
Acta of Bioengineering and Biomechanics Original paper
Vol. 24, No. 4, 2022 DOI: 10.37190/ABB-02199-2023-02

Correlation between rotational moments of the knee
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Purpose: Rotation of the knee puts stress on the medial meniscus and can be a factor in the progression of knee osteoarthritis. This
study aimed to investigate the rotational moment (internal rotation and external rotation) of the knee during gait and relationship between
the rotational moments of the knee and other joints, including the free moment during gait. Methods: We included 18 patients with me-
dial meniscus tears (MM group) and 10 asymptomatic participants in this study. We performed 3D gait analysis. The internal ankle,
knee, and hip rotational moments as well as free moment were compared between the groups. Additionally, we investigated correlations
between rotational moments of the knee and other joints during gait. Results: The maximal knee external rotation moment in the MM
group was smaller than that in the asymptomatic group ( p = 0.04, g = 0.76); however, there were no significant differences in the maxi-
mal internal rotation moment between the groups ( p = 0.97, g = 0.02). The internal rotation (external knee external rotation) moment
positively correlated with the hip internal rotation moment ( p < 0.01, r = 0.69) in the MM group. Conclusions: The internal rotation
(passive knee external rotation moment) did not decrease sufficiently, and correlation was observed between moments of the knee and
hip in the MM group, especially during the late stance phase of gait. Reducing these abnormal moments during gait through rehabilita-
tion may be important in patients with medial meniscus tears to prevent rapid progression of knee osteoarthritis.
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1. Introduction

Medial meniscus (MM) tear of the knee causes
swelling, pain and gait disorders [13], [19]. One of the
causes of MM tears is related to medial compartmental
degeneration in the middle-aged population [11], [32].
These tears induce rapid progression of knee osteoar-
thritis (OA) [19], [22] by concentrating and increasing
compressive forces on the medial compartment of the
knee [8], [26]. This lesion can occur during usual
daily activities, such as stair descent, squatting and

walking [11]. Since MM tears damage knee structures
through mechanical stress, comprehending the move-
ment pattern of repetitive daily activities, such as gait,
is important to avoid inducing symptoms and rapid
progression of knee OA [7].

Previous studies have used different methods to re-
port movement patterns during gait, however, few stud-
ies have reported this in patients with MM tears. Using
a motion capture system and a radiologic device,
Marsh [22] investigated knee kinematics and esti-
mated joint contact patterns, however, they focused
only on the knee joint. Russell [27] investigated knee
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moment on the sagittal and frontal planes and found
no significant differences between participants with and
without meniscus lesions. Magyar [21] investigated the
coefficient of variance values of spatiotemporal pa-
rameters during gait in patients with pre-meniscectomy
and reported that gait complexity decreased. However,
to the best of our knowledge, there are no reports that
focus on rotational moment of the knee and other
joints during gait in patients with MM tears. Stärke
[28] reported that internal rotation (IR) of the femur
increased resultant tension in the MM and external
rotation (ER) decreased tension. Marsh [22] reported
that ER movement of the knee caused the MM to
move posteriorly, thereby adding additional stress to
the joint. It was thought that the internal knee ER mo-
ment forces the knee to actively move in the ER
direction. Moreover, the external knee ER moment
(internal knee IR moment) was assumed to increase
the mechanical stress by increasing passive forces on
the MM. Given these facts, there is a potential rela-
tionship between rotational stress, which is caused by
rotational moment, placed on the MM during gait and
accelerated progression of knee OA.

Other reports have implied the importance of rota-
tional movement in patients with early [12], [18], [23]
and moderate [4], [5], [14], [17] stages of knee OA.
Several studies concluded that altered rotational mo-
ment may be a factor in early knee OA development
preceding the onset of symptoms [2], [5]. Ultimately,
the property of rotational moment during gait in pa-
tients with MM tears remains unknown. Given that the
rotational moment of knee joints is altered, it is impor-
tant to investigate how other joints impact abnormal
knee moment to inform rehabilitation approaches.

