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Abstract

Purpose To clarify the characteristic features of the meniscal root attachments, meniscofemoral ligaments (MFLs), and
related osseous landmarks on three-dimensional images using computed tomography.

Methods Twenty-eight non-paired, formalin-fixed human cadaveric knees were evaluated in this study. The meniscal root
attachments were identified and marked. Three-dimensional images were obtained after applying a contrast agent to the
entire meniscal surfaces and MFLs, then the morphology of the meniscal root attachments and MFLs, and their positional
relationships with osseous landmarks, were analyzed.

Results Parsons’ knob divided the medial meniscal anterior root attachment and lateral meniscal anterior root attachment on
the anterior portion of the tibial plateau. The medial meniscal posterior root attachment was near the medial intercondylar
tubercle. The lateral meniscal posterior root attachment (LMPRA) was closer to the lateral intercondylar tubercle. Both root
attachments were near the posterior intercondylar fossa. The positional relationships between the meniscal root attachments
and related osseous landmarks were consistent in all specimens. The MFLs originated from the lateral meniscus posterior
horn, and the anterior MFL was closer to the LMPRA than the posterior MFL. The posterior MFL originated at approximately
the midpoint between the LMPRA and the most posterior margin of the lateral meniscus.

Conclusion This study showed that the relationships between the characteristic features of the meniscal root attachments,
MFLs, and related osseous landmarks were consistent. The clinical relevance of this study is that it improved understanding
of the anatomy of the meniscal root attachments and MFLs.

Keywords Meniscal root attachments - Meniscofemoral ligaments - Knee - Three-dimensional computed tomography

Abbreviations aMFL Anterior meniscofemoral ligament

MMARA Medial meniscal anterior root attachment pMFL Posterior meniscofemoral ligament

LMARA  Lateral meniscal anterior root attachment 3D Three-dimensional

MMPRA  Medial meniscal posterior root attachment CT Computed tomography

LMPRA  Lateral meniscal posterior root attachment

MIT Medial intercondylar tubercle

LIT Lateral intercondylar tubercle Introduction

PIF Posterior intercondylar fossa

MFLs Meniscofemoral ligaments The menisci play important roles in load-bearing and shock-

absorbing in the tibiofemoral joint, and increase the surface
areas for load transmission [1, 15, 16, 18, 26]. During load
>4 Goro Tajima . transmission, the forces acting on the menisci are trans-
gorot@iwate-med.ac.jp formed into circumferential hoop stress, which is transmitted
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the anterior MFL (aMFL) and posterior MFL (pMFL) and
which plays a functional role in resisting posterior drawer
and stabilizing the lateral meniscus [8, 10, 31].

Meniscal root tears lead to severe functional failure of
the menisci to convert axial loads into transverse hoop
stress, which can result in an increased risk of osteoarthritis
and osteonecrosis [19, 25]. Medial meniscal posterior root
tears are mainly the result of degenerative meniscal disease
and are frequently found in middle-aged women, in Asian
patients [4, 11]. In contrast, lateral meniscal posterior root
tears are usually traumatic in nature and have been reported
in 7-12% of patients with anterior cruciate ligament (ACL)
injuries [2, 3]. Few clinical reports discuss solitary injuries
to the MFLs, and whether intact MFLs influence increas-
ing mean contact pressure in the lateral compartment with
lateral meniscal posterior root tears [5, 8]. Numerous surgi-
cal treatments for meniscal root tears have been reported
[17, 20, 30]. Recently, the transtibial pull-out repair and the
suture anchor techniques have been used commonly as surgi-
cal options to preserve important meniscal functions [21].
It has been widely reported that placing the meniscal root
attachments in their proper anatomical locations is critical
to restoring meniscal function [9, 22, 28].

Creating a bone tunnel or a drill hole to repair the menis-
cal root attachments and place them in a physiological posi-
tion is a technically complicated procedure, including the
use of the necessary instruments. In particular, the posterior
tibiofemoral space is extremely narrow, depending on the
patient, and inaccurate bone tunnel or drill hole placement
may lead to potential injuries to other normal structures [28].
More anatomical, and safer and exact root repair techniques
would be ensured by understanding the detailed morphology
of the meniscal root attachments. However, few studies eval-
uated the actual positions of the meniscal root attachments
and MFLs and their positional relationships with osseous
landmarks [13, 14].

