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Abstract

The aim of this study was to evaluate the changes of the internal (IID) and external meniscal interhorn distance (EID) of the medial and
the lateral meniscus under loading. Sagittal magnetic resonance images of 15 knees were studied. The medial and lateral meniscus were
examined with the knee at 0° and 30° of flexion, under no load, with load equal to 50% of body weight and with load equal to 100% of body
weight. Under no load, the mean IID was 19.9 mm for the medial meniscus and 12.3 mm for the lateral meniscus and the mean EID was 44.6
mm for the medial meniscus and 34.4 mm for the lateral meniscus. Under load equal to 50% and 100% of patient’s body weight, there was a
significant increase in both distances (p<0.05). Under constant loading, flexion of the knee from 0° to 30°, decreased the EID of both
menisci. In conclusion, loading increases both IID and EID. Knee position affects only the EID. The quality of magnetic resonance images

may affect the reliability of such measurements.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The menisci are essential anatomical structures with an
important biomechanical role. Their function includes joint
congruity and load-sharing, transmission of 40% to 70% of
the load applied across the knee joint, stress absorption,
joint lubrication and nutrition and secondary stabilization by
limiting extremes in flexion and extension [1-3]. To
perform these functions effectively they have a dynamic
role. Loss of a meniscus leads to degenerative changes in
20% to 80% of the patients [1]. After total meniscectomy,
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the coefficient of friction is increased by 20%. This accounts
for the rapidly progressive degenerative changes.

Previous studies investigating the biomechanical behav-
iour of the menisci under different loading conditions and at
different positions of the knee joint have been performed
[1-3,5-7]. However, most of these studies have been
conducted on cadavers. In the present study, intact human
knees were examined with magnetic resonance imaging
(MRI), to observe and measure changes of the internal and
external interhorn distance of both menisci under different
loads and in different knee positions.

2. Materials and methods

Twenty healthy volunteers (12 men and 8§ women) were
recruited and a total of 20 knees with no known abnormality were
studied, using a low-field-strength magnetic resonance imaging
unit (ESAOTE, Genoa, Italy). The low field strength (0.18 T) of
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this unit allows the joint position and loading to be changed rapidly
by the investigator. An earlier prospective study did not show any
difference in sensitivity and specificity between high- and lower-
field-strength images [8].

The mean age of the volunteers was 30 years. Their mean body
weight was 68 kg and mean height 174 cm. None of the volunteers
had a history of knee injury. All the knees were anatomically intact,
without any evidence of meniscal disorders. The MR images of 5
volunteers were degraded by artefacts due to movement by the
subjects and were excluded from the study. The MR images of the
remaining 15 intact knees were available for analysis. No abnormal
pathology was identified in the soft tissues, bone, ligaments or
menisci of any of the knees scanned.

A specially constructed balance was bolted to the foot support
of the MRI apparatus to allow the knee to be scanned through an
arc of 0° to 30° of flexion while loading. The seat was fixed to rule-
out movement artefacts and movement out of the image volume.
Foam cushions were placed between the knee of the subject and the
MR surface coil, and a thermoplastic shell was moulded to the
back of the thigh. The foot support and attached balance could be
moved along a rail provided by the manufacturer of the machine, to
enable the knees to be studied in 0° and 30° of flexion. The knee
was supported in the frame to control and prevent movement
artefacts. Previous studies performed by Nietert [9] have shown
that these angles are representative of the limits of knee position in
the stance phase of normal walking and running.

2.1. MR investigation: parameters and sections

To prevent movement artefacts during the loading conditions, a
fast spin-echo technique (TE 16 ms, TR 560 ms) was employed. A
field of view of 256 x 128 was combined with a 128 x 128 pixel
matrix. The section thickness was 4 mm with an intersection gap of
0.5 mm. Five sagittal sections were imaged in each medial and
lateral meniscus. First, a 10 mm thick axial scout image was
obtained at the level of the joint space; this was used for the
determinations of the sections over the medial and lateral tibial
condyles. The five sagittal sections were placed in the medial and
the lateral meniscus, at right angles to the posterior border of the
lateral tibial plateau.

Each subject’s foot was placed in the support, with the foot and
ankle in neutral position; the knee joint and the seat were fixed as
described above. Knee position was set by sliding the foot support
in a groove and checking with a goniometer. Loading under 50%

Assisting line

and 100% of the subject’s body weight was kept constant by the
subject counterpressing vertically on the measuring platform of the
balance, with an assistant exerting pressure from the other side and
monitoring the weight display.