The free moment (FM) occurs due to friction be-
tween the ground and the foot [16], as shown in Fig.
1. Previous studies have reported that FM is related to
tibial torsional stress [16], [24] which suggests that
the FM may apply excessive mechanical stress to the
knee via tibial rotation in patients with MM tears.

The purpose of this study was to determine whether
the rotational moments of the knee become larger in
patients with MM tears and to clarify the relationship
between the rotational moments of the knee and other
joints (ankle, hip and FM) during gait in patients with
MM tears. We hypothesized that: (1) the magnitude of
peak knee rotational moment would be larger in pa-
tients with MM tears than that in asymptomatic par-
ticipants; (2) the group difference in peak knee ER
moment would be more pronounced than that of the
peak knee IR moment; and (3) knee rotation moments
would be well-correlated with the FM in patients with
MM tears.

Fig. 1. Representation of the FM of the foot
that resists the foot’s IR and ER. FM – free moment,

IR – internal rotation, ER – external rotation

2. Materials and methods

2.1. Participants

All participants were recruited from an orthopedic
hospital. This study included 18 patients with MM tears
(MM group: age of 60.2 ± 5.4 years, height of 1.57
± 0.06 m, mass of 60.5 ± 8.8 kg) and 10 age- and sex-
matched community-dwelling asymptomatic volunteers
(asymptomatic group: age of 57.1 ± 4.5 years, height of
1.56 ± 0.04 m, mass of 49.4 ± 3.6 kg). The participants
in the MM group were diagnosed with MM tear by ex-
pert orthopedic doctors using magnetic resonance imag-
ing (MRI), and they underwent meniscectomy a few
days after measurements. Other inclusion criteria of the
MM group were female sex, ability to walk without the
aid of medical equipment and age of 40–70 years. Pa-
tients with neurological conditions and other lower ex-
tremity joint disorders that affected gait were excluded.
The asymptomatic group was composed of hospital
staff. The inclusion and exclusion criteria for the
asymptomatic group were the same as those of the MM
group, with the exception of MM-related criteria.

All procedures were approved by the Oita Univer-
sity Medical Faculty Ethics Committee (approval num-
ber 1259-T2), and all participants provided informed
consent prior to participating in this study. The ex-
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perimental procedures were conducted in accordance
with the Declaration of Helsinki.

2.2. Data collection

A three-dimensional motion capture system (VICON
MX; Vicon Motion Systems, Oxford, UK) equipped with
eight infrared cameras and a force plate (AccuGait;
Advanced Mechanical Technology Industry, Boston,
MA, USA) was used for kinematic and kinetic data
collection. An infrared reflection marker was attached
to all participants at 52 bony landmarks: the mid-point
between the L4 and L5 spinous process, jugular notch,
xiphoid process, 2nd and 10th thoracic spinous proc-
esses, left scapula body, both sides of the temple, lat-
eral end of the superior nuchal line, tragus, acromion
process, lateral and medial epicondyles, ulnar and radial
styloid processes, head of the third metacarpal, mid-
lower end of the rib bone on the body side, top of the
iliac crest, posterior superior iliac spine, anterior superior
iliac spine, superior aspect of the greater trochanter,
lateral side of the thighs, medial and lateral joint spaces
of the knees, lateral side of the lower legs, medial and
lateral malleoli, head of the first and fifth metatarsals
and calcaneal tuberosity. The spatial motions of the
markers were captured using a sampling rate of 100 fps.
Simultaneously, ground reaction forces were meas-
ured using a force plate.

2.3. Gait task

The participants were asked to walk through a 10 m-
-long walkway at a comfortable speed. The force plate at
the center of the walkway length was set on the affected
side of patients in the MM group and on right side for
participants in the asymptomatic group. These trials
were repeated until the participants completed them at
least 10 times with no missteps on the force plate.