The aim of the present study was to clarify the charac-
teristic features of the meniscal root attachments, MFLs,
and related osseous landmarks on three-dimensional (3D)
computed tomography (CT) images. Our hypothesis was
that definable and consistent identification of the meniscal
root attachments and MFLs in relation to arthroscopically
pertinent osseous landmarks was possible.

Materials and methods

Twenty-eight unpaired human cadaveric knees (12 from
male cadavers and 16 from female cadavers), with no severe
macroscopic degenerative or traumatic changes were used
in the present study. The mean age at the time of death was
82.0+ 8.8 years (range, 63—-89 years). All cadavers were
placed in 10% formalin and preserved in 50% alcohol for
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6 months. The cadavers were donated to Iwate Medical Uni-
versity for education and research purposes, and informed
consent for donation was obtained from each patient
and their family prior to death. This cadaveric study was
approved by the Ethical Committee of Iwate Medical Uni-
versity (IRB: H27-99).

Dissection was begun by excising the left knee from the
distal femur and the proximal tibia and fibula from the speci-
men and removing the skin and soft tissues around the knee.
After the articular capsule was exposed, it was gently peeled
off the menisci to identify the medial and lateral menisci and
the MFLs. The femur was divided longitudinally with the
long axis, and the lateral femoral condyle and the ACL were
excised. Then, the MFLs and PCL were observed grossly.
After identification, the femur, MFLs, and the PCL were
excised, and the meniscal root structures underwent detailed
dissection to accurately identify them. Next, the meniscal
root attachments were outlined by manually inserting fine
0.5-mm pins into their margins at intervals of approximately
3 mm.

3D visualization and measurements

After carefully painting the entire meniscal surfaces and
MFLs with a contrast agent (Iopamiron 300; Bayer Yakuhin
Ltd., Osaka, Japan) to distinguish them because the carti-
lage of the tibial plateau, menisci, and MFLs have similar
CT values, all knees were scanned using a 16-row multi-
slice CT scanner (ECLOS; Hitachi Medical Corporation,
Tokyo, Japan). Axial plane images with 0.5-mm slices were
obtained and saved as Digital Imaging and Communications
in Medicine data. All data were uploaded to dedicated soft-
ware (Mimics version 21.0; Materialise NV, Leuven, Bel-
gium), and accurate 3D images of the specimens, including
each segment of the bone, ligaments, and menisci were cre-
ated. A segmentation technique was then applied to each CT
density mask to identify and separate the menisci by differ-
ences in density from the tibia and surrounding residual soft
tissue using specific software. The data from the 3D images
were uploaded to an advanced analysis software (3-matic
version 15.0; Materialise NV).

The characteristic features of the meniscal root attach-
ments, MFLs, and related osseous structures such as Par-
sons’ knob, the medial and lateral intercondylar tubercles
(MIT, LIT), and the posterior intercondylar fossa (PIF)
and their positional relationships were analyzed on the
3D images. The centers of the attachments were auto-
matically defined as the center of their surfaces by the
software. The apices of the MIT and LIT, and the antero-
medial and anterolateral corners of the PIF were similarly
defined. The coordinates of the centers of the attachments
were mapped on coordinate grids on the tibial plane
from the 3D images, with the 3D measurements made
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according to the method described by Tajima et al. [29].
Regarding the characteristic features of the meniscal ori-
gin of the pMFL, the positional relationships between the
lateral meniscal posterior root attachment (LMPRA) and
the most posterior margin of the lateral meniscus were
examined using the software. Data for the aMFL were
excluded from this study because the prevalence of the
aMFL was extremely low in our cadavers.

The accuracy of the length and area measurements was
within <0.1 mm and 0.1 mm?, respectively. When com-
paring the accuracy of the 3D CT images with the optical
scans, the average error was 0.65 +0.31 mm or approxi-
mately one-third of the pixel size [7]. The tolerance and
margin of error for the CT measurements (according to
the manufacturer) were both + 0.39 mm. The distribu-
tion of each variable was checked for normality using the
Kolmogorov—-Smirnov test, and all statistical data were
analyzed using SPSS v.22.0 (IBM Corporation; Armonk,
NY, USA).

