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Abstract 

Purpose:  The menisci transmit load between femur and tibia and thus play a crucial role in the functionality of the 
knee joint. Knee joint movements have a major impact on the position of the menisci. However, these meniscus 
movements have not yet been assessed in a validated setting. The objective of this study is to evaluate the menis-
cal movements in MRI with prospective motion correction based on optical tracking under loading via internal and 
external tibial torques. 

Methods:  Thirty-one healthy volunteers were recruited for this study. MRI scans were performed in internal and 
external rotation induced by a torque of 5 Nm, using a 3 T MRI. A validated software used the generated images to 
calculate the absolute meniscus movements as the sum of all vectors. Differences between subgroups were analyzed 
by using a Wilcoxon signed-rank test. 

Results:  The MM shows an average movement of 1.79 mm in anterior-lateral direction under internal rotation and 
6.01 mm in posterior-lateral direction under external rotation, whereas the LM moves an average of 4.55 mm in 
posterior-medial direction under internal rotation and 3.58 mm in anterior-medial direction under external rotation. 
When comparing the overall meniscus movements between internal and external rotation, statistically significant dif-
ferences were found for total vector length and the direction of meniscus movements for medial and lateral menis-
cus. The comparison between medial and lateral meniscus movements also showed statistically significant differences 
in all categories for internal and external rotation.

Conclusions:  Overall, the MM and LM movements in internal and external rotation differ significantly in extent 
and direction, although MM and LM movements in opposite directions during internal and external rotation can be 
observed. In internal rotation, most meniscus movements were found in the IHLM. In external rotation, the IHMM 
showed the greatest mobility. Segment analysis of internal vs. external rotation showed less difference in LM move-
ments than MM.

Level of evidence:  Level II.

Keywords:  Meniscal Movement, In-vivo MRI, Internal and External Rotation, Dynamic MRI Evaluation

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Background
The menisci transmit load between femur and tibia, and 
thus play a crucial role in the functionality of the knee 
joint. They enlarge the interaction between the incon-
gruent femur and tibia in both compartments, thereby 
distributing forces and enhancing stability during the 
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movement of the joint [6, 26]. They also contribute to 
shock absorption, nutrient distribution, joint lubrication, 
and joint stability [15]. An intact and functioning menis-
cus is crucial to prevent the onset and progression of 
osteoarthritis [18].

Knee joint movements have a major impact on the 
position of the menisci. Several studies have been con-
ducted to investigate these meniscus movements, both 
in vivo and in vitro. Based on cadaveric studies, there is 
evidence that the menisci are mobile and allow move-
ments in an anterior–posterior (AP) direction and in a 
medial–lateral (ML) direction [3, 22]. In  vitro studies 
showed that increasing flexion leads to posterior move-
ments in both menisci, medial and lateral [3]. Internal 
and external rotation moves both menisci in opposing 
directions on the tibial plateau. During all these motions, 
the lateral meniscus shows a greater range of movement 
on the tibial surface [3, 22, 24]. What all these studies 
have in common, however, is that they were carried out 
in non-validated and hardly reproducible settings.

As a diagnostic tool, MRI has gained importance for 
investigating cartilage and menisci over the last two dec-
ades as it provides high spatial resolution and high soft-
tissue contrast. However, one of its main disadvantages is 
its limited ability to capture dynamic processes, due to its 
susceptibility to motion artifacts. Although in-vivo stud-
ies have tried to gain more information on the behavior 
of the meniscus with the help of MR imaging, the poor 
image quality of open-bore MRI and short sequence 
imaging to avoid motion artifacts have repeatedly led to 
a limited assessment of meniscus movements in in-vivo 
studies [2, 25]. Therefore, the experience with in-vivo 
imaging of the dynamic properties of the meniscus is 
limited for in vivo MR imaging of the knee under weight-
bearing conditions [10, 11, 25].

One approach to visualizing the displacement of the 
menisci during joint loading is to attach radiographic 
markers on the menisci [3]. MRI has been used for the 
noninvasive evaluation of healthy and pathological 
meniscal tissue [21] and assessment of knee kinematics 
[17, 19] during weight-bearing. Other MRI studies have 
investigated meniscal movement during flexion [2, 10, 
16, 19, 22, 23, 25, 29]. While these studies have improved 
our knowledge of the basic kinematic behavior of soft tis-
sues, different limitations with respect to image evalua-
tion and process validation limit the general informative 
value regarding clinical practice. However, the above-
mentioned limitations can now be overcome with MRI 
augmented with prospective motion correction (PMC) 
and an MRI-compatible pneumatic device, to improve 
image quality and standardize knee positioning while 
staying inside a closed bore. Knee cartilage MRI with 
prospective motion correction based on optical tracking 

was proposed, and has been applied in a pilot study for 
investigating the patellofemoral cartilage contact and 
compression behavior under loading [13, 30].