2.4. Data analysis

First, the data collected using the motion capture
system were filtered with a cutoff frequency of 6 Hz
for kinematic data and 20 Hz for floor reaction forces
[30]. Next, the positions of the joint centers at the hip,
knee and ankle were approximated according to pre-
vious reports [1]. The knee joint angle and internal
joint moments of the ankle, knee and hip were then
calculated using the processing software BodyBuilder
(Vicon Motion Systems, Oxford, UK) according to pre-

vious reports [1]. In particular, the rotational moments at
each joint were calculated with the moment occurring
along the vertical axis of each coordinate system. The
FM that resisted the foot ER and IR was calculated in
accordance with previous reports [16], [24]. All mo-
ment data were normalized by body mass [kg].

During this study, only the stance phase of the gait
cycle was analyzed. The timings of initial contact and
toe-off during the gait cycle were detected with a thresh-
old of 10 N of the force plate. The gait speed was cal-
culated from the quotient of the path length of the
body mass’ center in the anterior–posterior direction
and the time taken for the stance phase.

The time of each stance phase was normalized to
a 101-point scale. The peak values of the joint IR and
ER moments and FM were calculated. Additionally, the
range of moments (the difference between the highest
and lowest) during the stance phase was calculated.
The variables of the 10 trials were averaged, and the
average values were used for the statistical analysis.

Data analyses were performed using MATLAB R
2017b (MathWorks, Natick, USA).

2.5. Statistical analysis

Anthropometric data, gait speed, and each direction’s
peak value, and the range of moments were checked for
normality using the Shapiro–Wilk test. When data were
not normally distributed, the Mann–Whitney test was
used for comparison between the groups. For normally
distributed data, we used the Welch test or a two-sample
t-test, as appropriate, according to homoscedasticity. We
also calculated Hedges’ g as the effect size. Since gait
speed and body mass differed significantly between
the MM and asymptomatic groups, we performed the
analysis of covariance (ANCOVA) with gait speed as
a covariate and calculated η2 as the effect size (moments
were normalized by body mass). In this scenario, the
rotational moments of the hip, knee and ankle as well as
the force moment were established as the dependent
variables, with the group being identified as the inde-
pendent variable and gait speed serving as the covari-
ate. We verified the ANCOVA assumptions of paral-
lelism between: medial meniscus and control groups
and a linear relationship between the moment vari-
ables and gait speed. As a result, only the peak values
and ranges of the hip ER moment did had prerequi-
sites. We used the ANCOVA for this parameter.

Additionally, correlation coefficients r between peak
rotational moments of the knee and other joints, in-
cluding the FM, were calculated for each group both
with gait speed as a covariate. The peak IR and ER
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values were used for the correlation analyses. The
significance level for all statistical tests was set at 5%.
Statistical analyses were performed using SPSS 17.0 J
for Windows (IBM Corp., Armonk, NY).

3. Results

3.1. Anthropometric
and gait speed data

The anthropometric and gait speed data of MM and
asymptomatic groups are shown in Table 1. The body
mass was significantly larger in the MM group than in
the asymptomatic group ( p = 0.010, g = 1.418). The
gait speed was significantly slower in the MM group
than in the asymptomatic group ( p = 0.046, g = 0.601).

Table 1. Anthropometric and gait speed data of MM
and asymptomatic groups

Parameter MM Asymptomatic p g
Age [year] 60.2 (5.4) 57.1 (4.5) 0.141 0.535
Body mass [kg] 60.5 (8.8) 49.4 (3.6) 0.010 1.418
Body height [m]) 1.57 (0.06) 1.56 (0.04) 0.913 0.142
Kellgren
and Lawrence Grade
(I/II/III/IV) [n]

2/14/2/0 –

Gait speed (m/s) 0.99 (0.12) 1.09 (0.14) 0.046 0.601

Data are represented as means (SD). The significant differ-
ences are shown in bold text. MM – medial meniscus.