Results

Characteristic features of the meniscal root
attachments and related osseous structures on 3D
images

The medial meniscal anterior root attachment (MMARA)
had a broad semicircular shape and was located on the
most anterior portion of the tibial plateau. The MMARA
attached to the slope, which was on the anterior inter-
condylar crest and consisted of the anterior slope of Par-
sons’ knob, the anterolateral edge of the medial tibial
plateau continuous from Parsons’ knob, and the anterior
edge of the tibia (Fig. 1). The lateral meniscal anterior
root attachment (LMARA) was a relatively compact oval
shape located anteromedial to the LIT, posterior to Par-
sons’ knob, and lateral to the ACL. The medial side of
the LMARA partially overlapped the ACL tibial inser-
tion site (Fig. 1). The medial meniscal posterior root
attachment (MMPRA) and the LMPRA were also oval-
shaped. The MMPRA attached to the posterior portion of
the tibial plateau adjacent to the PCL. The MMPRA was
surrounded by the posterior side of the MIT, lateral edge
of the medial tibial plateau, and anteromedial edge of
the PIF where the PCL attaches to the tibia (Fig. 2). The
LMPRA was located on the center of the medial wall of
the LIT, posteromedial to the tubercle’s apex, and near the
anterolateral edge of the PIF (Fig. 2). A few fibers made
up the LMPRA, which continued toward the lateral wall
of the MIT. Quantitative data are summarized in Table 1.

Fig. 1 Characteristic features of the meniscal anterior root attach-
ments and related osseous structures on 3D images superoanterior
view. The blue and red transparent areas indicate the medial menis-
cus and lateral meniscus, and the blue and red areas indicate the
MMARA and LMARA, respectively. The white arrowheads indicate
Parsons’ knob, and the black arrowheads indicate the LIT. 3D three-
dimensional, MTP medial tibial plateau, LTP lateral tibial plateau,
LIT lateral intercondylar tubercle, MMARA medial meniscal anterior
root attachment, LMARA lateral meniscal anterior root attachment

Fig.2 Characteristic features of the meniscal posterior root attach-
ments and related osseous structures on 3D images superior view.
The blue and red transparent areas indicate the medial meniscus and
lateral meniscus, and the blue and red areas indicate the MMPRA and
LMPRA, respectively. The white arrowheads indicate the MIT, and
the black arrowheads indicate the LIT. The white square indicates the
apex of the MIT, and the black square indicates the apex of the LIT.
The white rhombus indicates the anteromedial corner of the PIF, and
the black rhombus indicates the anterolateral corner of the PIF. The
blue circle indicates the center of the MMPRA, and the red circle
indicates the center of the LMPRA. 3D three-dimensional, MMPRA
medial meniscal posterior root attachment, LMPRA lateral meniscal
posterior root attachment, MIT medial intercondylar tubercle, LIT
lateral intercondylar tubercle, PIF posterior intercondylar fossa
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Table 1 Quantitative measurements of the meniscal root attachments
and related osseous landmarks

Distance from the MMPRA (mm)

To the apex of the MIT

To the anteromedial corner of the PIF
Distance from the LMPRA (mm)

To the apex of the LIT

To the anterolateral corner of the PIF

9.3+ 1.5(6.1-12.4)
6.2+ 1.1 (3.4-7.9)

6.9+2.0 (3.4-12.2)
11.1+1.3 (9.1-13.0)

Mean surface area (mm?)

MMARA 117.1+£31.4 (79.0-184.8)
LMARA 32.3+12.1 (14.0-59.4)
MMPRA 50.8+16.9 (33.8-78.0)
LMPRA 28.7+13.5 (11.0-59.0)

Data are presented as mean + standard deviation (range)

MMPRA medial meniscal posterior root attachment, LMPRA lateral
meniscal posterior root attachment, MMARA medial meniscal anterior
root attachment, LMARA lateral meniscal anterior root attachment,
MIT medial intercondylar tubercle, PIF posterior intercondylar fossa,
LIT lateral intercondylar tubercle

Coordinate positions of the centers of the meniscal
root attachments on the 3D images

The centers of the lateral meniscal root attachments were
located more centrally than the medial meniscal root attach-
ments anteroposteriorly, and all the centers of the meniscal
root attachments were located approximately 10% further
from the center mediolaterally. Figure 3 is a 3D image of the
tibial plateau. A grid was overlaid indicating 0-100% of the
distance across the plateau extending laterally and posteri-
orly from the anteromedial corner of the plateau. Quantita-
tive data are summarized in Table 2.