The effect of internal and external tibial torque on the 
motion of the meniscus has not been investigated thor-
oughly. To gain these insights from biomechanical behav-
ior in-vivo, it is crucial to evaluate the meniscus dynamics 
under load and in stress position. The exact determina-
tion of physiological movements in the different menis-
cus segments depending on torsional movements of the 
knee was the objective of this study. This could be of par-
ticular importance in the detection of specific meniscus 
injuries (e.g. meniscal ramp lesions). A validated in vivo 
examination method has not yet been carried out in this 
context, and could become a decisive addition to the pre-
operative diagnostics of knee injuries in the future.

Methods
For this study, a population of 31 healthy volunteers was 
recruited. The mean age of the study population was 
25.6 ± 4.4 (range, 21–42). The mean body mass index 
(BMI) was 22.7 ± 1.9  kg/m2 (range, 19.5 – 25.9), with a 
mean height of 176.8 ± 9.1  cm (range, 160—195) and 
mean weight of 71.2 ± 10.2 kg (range, 50 – 93). 15 (48.4%) 
study participants were females and 16 (51.6%) males. 
13 (41.9%) right knees and 18 (58.1%) left knees were 
included in the present study. None of the volunteers 
had experienced any history of surgery on the knee joint, 
chronic pain or relevant trauma. Further exclusion crite-
ria were any signs of degenerative changes or lesions on 
bone, cartilage, meniscal tissue and ligaments.

The study was approved by the institutional review 
board of the University Hospital Freiburg (Nr. 91/19 – 
210,696) and the volunteers gave written informed con-
sent prior to participation.

MRI scans were performed using a Magnetom Trio 
3  T system (Siemens Healthineers, Germany) with an 
8-channel multipurpose coil (NORAS MRI products, 
Germany). The examined leg was placed in an MR-com-
patible pneumatic device, which allowed the positioning 
of the knee joint in internal and external rotation (Fig. 1).

All MRI scans were performed with a T1-weighted 
spoiled 3D gradient-echo sequence using slab-selec-
tive water excitation and covering an FOV of 145 mm 
(AP) × 125  mm (RL) × 160  mm (FH) with a spatial 
resolution of 0.6  mm (AP) × 0.6  mm (RL) × 0.5  mm 
(FH), amounting to a scan time of 5:34  min. Further 
sequence parameters were: TR = 16  ms, TE = 6.88  ms, 
excitation angle = 15°, readout bandwidth = 130  Hz/
Px, readout direction = FH. To mitigate motion arti-
facts, the sequence was augmented with PMC using a 
moiré phase tracking (MPT) system (Metria Innovation 
Inc., Milwaukee, US) [14]. For the accurate tracking of 
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knee motion in all six degrees of freedom, this system 
consisted of a single in-bore camera and a single track-
ing marker, creating angle-dependent moiré patterns. 
Rigid-body motion was tracked with a frame rate of 80 
frames per second, which enabled a position update of 
the MRI measurement volume before every excitation 
pulse.

Subjects were positioned on the device, then adjust-
ments depending on height and proportions were made 
for each individual while correct foot and femoral fixa-
tion were ensured. Knee flexion was adjusted to approxi-
mately 20°, and the PMC tracking marker was attached 
to the center of the knee cap. The loading device was 
pneumatically controlled from the MRI console room. 
Knee flexion was achieved by elevating the thigh with 
the femoral fixation until the adjusted limitation of ~ 20°. 
A flexion angle of 20° was chosen because, due to the 
anatomical shape of distal femur and proximal tibia, no 
torsional movements in the knee joint are possible in 
full extension. 20° flexion turned out to be the joint posi-
tion that allows torsional movements in the knee with-
out relevant impairments but comes closest to extension 
and thus ensures the best possible reproducibility of the 
test setup. With the subject in place, scans were taken 
in internal and external rotation, with a torque of 5 Nm 
applied via the foot holder and a constant axial load of 

5  N. Full imaging of each subject took approximately 
45 min.

Segmentation of the femoral and tibial bone and car-
tilages, as well as of the lateral and medial menisci, were 
performed on the MR images. A combination of manual 
segmentation, deep learning and manual correction was 
used. From the manual segmentation with few samples, 
segmentation models for the bone, cartilage and menisci 
were trained. These models then were applied to pre-seg-
ment the rest of the images in the dataset, that were then 
corrected by clinical experts and included in the training 
set for the respective models.