3.2. Moments

The FM and each internal joint moment for the MM
and asymptomatic groups are shown in Table 2. The FM
range was significantly smaller in the MM group than
in the asymptomatic group ( p = 0.014, g = 0.843).
The IR moment of the ankle was significantly smaller in
the MM group than in the asymptomatic group ( p =
0.037, g = 0.726). For knee joints, the knee ER moment
( p = 0.040, g = 0.758) and range ( p = 0.021, g = 0.847)
were significantly smaller in the MM group than in
the asymptomatic group. There were no significant
differences in hip joints between the two groups (ER
moment: p = 0.832, g = 0.002, IR moment: p = 0.357,
g = 0.343, range: p = 0.487, η2 = 0.020).

3.3. Average time-series data

The average time-series data are shown in Figs. 2
and 3. The average time-series data of the knee rotation
angle in the MM group showed similar pattern to that of
the asymptomatic group in the first half of stance
whereas it did not show the steep changes observed in
the asymptomatic group in the second half of the stance
(Fig. 2). The average time-series data of FM in the MM
group showed that the amplitude of the signal was small
(Fig. 3). The FM resisting the foot ER peaked between
90–100% and 70–80% of the signal for the MM and
asymptomatic groups, respectively. The other time-series
data did not show any outstanding features.

Table 2. The FM and each joint internal moment of MM and asymptomatic groups

Parameter MM Asymptomatic p g
FM [Nm/kg × 10–2]

Resisting the foot ER 2.6 ± 1.4 2.9 ± 1.5 0.571 0.166
Resisting the foot IR 5.5 ± 2.1 6.5 ± 1.6 0.187 0.417
Range 8.0 ± 1.2 9.4 ± 1.5 0.014 0.843

Ankle [Nm/kg × 10–2]
ER 27.2 ± 4.3 25.1 ± 9.9 0.454 0.266
IR 5.5 ± 2.2 7.3 ± 1.6 0.037 0.726
Range 32.6 ± 5.8 32.4 ± 8.7 0.922 0.026

Knee [Nm/kg × 10–2]
ER 12.3 ± 5.3 16.9 ± 5.4 0.040 0.758
IR 14.5 ± 5.5 14.6 ± 4.6 0.965 0.017
Range 26.8 ± 4.4 31.5 ± 5.4 0.021 0.847

Hip [Nm/kg×10–2]
ER 15.2 ± 4.8 16.7 ± 3.2 0.832 0.002*
IR 14.9 ± 5.4 17.0 ± 5.4 0.357 0.343
Range 30.1 ± 5.5 33.6 ± 4.9 0.487 0.020*

Data are represented as means ± SD. The significant differences are shown in bold text. * – η2 was
used as the effect size for hip ER moment and range. IR – internal rotation, ER – external rotation, MM – me-
dial meniscus, FM – free moment.
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Fig. 2. Time-series data of knee rotational angle of the MM
and asymptomatic groups. The vertical axis indicates the amount

of angle and the horizontal axis indicates the time of stance phase.
The red line represents the MM group and the blue line

represents the asymptomatic group. The solid line represents
the mean value and the broken line represents the one

standard deviation. MM – medial meniscus

3.4. Correlations between
the knee rotation moment

and other moments

The correlation between the knee rotation moment
and other moments in each group is shown in Table 3,
with respect to the gait speed covariate. In the MM

group, the knee ER moment was positively correlated
with the FM and ankle IR moment. The p values for
negative correlation between the knee ER moment and
hip IR moment in the MM group was not less than 0.05,

Fig. 3. Time-series data of each rotational moment of the MM and asymptomatic groups. The vertical axis
indicates the amount of moment and the horizontal axis indicates the time of stance phase.