Prevalence of the MFLs and characteristic features
of the meniscal origin of the pMFL on 3D images

The prevalence of the aMFL and pMFL was 21.4% and
85.7%, respectively, and 17.9% of the knees had both liga-
ments. The MFLs originated from the lateral margin of the
lateral meniscus posterior horn, and the aMFL was closer
to the LMPRA than the pMFL (Fig. 4). The MFLs extended
to the medial wall of the femoral intercondylar notch, and
embraced the PCL at the intersection with the MFLs. Dif-
ferences in the fiber orientations between the MFLs were
found. Regarding the characteristic features of the menis-
cal origin of the pMFL, the distance from the LMPRA to
the most posterior margin of the lateral meniscus (ac) was
19.0 mm, the distance from the LMPRA to the meniscal
origin of the pMFL (ab) was 9.0 mm, and the ratio between
the two distances (ab/ac) was 47.7% (Fig. 5). Quantitative
data are summarized in Table 3.
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Fig.3 Coordinate positions of the centers of the meniscal root attach-
ments on 3D images. In a true proximal to distal view of the tibial
plateau, a rectangle was fitted based on the most posterior margins
of the medial and lateral tibial condyles. The sides constituting the
rectangle were in contact with the anteroposterior and mediolateral
edges of the tibial plateau. The anteroposterior and mediolateral axes
were defined according to the anteromedial corner of the rectangle,
and the coordinate axes, indicated by percentage ratios, were created.
The centers of the meniscal root attachments were projected on the
coordinate axes on the tibial plane, vertically. Coordinates for the
centers of the medial meniscal root attachments (small blue dots) and
lateral meniscal root attachments (small red dots) are shown, and the
large blue and red dots indicate the mean centers of the respective
attachments. 3D three-dimensional

Discussion

The most important results in the present study were the
visualization and clarification of the characteristic features
of the meniscal root attachments, MFLs, and their related
osseous landmarks on 3D CT images. The varying regional
morphology of the relationships between the meniscal
attachments and the osseous landmarks had intrinsic features
in each portion. Regarding the morphology of the MFLs,
the locations of the meniscal origin of the pMFL and the
LMPRA were consistent. Our understanding of the anatomy
of the meniscal root attachments and MFLs was improved
by these findings, which may assist surgeons in performing
anatomical procedures to treat meniscal root tears.

This study provided novel important findings that the
positional relationships between the meniscal root attach-
ments and osseous landmarks were consistent, with low
standard deviations. This study showed that Parsons’ knob,
which divided the MMARA and LMARA, was an impor-
tant osseous landmark regarding the anterior root attach-
ments of the menisci. Furthermore, the apices of the MIT
and LIT, and anteromedial and anterolateral corners of the
PIF were shown to be adjacent to the MMPRA and LMPRA.
Johannsen et al. reported that the MIT, LIT, tibial plateau
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Table 2 Locations of the %)
centers of the meniscal root

From the anterior edge of the tibia

From the medial edge of the tibia

attachments on 3D images MMARA

LMARA
MMPRA
LMPRA

4.6+2.2(1.3-11.4)
35.6+4.2 (24.7-45.0)
744442 (65.8-83.1)
65.7+3.2 (59.1-74.4)

43.4+3.6 (38.3-53.9)
60.2+2.4 (56.1-64.4)
41.8+2.2 (36.9-46.2)
54.0+2.8 (47.3-57.6)

Data are presented as mean = standard deviation (range) and indicate the percentage distance from the indi-
cated edge with a range of 0—100% extending laterally and posteriorly from the anteromedial corner of the

tibial plateau

3D three-dimensional, MMARA medial meniscal anterior root attachment, LMARA lateral meniscal anterior
root attachment, MMPRA medial meniscal posterior root attachment, LMPRA lateral meniscal posterior
root attachment