The medial and lateral meniscus were examined with the knee
at 0° and 30°, under no load, with load equal to 50% of body
weight and with load equal to 100% of body weight.

2.2. Evaluation

Each observer made three consecutive measurements of the
parameters and the mean values were obtained. The measurements
were repeated on a subsequent day, in order to assess the intra-
observer reliability.

First, the medial-to-lateral scans of the medial meniscus and the
lateral-to-medial scans of the lateral meniscus were screened to
establish the section producing complete separation of the anterior
and posterior horns. Then, a working line was drawn parallel to the
tibial plateau, tangential to the subchondral bone. The internal
interhorn distance (IID) was measured as the minimum distance
between the posterior and anterior horns that is always parallel to the
working line in the section chosen. The external interhorn distance
(EID) was measured as the maximum distance between the anterior
and posterior horn, parallel to the working line (Fig. 1).

2.3. Statistical analysis

The statistical analysis of the data was performed using Excel
spreadsheet software, Version 97 (Microsoft, Seattle, USA) and the
Statistical Package for Social Sciences, Release 6.1.3 for Windows
(SPSS GmbH, Munich, Germany). Descriptive statistics (fre-
quency and distribution functions) were computed and the working
hypotheses tested. For related samples, the 7-test (two-tailed) was
used, while the Mann—Whitney U-test and the Wilcoxon test were
used for unrelated samples. A significance level of 0.05 was
adopted. Pearson’s correlation was computed.

3. Results
3.1. Inter- and intra-observer reliability

Inter- and intra-observer reliability was determined using one
parameter, the internal interhorn distance (IID) of the medial

Fig. 1. Evaluation of the IID and EID. The distances are always parallel to the working line.
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Medial Meniscus: Internal Interhorn Distance (1.1.D.)
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Graphic 1. Medial meniscus:mean IID under different loading and angles of flexion.

meniscus. The Pearson’s coefficient of correlation between the two
observers was 0.48, showing a poor inter-observer reliability. The
intra-observer reliability of observer No 1 was high (Pearson’s
Coefficient: 0.81). Observer No 2, who was less experienced, had
an intra-observer reliability of 0.66. Therefore, the results obtained
by observer No 2 were rejected, and the analysis was conducted
using only the results obtained by observer No 1.

3.2. Internal interhorn distance (IID)

The pattern of the internal distance between the anterior and
posterior meniscal horns (IID) is shown in Graphics 1 and 2. In
knee extension, an increase in loading from 0% to 50% of the body
weight resulted in a statistically significant increase in the IID by
2.7 mm in the medial meniscus and by 0.6 mm in the lateral
meniscus. The difference between non-weight-bearing and full-
weight-bearing was 4.4 mm in the medial meniscus and 1.7 mm in
the lateral meniscus. With the knee in 30° of flexion there was also
an increase in the IID when loading was raised from 0% to 50% of
the body weight. The IID between the horns of the medial
meniscus increased by 2.0 mm, while that between the horns of the
lateral meniscus increased by 0.9 mm. The difference between non-
weight-bearing and full-weight-bearing was 3.3 mm in the medial
and 2.2 mm in the lateral meniscus. These results were statistically
significant for both menisci (p <0.05) (Table 1).

With constant loading at 0%, 50% and 100% of the body
weight respectively, changing the knee position from extension
to 30° of flexion resulted in a reduction of the IID. This was

the case both for the medial and lateral meniscus. Except for
the fully loaded medial meniscus (p <0.05), this decrease in the
IID with 30° of flexion was not statistically significant
(Graphics 1 and 2).

All sets of loading and knee positioning showed that the mean
IID and the differences in these distances were constantly greater in
the medial than in the lateral meniscus.

3.3. External interhorn distance (EID)

The pattern of change in the EID between the anterior and the
posterior meniscal horns is shown in Graphics 3 and 4. As the
loading was increased from 0% to 50% of the body weight, the
EID of both menisci was found to increase both in extension
(medial meniscus: 0.5 mm and lateral meniscus 0.7 mm) and in 30°
of flexion (medial meniscus: 0.6 mm and lateral meniscus: 0.5
mm). Except for the increase in the lateral meniscus in 30° of
flexion, all increases in the EID were statistically significant.
Increasing the loading from 50% to 100% of the of the body
weight resulted in a further statistically significant increase in the
EID, both in extension (medial meniscus: 0.6 mm and lateral
meniscus 0.7 mm) and in 30° of flexion (medial meniscus: 0.8
mm). In the lateral meniscus there was a decrease by 0.4 mm when
the knee was in 30° of flexion. However, this decrease was not
statistically significant. With constant loading (at 0%, 50% and
100% of the body weight, respectively), changing the knee
position from extension to 30° of flexion resulted in a comparable
amount of reduction in the EID in both menisci. While this