To analyze meniscal displacement between differ-
ent positions, an image-based registration pipeline was 
developed. First, images were aligned based on the tibial 
bone mask and a rigid registration was performed where 
the similarity measurement was restricted to the tibial 
volume. This approach provided all the images with a 
consistent coordinate system to analyze motions relative 
to the tibia.

The menisci were next registered nonlinearly. Here, a 
common variational approach [5] based on the curva-
ture-based regularization of the computed deformation 
vector field and similarity measure of sum-of-squared-
differences (SSD) was used, which evaluates the align-
ment of the bone masks. One problem with this approach 
is that it first requires a reasonable initial volume over-
lap. To overcome this problem, another penalty term that 
measures point-wise the distance between the meniscus 
faces was added, which can be efficiently computed by a 
distance transformation of the meniscus segmentations 
in the template image [1]. In this way, a correct fitting of 
the meniscus shapes was achieved, even without initial 
overlap. The optimization problem was solved using a 
matrix-free implemented Gauss–Newton method, which 
uses a multilevel approach to overcome local minima and 
improve the overall performance. As a result, a dense 
deformation field that describes the motion for a respec-
tive voxel in the template image was obtained. The defor-
mation field was cropped with the menisci masks of the 
template image.

The menisci were partitioned equally into 3 parts with 
respect to the length of the arch. In each of the parti-
tions, the average motion of the voxels from the deforma-
tion field was determined. Next, the projection of these 
motions onto the anterior–posterior axis and the medio-
lateral axis, which are automatically obtained from a 
principal component analysis of the menisci masks, was 
computed (Fig. 2).

Statistical analysis
The descriptive statistics are presented in mean val-
ues and standard deviations. Differences between the 

Fig. 1  MR-compatible pneumatic device for positioning of the knee 
joint in internal and external rotation. * Below: femoral fixation with 
adjusted limitation to achieve a standardized positioning and knee 
flexion of 20°. ** Center: foot holder for applying internal and external 
rotation with a torque of 5 Nm and a constant axial load of 5 N
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different subgroups were analyzed by using the Wilcoxon 
signed-rank test. A p-value less than 0.05 was considered 
statistically significant.

Statistical analyses were carried out using IBM SPSS 
Statistics Version 27.0.0.0.

(IBM Corp., Armonk, New York). The results of the 
statistical tests were interpreted in an exploratory sense. 
No adjustment for multiple testing was performed in this 
exploratory study.

Results
In the following, the relevant results are summarized. The 
meniscus movements of both menisci (medial meniscus, 
MM; lateral meniscus LM) and the respective segments 
(anterior horn, AH; intermediate horn, IH; posterior 
horn, PH) are given as the length of the total vector (Avg) 
and as movement in the mediolateral (ML) and anter-
oposterior (AP) direction. All movements are given in 
millimeter (mm).

Lateral meniscus, internal rotation
The total vector length of the LM motion in internal 
rotation was 4.55 mm (SD ± 1.19) with an average move-
ment of 1.19  mm (SD ± 0.71) in medial and 4.32  mm 
(SD ± 1.15) in posterior direction (Fig. 3).

The analysis of the different meniscus segments is pre-
sented in Table 1 (Fig. 4). 

Medial meniscus, internal rotation
The length of the total vector in the analysis of the 
internal rotational movement of the MM was 1.79  mm 

(SD ± 0.91) with an average movement of 0.14  mm 
(SD ± 0.45) in lateral and 1.66 mm (SD ± 0.99) in anterior 
direction (Fig. 3).

The analysis of the different meniscus segments is pre-
sented in Table 1 (Fig. 4).

Lateral meniscus, external rotation
In the analysis of external rotational movement, the total 
vector length of the LM motion was 3.58 mm (SD ± 1.82) 
with an average movement of 0.22  mm (SD ± 0.58) in 
medial and 3.51  mm (SD ± 1.83) in anterior direction 
(Fig. 5).

The analysis of the different segments is presented in 
Table 1 (Fig. 6).