Fig.4 Macroscopic findings in a superolateral view of the left knee
showing the meniscal origin of the MFLs. The MFLs consist of the
aMFL (white arrowheads) and the pMFL (black arrowheads), which
runs across the PCL. MFL meniscofemoral ligament, aMFL anterior
MFL, pMFL posterior MFL, PCL posterior cruciate ligament, LM lat-
eral meniscus

articular cartilage edge, and the PCL tibial attachment were
useful landmarks for the MMPRA and LMPRA in their
cadaveric studies [12]. In a CT and magnetic resonance
imaging (MRI) study, Fujii et al. reported that the posterior
dimple that is present in the PIF was an osseous landmark
for the MMPRA and the PCL tibial attachment; however,
the authors did not qualitatively analyze these structures’
positional relationships, and stated that it might be difficult
to confirm the posterior dimple, intraoperatively [6]. Sheps
et al. and Tajima et al. identified the anatomical characteris-
tics of the PIF with anatomical reference points representing
the corners, which can be found consistently, visually or by
palpation [27, 29]. In this study, the relationships between
the meniscal posterior root attachments and their osseous
landmarks that can be identified arthroscopically were
clearly visualized and qualitatively examined, providing
clinically useful findings for surgeons performing arthro-
scopic meniscal root repairs.

Fig.5 Characteristic features of the meniscal origin of the pMFL on
3D images. Points a, b, and c indicate the LMPRA, the meniscal ori-
gin of the pMFL, and the most posterior margin of the lateral menis-
cus, respectively. 3D three-dimensional, aMFL anterior meniscofem-
oral ligament, pMFL posterior meniscofemoral ligament, LMPRA
lateral meniscal posterior root attachment

Table 3 Quantitative measurements of the meniscal origin of the
pMFL

Distances

From the LMPRA (a), (mm)
To the meniscal origin of the pMFL (b)
To the most posterior margin of the LM (c)

9.0+2.2(6.5-14.2)
19.0+2.8 (14.3-25.5)

Ratio of distance ab to distance ac, (%) 47.7+9.3 (31.8-70.0)

Data are presented as mean + standard deviation (range)

PMFL posterior meniscofemoral ligament, LMPRA lateral meniscal
posterior root attachment, LM lateral meniscus

The accurate coordinate positions of the centers of the
meniscal root attachments on the tibial plateau were deter-
mined using 3D images, in this study. The mapping meas-
urement method used in this study has several advantages
compared with previous studies. The method provided the
measurements as a percentage of the actual length of the
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tibial plateau, enabling us to minimize the influence of
individual differences [24]. Furthermore, 3D CT data are
directly and accurately translatable to standard CT as a func-
tional specification of this imaging modality [24]. There-
fore, measurements on 3D images are useful for preopera-
tive planning, postoperative evaluation of the tunnel position
using CT or MRI, as well as for intraoperatively determining
the tunnel position when using fluoroscopy or a navigation
system.

In particular, this study revealed the characteristic fea-
tures of the meniscal origin of the pMFL. The anatomy of
the MFLs has been described by several authors; however,
almost all reports focused on the morphological variations
in the MFLs or their femoral attachments. The pMFL origi-
nated at approximately the midpoint between the LMPRA
and the most posterior margin of the lateral meniscus, in
this study. Forkel et al. reported in a biomechanical study,
that LMPRA tears combined with MFL injury resulted in a
significant increase in tibiofemoral contact pressure, indicat-
ing that the biomechanical consequences of LMPRA tears
depend on MFL status [5]. Clinically, when lateral meniscal
tears occur between the LMPRA and the meniscal origin of
the pMFL, the pMFL might remain intact. Therefore, it is
believed that our findings will be useful for predicting lateral
meniscal instability by assessing the location of the LMPRA
tear, and might contribute to decisions regarding the indica-
tions for a lateral meniscal root repair.

Our study had several limitations. First, the cadavers had
a high mean age. Even though no specimens had severe
macroscopic degenerative or traumatic changes, degen-
erative changes may have affected identifying the osseous
landmarks. Second, a relatively small number of specimens
was evaluated. Third, although an accurate 3D measurement
method was used in this study, human dissection and subjec-
tive decisions regarding the meniscal root attachments and
MFLs may have introduced error and bias. Fourth, formalin-
preserved cadavers were used, in which it is occasionally
difficult to identify detailed soft tissue structures.

The clinical relevance of this study is that it improved
understanding of the anatomy of the meniscal root attach-
ments and MFLs, which may assist surgeons when per-
forming precise anatomical repairs of the meniscal root
attachments.

Conclusion

The relationships between the characteristic features of
the meniscal root attachments, MFLs, and related osseous
landmarks were consistent, using 3D images. The clinical
relevance of this study is that understanding of the anatomy
of the meniscal root attachments and MFLs was improved,
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and our findings may assist surgeons performing exact ana-
tomical repairs of these structures.
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