The red line represents the MM group and the blue line represents the asymptomatic group. The solid line represents
the mean value and the broken line represents the one standard deviation. Each graph shows the (a) FM and (b) ankle,

(c) knee, and (d) hip rotational moment. MM – medial meniscus; FM – free moment

Table 3. The correlation matrix of the internal knee moments
and the other moments in each group

adjusted with the gait speed as covariance

MM Asymptomatic

Knee ER
moment

Knee IR
moment

Knee ER
moment

Knee IR
moment

FM Resisting
foot ER

–0.458
(0.064)

0.232
(0.370)

–0.065
(0.868)

0.513
(0.158)

Resisting
foot IR

0.529
(0.029)

–0.256
(0.321)

0.173
(0.656)

–0.123
(0.753)

Ankle ER moment
0.080

(0.762)
0.186

(0.476)
0.188

(0.628)
0.004

(0.992)

IR moment
0.579

(0.015)
–0.398
(0.113)

–0.073
(0.853)

–0.242
(0.531)

Hip ER moment
0.457

(0.065)
–0.509
(0.037)

0.432
(0.246)

–0.501
(0.170)

　 IR moment
–0.480
(0.051)

0.686
(0.002)

–0.318
(0.405)

0.781
(0.013)

Data are represented as correlation coefficient r (signifi-
cance probability p). Significantly correlations are showed as
bold text. FM – free moment, ER – external rotation, IR – inter-
nal rotation, MM – medial meniscus.
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but it was considerably small, so that they nearly
breached the threshold. The knee IR moment was
negatively correlated with hip ER moments and posi-
tively correlated with hip IR moments. In the asymp-
tomatic group, the knee IR moment was positively
correlated with the hip IR moment.

4. Discussion

This study investigated the rotational moments of
each joint, including FM, in patients with MM tears
and asymptomatic participants. We hypothesized that:
(1) the magnitude of knee rotation moments would be
larger in the MM group; (2) the group difference in
knee ER moment would be more pronounced than
that of the knee IR moment; and (3) knee rotation
moments would be well-correlated with the FM in
the MM group. However, our hypotheses were re-
futed. It was postulated that the internal knee ER
moment forces the knee to actively move in the ER
direction. Moreover, the external knee ER moment
(internal knee IR moment) was assumed to increase
the mechanical stress by increasing passive forces on
the MM. We found that there were no significant
differences in the internal knee IR moments between
the MM and asymptomatic groups; furthermore, the
internal ER moment and range were decreased (Ta-
ble 2). These facts indicated that, in the MM group,
the knee ER moment was decreased but the passive
moment (internal knee IR moment) did not decrease
sufficiently. Therefore, knee rotational stress increased
relatively. These results agree with those of a previ-
ous study on patients with knee OA [14]. Because
the internal IR moment applies stress to the MM
more passively by the tibial ER relative to thigh IR,
it was assumed that patients in the MM group were
not able to adjust their walking pattern to avoid the
stress. It was initially thought that this finding
might simply be due to reduced activation of the
muscles contributing to the knee IR without a con-
comitant increase in activation of the muscles con-
tributing to the knee ER. However, the constant and
comparable knee angle to the asymptomatic group
at the same time (70–80% of stance phase) negates
this notion.

It was assumed that whether patients with MM
tears feel pain depends on the injured area of the MM.
The inner third of the MM is known as the “white–
white zone” and outer third as the “red–red zone” [3],
[9]. The white–white zone rarely has free nerve end-
ings and arteries, while the red–red zone is rich [7] in

nerve endings and arteries. Progression of MM tears
to the red–red zone will cause knee pain. In the cur-
rent study, we recruited patients who underwent either
partial meniscectomy or repair for their knee pain a few
days after measurement. They may have repeated the
gait patterns with greater knee IR moments (external
ER moment), which may result in progression to pain-
ful conditions.