Medial meniscus, external rotation
When analyzing external rotational movement, the MM 
showed a total motion of 6.09  mm (SD ± 1.52) with an 
average movement of 1.91 mm (SD ± 0.89) in lateral and 
5.70 mm (SD ± 1.49) in posterior direction (Fig. 5).

The analysis of the different segments is presented in 
Table 1 (Fig. 6).

Medial meniscus, internal vs. external rotation
When investigating differences in meniscus movements 
of the MM between internal and external rotation using 
a Wilcoxon signed-rank test, statistically significant dif-
ferences were found for both the total length of the vec-
tor (p < 0.05) and the direction of total movement in ML 
(p < 0.05) and AP (p < 0.05) direction.

The analysis of the different segments also showed sta-
tistically significant differences in meniscus movements 
between internal and external rotations in almost all the 

Fig. 2  Representation of meniscus movements of different meniscus 
segments in a coordinate system spanned by mediolateral and 
anteroposterior axes. * Left: lateral meniscus; right: medial meniscus; 
yellow: anterior horn; red: intermediate horn; blue: posterior horn. ** 
Arrows represent mediolateral and anteroposterior axis

Fig. 3  Representation of overall meniscus movements of medial 
and lateral meniscus in internal rotation. *Left: lateral meniscus; 
right: medial meniscus; yellow arrows: overall meniscus movements 
of lateral and medial meniscus. ** Dark arrows represent the 
mediolateral and anteroposterior axis
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examined parameters. Only the ML movement in the AH 
did not differ statistically significant (p = 0.66) (Table 2).

Lateral meniscus, internal vs. external rotation
When comparing meniscus movements of the LM 
between internal and external rotations using a Wilcoxon 
signed-rank test, statistically significant differences were 
found in the total length of the vector (p < 0.05), as well as 
in the ML (< 0.05) and AP (p < 0.05) direction.

A segment analysis of LM movements in internal ver-
sus external rotation showed a statistically significant 
difference of the total vector length between internal 
and external rotations in the AH (p < 0.05), but not in 
the IH (p = 0.16) or the PH (p = 0.08). The direction of 
meniscus movements showed a statistically significant 
difference in almost all segments, with only the menis-
cus movements in the AH in ML direction showing no 
statistically significant difference (p = 0.25) between 
internal and external rotation (Table 2).

Table 1  Total meniscus movements (in mm), internal and external rotation

* Avg Average, total length of vector, ML Meniscus movement in mediolateral direction, AP Meniscus movement in anteroposterior direction, AH Anterior horn, IH 
Intermediate horn, PH Posterior horn, all values are given in mm
** A positive value in ML direction corresponds to a movement in lateral direction (negative in medial direction), a positive value in AP direction corresponds to a 
movement in posterior direction (negative in anterior direction)
*** values in parenthesis represent standard deviations

Fig. 4  Representation of meniscus movements in different 
segments of medial and lateral meniscus in internal rotation. *Left: 
lateral meniscus; right: medial meniscus; yellow arrows: meniscus 
movements in the anterior horn of lateral and medial meniscus; red 
arrows: meniscus movements in the intermediate horn of lateral and 
medial meniscus; blue arrows: meniscus movements in the posterior 
horn of lateral and medial meniscus. ** Dark arrows represent the 
mediolateral and anteroposterior axis

Fig. 5  Representation of overall meniscus movements of medial 
and lateral meniscus in external rotation. * Left: lateral meniscus; 
right: medial meniscus; yellow arrows: overall meniscus movements 
of lateral and medial meniscus. ** Dark arrows represent the 
mediolateral (left arrow) and anteroposterior (back arrow) axis
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Internal rotation, medial meniscus vs. lateral meniscus
The analysis of meniscus movements in maximum inter-
nal rotation revealed significant differences between MM 
and LM, both in terms of total vector length (p < 0.05) 
and in relation to the meniscus movements in the ML 
(p < 0.05) and AP (p < 0.05) directions.

When differentiating between segments, statistically 
significant differences between MM and LM in internal 
rotation could be demonstrated in all segments, both in 

terms of vector length and direction (mediolateral and 
anteroposterior) (Table 3).

External rotation, medial meniscus vs. lateral meniscus
The comparison between MM and LM movements in 
maximum external rotation also showed statistically 
significant differences in vector length (p < 0.05), ML 
(p < 0.05) and AP direction (p < 0.05).

