
straightened.!® At larger strains, passing through the
heel and linear region, the collagen fibrils become
straightened® and the stress has a significant increase
compared with the first region, showing a relation
between collagen crimping and bearing load of liga-
mentous structures. Care should be taken when inter-
preting data collected for strain measurements only on
the proximal surface.

Surprisingly, GAG fraction in the meniscal
attachments’ insertion was significantly greater in the
anterior attachment, while proteoglycans like aggre-
can are usually associated with compressive
strength.®> Since it was previously suggested that only
the posterior attachment is exposed to compressive
loads, we would have expected more GAGs in the
posterior attachment."® However, Type II collagen
has been shown to be present in both medial meniscal
attachments in the uncalcified fibrocartilage, calcified
fibrocartilage, and the ligamentous zone'®; as well as
aggrecan has been found in insertion sites of liga-
ments.** Inasmuch as this type of collagen, usually
found where aggrecan is present,?’ is normally related
with compression and shear forces,”**> we might
speculate that both insertion sites in meniscal attach-
ments are subjected to tensile and compressive load in
the loaded knee joint. It should be noted that our
GAG fraction analysis is only semi-quantitative,
comparing only relative amounts of GAG between
regions and zones based on staining intensity. Addi-
tionally, the orientation of collagen bundles and sur-
rounding GAG can influence the degree of GAG
staining.*’ Determination of GAG fraction was only
semi-quantitative as it is not clear how to separate the
zones to use methods other than staining to study
GAG fraction. Care was taken to ensure that slices
were of uniform thickness as this may affect staining
intensity. Even though the same samples were used to
determine both, the collagen crimp frequency was
measured on the external visible ligamentous portion,
and the GAG fraction was measured in the insertion
zones. Therefore, it is likely that collagen crimp fre-
quency did not affect GAG fraction on the insertion
sites. The combined presence of GAGs found in this
study and the Type II collagen previously found, does
suggest that the attachments are subjected to com-
pressive loads and warrants further investigation into
the type of proteoglycans that are present in the
attachments. Material subjected to compressive loads
usually have high fraction of GAGs compared to
materials primarily in tension (i.e., articular cartilage
compared to a ligament).”> The mechanism of load
transfer from the main body of the meniscus to the
external ligamentous attachments into the bony
insertion zones is unknown.
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Previous studies of meniscal attachments that have
grouped all the attachments together to compare to the
meniscus main body, indicate that the most abundant
glycosaminoglycan in both meniscal attachments and
the main body is chondroitin sulfate.' ¥’ The inner
zone of the main body of the meniscus is thought to
experience more compression and be composed of
mostly chondrocytic-type cells whereas the outer zone
is thought to be exposed to more tension and contain
more fibroblastic type cells.**** This corresponds well
with data showing that aggrecan was more concen-
trated in the inner versus the outer zone of the
meniscus.* We did not study the variation in GAG
fraction from the attachment as it connects from the
inner part of the meniscus to the outer part of the
meniscus. Others have hypothesized that the proteo-
glycan content is related to the primary type of loading
with more dermatan sulfate being present in regions of
tension and chondroitin sulfate being found in larger
quantities in regions of compression.'! It has been
previously shown that the distribution and character-
istics of the small proteoglycans in knee meniscus re-
flect regional adaptations to functional demands.®®
Current research is underway to document the type of
proteoglycans present in the various zones of the
meniscal attachments.

While the current study is based on bovine attach-
ments instead of human, this allows for comparison to
mechanical property testing previously performed on
bovine meniscal attachment tissue.’’ Mechanically,
both bovine tendon and bovine meniscal properties
have been shown to correlate well to human proper-
ties.'*?%*> Thus, we might expect the biochemistry to
be similar between bovine and human as well. How-
ever, a limitation of the bovine model, as well as the
rabbit model, is that the posterior attachment of
the lateral meniscus inserts into the femur, while in the
human knee joint, this attachment inserts into the tibia.

Since meniscal attachments are important for meni-
scal function™'*?* the description of meniscal attach-
ment microstructure and composition could prove
beneficial in the development of tissue-engineered me-
nisci. Not only is the external ligamentous portion and
bony insertions important, but future studies should
consider the transition from a triangular fibrocartilage
in the main body of the meniscus, to the mostly rectan-
gular external ligamentous portion of the attachment.
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