Lateral Meniscus: Internal Interhorn Distance (I.1.D.)
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Graphic 2. Lateral meniscus: mean IID under different loading and angles of flexion.
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Differences and statistical significance of mean IID under different loading and angles of flexion in millimeters

Medial meniscus

Lateral meniscus

0%—50% 50%—100% 0%—100% 0%—50% 50%—100% 0%—100%
0° 2.7 (p=0.000) 1.7 (p<0.001) 4.4 (p=0.000) 0.6 (p<0.025) 1.1 (p<0.056)* 1.7 (p<0.003)
30° 2.0 (p=0.000) 1.3 (p<0.014) 3.3 (p=0.003) 0.9 (p<0.002) 1.3 (»=0.000) 2.2 (p=0.000)

# No statistical significance.

reduction was in all cases less than 1 mm, it was statistically
significant (Graphics 3 and 4, Table 2).

In all sets of loading and knee positioning, the mean EID was
greater in the medial than in the lateral meniscus. Equally, the
associated differences were greater in the medial than in the lateral
meniscus (Table 2).

4. Discussion

Magnetic resonance imaging is an established modality to
study the anatomy and the disorders of the menisci. The
sensitivity of the method in detecting meniscal tears ranges
from 89% to 100% for the medial and 73% to 90% for the
lateral meniscus. The specificity ranges from 72% to 92% for
the medial and from 74% to 88% for the lateral meniscus
[10,11].

Both the MR imaging technique and the actual measure-
ment method are important. The parameters to be measured
must be well defined and determined in advance. The MR
images should be obtained and the measurements should be
performed by experienced investigators to preclude false
results and, hence, erroneous conclusions. Our analysis of
inter- and intra-observer reliability bears out these difficul-
ties. In the examination of different subjects, differences in
contrast, brightness or magnification are not entirely
avoidable and are an inherent problem of the method
described. Having multiple measurements performed by a
larger number of experienced investigators may be a way of
overcoming this difficulty.

Most previous studies have been hindered by disruption
of the normal anatomy to allow direct visualization. Poor

imaging techniques were used and studies were often
performed on cadaver knees. However in cadaveric studies,
extensive dissection of vital structural elements of the knee
joint may affect the results obtained [4,5]. As reported by
Kohn et al, [6] the removal of the knee capsule and
ligaments will slightly alter the compression pattern in the
intact menisci. Vedi et al [12] performed an in vivo study of
meniscal movement in normal knees under load using an
open MR scanner, allowing imaging in physiological
positions in near to real time. The present study also
involved an in-vivo investigation of meniscal movement
and interhorn distances in normal human knee joints.

With constant knee position and increased loading, there
was a significant increase in the internal interhorn distance
in both menisci. This increase was greater in the medial than
in the lateral meniscus. Renstroem and Johnson [1]
described the peripheral extrusion of the menisci as the
joint compression rises. Lengsfeld et al [7] measured the [ID
after the removal of all the knee stabilizers and also found
the IID to increase in both menisci with increased knee joint
loading. The greater IID of the medial, as compared with the
lateral meniscus is most probably due to the anatomical
shape of the tibial condyles. The concave shape of the
medial tibial condyle tends to force the medial meniscus out
of the joint space [13], whereas the convex shape of the
lateral tibial condyle provides only a small tibiofemoral
contact area, leaving sufficient space in the periphery for the
lateral meniscus.

Under constant loading, by moving the knee from
extension to 30° of flexion, the IID decreased. This decrease
was greater in the medial than in the lateral meniscus. Since
the radii of curvature of the femoral condyles become

Medial Meniscus: External Interhorn Distance (E.I.D.)
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Graphic 3. Medial meniscus:mean EID under different loading and angles of flexion.
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Lateral Meniscus: External Interhorn Distance (E.l.D.)
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Graphic 4. Lateral meniscus: mean EID under different loading and angles of flexion.

smaller posteriorly, the tibiofemoral contact area will be
smaller in 30° of flexion than it is in extension. In addition,
as shown in the studies of Ahmed and Burke [14] and
Walker and Erkman [15], the anterior and posterior horns
will be forced less far apart than they are in extension. The
combination of shorter condylar radii and the different
medial and lateral tibial plateau shapes would account for
the different patterns of internal and external interhorn
distance increase and decrease. Also, the anterior horn,
which subluxates anteriorly in extension, is reduced when
the knee is taken into 30° of flexion and follows the femoral
condyles and thus the posterior horn, in a posterior direction
[13,16].