A segment analysis of MM versus LM movements 
in external rotation also showed statistically signifi-
cant differences in all segments, both in terms of vector 
length and direction (mediolateral and anteroposterior) 
(Table 3).

Discussion
The most important findings of this study are that:

1. Meniscus movements of MM and LM in internal 
and external rotations differ significantly in extent 
and direction; MM and LM move in opposite direc-
tions during internal and external rotation.
2. In internal rotation, most meniscus movements 
were found in the IHLM. In external rotation, the 
IHMM showed the greatest mobility.
3. A segment analysis of internal and external rota-
tion showed fewer differences in the movements of 
LM than MM.

In the present study, the MM showed an average move-
ment of 1.79  mm in anterior-lateral direction in inter-
nal rotation and 6.01  mm posterior-lateral in external 

Fig. 6  Representation of meniscus movements in different 
segments of medial and lateral meniscus in external rotation. * Left: 
lateral meniscus; right: medial meniscus; yellow arrows: meniscus 
movements in the anterior horn of lateral and medial meniscus; red 
arrows: meniscus movements in the intermediate horn of lateral and 
medial meniscus; blue arrows: meniscus movements in the posterior 
horn of lateral and medial meniscus. ** Dark arrows represent the 
mediolateral and anteroposterior axis

Table 2  Wilcoxon signed-rank test results of MM and LM movements in internal versus external rotation

* Avg Average, total length of vector, ML Meniscus movement in mediolateral direction, AP Meniscus movement in anteroposterior direction, AH Anterior horn, IH 
Intermediate horn, PH Posterior horn
** Values before parenthesis represent p-values of Wilcoxon signed-rank test; values in parenthesis represent confidence intervals
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rotation, whereas the LM moved an average of 4.55 mm 
posterior-medial in internal and 3.58 mm anterior-medial 
in external rotation. Overall, these movements, both in 
MM and LM, showed a greater extent in AP direction 
than ML, where there was a clear difference in the extent 
of the translational (AP) movement of MM. The poste-
rior movement of the entire MM in external rotation 
was 5.70 mm, whereas the anterior movement in internal 
rotation was only 1.66 mm. Previous in-vivo studies sup-
port these findings, which show that radial movement of 
the menisci is less pronounced than translational move-
ment for both the MM and the LM [2, 11].

In the study collective presented here, external rota-
tion caused increased meniscal movement of MM struc-
tures when compared with the LM. In external rotation, 
the MM moves in a posterior-lateral and the LM in an 
anterior-medial direction. In internal rotation, the LM 
showed a higher overall movement (which was directed 
posteriorly and medially), while the MM moved in an 
anterior-lateral direction.

In internal rotation, the most meniscus movement 
was found in the IHLM. In external rotation, the IHMM 
showed the greatest mobility. Here, with a vector length 
of 7.55  mm, the greatest average mobility of the exam-
ined segments was seen.

Although multiple researchers have investigated the 
dynamic characteristics of the menisci during knee joint 
motion, there is little evidence of meniscal movements 
in internal and external rotation [2, 10, 11, 25]. Current 
literature on the exact movement of different meniscus 
segments during rotation of the knee joint rotation is not 

available. Nevertheless, a review of the literature reveals 
some points which are worth discussing.

Boxheimer et al. investigated 22 knees from 22 asymp-
tomatic volunteers with a 0.5-T open-configuration 
MR system. Sagittal and coronal images were obtained 
with the knee in different positions. The position of the 
menisci from the outer inferior edge of the meniscus to 
the outermost edge of the articular cartilage of the tib-
ial plateau was measured, and meniscal movement was 
then calculated [2]. The authors postulated that meniscal 
movement is most prominent in the AHMM, which dif-
fers from the findings of this study, where most meniscus 
movements were found in the IHMM (external rotation), 
followed by the IHLM (internal rotation). The extent of 
total meniscus movements depends, naturally, on the 
size of the defined meniscus section. A standardized dif-
ferentiation in the respective study setting between AH, 
IH and PH, as provided in this study, is therefore of great 
importance. Together with the different, non-validated 
measuring techniques and references, this may explain 
the different findings. The exact determination of move-
ments in the different meniscus segments depending on 
torsional movements could be of particular importance 
in the detection of specific injuries in the future. A rel-
evant clinical reference is the detection of so-called “hid-
den lesions” in the area of meniscocapsular attachment. 
Sonnery-Cottet et al. assumed that these meniscal ramp 
lesions occur much more frequently than it was previ-
ously thought, particularly in ACL-injured knees. The 
authors interpreted the rate of missed diagnoses as a 
result of unfamiliarity with this injury pattern within the 