The above explanation also serves to account for the
significant increase in the external interhorn distance of both
menisci in extension and 30° of flexion with increased
loading. The increase was almost the same in the medial and
the lateral meniscus and markedly smaller than the increase
in the IID. This finding is accounted by the presence of the
joint capsule, which blocks any further radial extrusion. The
decrease in the EID of the lateral meniscus in 30° of flexion
with an increase in loading from 50% to 100% of body
weight was not statistically significant. This may be due to
the greater mobility and smaller radius of curvature of the
lateral femoral condyle. Also, the reduction in the EID with
constant loading and flexion from 0° to 30° may be
explained in terms of the more pronounced curvature of
the femoral condyles and the associated smaller tibiofemoral
contact area [14,15,17].

The I1ID and EID of the medial meniscus were
consistently greater than those of the lateral meniscus. This
finding may be accounted for by the posteromedial attach-

Table 2

ment of the medial meniscus to the posterior oblique
ligament and by the fact that the medial meniscus is less
mobile than the lateral one [3,16]. As a result of this
anatomical pattern, the lateral meniscus will follow the
lateral femoral condyle as a unit, whereas the medial
meniscus is tethered posteromedially and will follow the
femoral condyle with its anterior and posterior horns
gripping the condyle like a pincer.

The lateral displacement of the menisci has been
investigated and measured in a number of studies
[3,4,12,18]. In these studies bone landmarks were used
and most of the authors found a statistically significant
radial displacement of the menisci. The results of these
studies may be indirectly compared with the results of the
present study regarding the internal and external interhorn
distances. However, the current study is an in vivo study and
the meniscal deformation was measured with reference to
the menisci, rather than to bone landmarks.

The menisci, in order to protect the articular surface from
compressive stresses, must resist extrusion from the joint
space as load is applied. Movement of the meniscus during
knee flexion ensures maximal congruency with the articu-
lating surfaces while avoiding injury to it [12,15]. The soft
tissue attachments of the menisci are most substantial at the
posterior horns, especially the medial meniscus, and there-
fore movement is restricted here. This provides stability,
preventing anterior tibial translation impacting like “wheel-
blocks” against the posterior femoral condyles. The relative
immobility of the posterior part of the medial meniscus may
account for the frequency with which this part is torn. Being
fixed, it may be loaded more than other parts of the
meniscus making it vulnerable to tears [12,15].

Differences and statistical significance of mean EID under different loading and angles of flexion in millimeters

Medial meniscus

Lateral meniscus

0%—50% 50%—100% 0%—100% 0%-—50% 50%—100% 0%—100%
0° 0.5 (p<0.014) 0.6 (p<0.003) 1.1 (p=0.000) 0.7 (p=0.000) 0.7 (p<0.023) 1.4 (p=0.000)
30° 0.6 (p<0.001) 0.8 (p<0.012) 1.4 (p=0.000) 0.5 (p<0.062)" — 0.9 (p<0.561)* — 0.4 (p<0.785)*

? No statistical significance.
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The approach described in the present study could also
be used in the growing number of patients receiving
meniscal transplants [19,20]. The method lends itself to
the monitoring of the postoperative course and the eventual
outcome, concerning always that correct graft sizing is
crucial to the success of the procedure [19,21]. MRI can
readily show the morphology and position of the trans-
planted meniscus, and may prove useful in the identification
of both immediate and long-term complications [22,23]. In a
study, [24] MRI findings after meniscal transplantation were
correlated the with those at clinical, arthroscopic and
histological examination. MRI enabled accurate assessment
of allograft attachments. Allograft degeneration was indi-
cated by an increase of signal intensity. Verstraete et al [25]
found a large overlap of MRI findings in patients with poor,
good, and excellent clinical outcome. MRI does not predict
the clinical outcome in every case. This finding is supported
by van Arkel et al [26] who concluded that the correlation
between clinical results, arthroscopy and MRI could be
improved by more sophisticated MRI techniques. Both the
MRI examination and re-look arthroscopy cannot provide a
dynamic evaluation of the meniscus, for example the
function of the meniscus allograft under weight bearing
conditions.

The data obtained in the present study should make
possible to monitor meniscal healing and the outcome of
meniscus re-fixation. Since the various techniques currently
available differ greatly in their complexity and costs, there is
an urgent need for a comparison of these modalities.
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