Table 3  Wilcoxon signed-rank test results of MM versus LM movements in internal and external rotation

* Avg Average, total length of vector, ML Meniscus movement in mediolateral direction, AP Meniscus movement in anteroposterior direction, AH Anterior horn, IH 
Intermediate horn, PH Posterior horn
** Values before parenthesis represent p-values of Wilcoxon signed-rank test; values in parenthesis represent confidence intervals
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orthopedic community, and therefore the difficulty in 
diagnosis [20]. Similar results were also published by Jac-
quet et al., for instabilities of the PHLM in ACL-deficient 
knee joints. The authors postulated an arthroscopically 
detected instability of the PHLM in about one third of 
the patients with ACL instability [8].

A validated method for MRI in-vivo investigation of 
potentially pathological movements in the PHMM and 
PHLM could close this diagnostic gap. Indeed, a menis-
cal tear in this area might only be considered relevant 
when the result is a pathological movement pattern. 
But before such a reproducible detection of pathologi-
cal meniscus movements can be established, the physi-
ological meniscus movements must first be described in 
a validated setting. The above-mentioned parameters for 
this experimental observation where therefore chosen to 
describe physiological meniscus movements with ensur-
ing the best possible reproducibility of the test setup and 
not to simulate movements with increased susceptibility 
to injury of the meniscus tissue.

Jacquet et al. acknowledged the diagnostic gap in detec-
tion of lateral meniscus posterior horn instability with 
the “aspiration test”, which can demonstrate instability 
intraoperatively. The setting used in this study offers the 
possibility of supplementing the gold standard of arthro-
scopic evaluation with MRI [7]. Studies which investigate 
meniscal motion in-vivo used open MRI, because the 
limited space of a closed bore cannot provide adequate 
controlled movement [2, 25]. The occurrence of move-
ment artifacts, which regularly occurs in dynamic MRI 
examinations, was reduced with prospective motion cor-
rection [12], thus, ensuring high image quality, essential 
for evaluation and semi-automated segmentation. Meas-
urements were performed with a single-slice method in 
most of the previous studies to determine the meniscal 
position in MRI [2, 4, 27]. Certain anatomical landmarks 
were identified to select the particular slice, and parallel 
lines were drawn at the outer edge of the cartilage and 
the peripheral rim of the meniscus. Depending on exe-
cution and slice selection, this method could under- or 
overestimate meniscal extrusion [9]. Furthermore, evalu-
ating only one slice and one edge of a three-dimensional 
deformable structure can impair results [23]. Wirth et al. 
introduced a 3D method to determine the meniscal posi-
tion in relation to its contact area and morphology. It 
allowed for the measurement of meniscal extrusion glob-
ally in all areas of the knee joint [28]. To exhibit motion 
of the meniscus, Yao et al. proposed a 3D matrix volume 
with calculated centroids, where a change of centroids 
was able to detect and quantify the meniscal motion [29].

The 3D voxel vector-based approach used in this 
study allows for the determination of motion in all of 

the meniscus, with direction and a range of the move-
ment. Superior 3D-based methods can determine 
the position and motion of the meniscus accurately, 
improve understanding of meniscal physiological struc-
ture and function, and accurately detect pathologies.

One limitation of this study is that femoral soft tissue 
(such as muscle and fat) which makes adequate fixation 
difficult could have delayed or impaired movement of 
the knee joint in the desired direction. Additionally, 
involuntary evasive movements of the test subject with 
passive movement of the leg may have led to inaccu-
racies. However, neither should interfere significantly 
with the relative change in dynamics between tibia 
and femur. Finally, with a cohort of 31 volunteers no 
adapted statistical analyses with covariates like height, 
BMI or age was performed. A larger study cohort would 
allow for future studies with these co-factors.

Conclusions
Movements of MM and LM in internal and external 
rotation differ significantly in extent and direction, 
whereas MM and LM movements in opposite direc-
tions during internal and external rotation can be 
observed. In internal rotation, most meniscus move-
ments were found in the IHLM. In external rotation, 
the IHMM showed the greatest level of mobility. A seg-
ment analysis of internal vs. external rotation showed 
fewer differences of LM movements than MM.
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