During the second half of stance, the knee experi-
enced an internal IR moment, the ankle an internal
ER moment, the hip an internal IR moment and the
FM resisted the foot ER. During these moments, the
knee IR moment positively correlated with hip IR
moment in both groups. This meant that the correla-
tion between the knee and hip IR moments was not
a phenomenon specific to the gait of patients with
MM tears. However, the knee IR moment negatively
correlated with the hip ER moment only in the MM
group whereas no correlation was observed in the
asymptomatic group. This result indicated that the
change in gait strategy in the early stance phase af-
fected the late stance phase. Astephen [4] also re-
ported that greater knee IR moment was coupled
with reduced hip ER moment in patients with moder-
ate knee OA during gait. This abnormal relationship
may be a risk of rapid knee OA progression which
may be altered through rehabilitation.

In patients with symptomatic MM tears, Luc-Harkey
[20] reported that weakness of the quadriceps and
hamstring muscles was associated with subjective and
objective clinical features, and patients with weakened
muscles experienced more pain and difficulty while
performing daily activities. Becker [6] and Sturnieks
[29] reported quadriceps muscle weakness after arthros-
copic partial meniscectomy. Magyar [21] reported that
patients who underwent pre-meniscectomy showed
reduced variability in knee and hip motions. Hip and
knee muscle weakness have also been reported in
patients with knee OA [10], [15], [31]. These studies
reported that knee extensor and hip abductor muscle
strength were associated with functional perform-
ance. These reports also implied the presence of knee
and hip muscle weakness was likely in patients with
MM. Moreover, these patients may not have been
able to move their hips to avoid stress induced by
MM because of hip muscle weakness. Since there
were no data on muscle strength in the current study,
further research is needed to assess the relationship
between knee rotational moment and hip muscle
strength.

During the first half of stance, the knee experi-
enced an internal ER moment, the ankle an internal IR
moment, the hip an ER moment and the FM resisted
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the foot IR. The knee ER moment was significantly
lower in the MM group than in the asymptomatic group,
and the knee ER moment correlated with the ankle IR
moment and FM resisting foot IR in the MM group.
The knee ER moment also tended to correlate nega-
tively with the hip IR moment. These results implied
that the MM group avoided exerting the knee ER
moment, and they could not utilize the floor reaction
force for the forward progression of their body using
frictional force. Astephen [4] reported that patients with
moderate knee OA had smaller hip IR moments and
similar knee ER moments in the first half of stance.
This difference may be due to differences in pathol-
ogy or severity. This reduced progression force ap-
peared to be the cause of the slower gait speed and
excessive increase in FM resisting the foot ER in 90–
100% of the gait (Fig. 3a). These phenomena were
compensation strategies for the loss of progression
force. Patients in the MM group might have attempted
to twist their lower limb to create progression force by
externally rotating their hip (by exerting internal hip
IR moment caused by eccentric contraction) and gen-
erating the FM resisting the foot ER within a short
period. This is surmised by the waveform of the hip
moment in 90–100% of the stance phase. However,
this strategy should be avoided because it may also
increase the external knee ER moment. As their pa-
thology worsens, they may tend to reverse the hip IR
moment to ER moment to avoid the rotational stress,
as described in a previous study of patients with mod-
erate knee OA [4].

This study had some limitations. First, the asymp-
tomatic group was not evaluated using MRI, which
means the possibility that they may have had asymp-
tomatic MM tears in their knees cannot be dismissed.
Second, the number of patients in the asymptomatic
group was smaller than that in the MM group. There-
fore, these results should be interpreted carefully.
Third, the MM group may have been affected by the
coexistence of osteoarthritis, which can alter changes
in gait patterns. Finally, only rotational moments during
gait were investigated in the current study, and there
may be other factors resulting in differences between
the MM and asymptomatic groups, such as sagittal or
frontal plane moments or compression force calcu-
lated with finite element analysis. Thus, a more de-
tailed analysis is required. Although there were some
limitations, this study showed the possibility about the
aggravation of the disease condition by the compensa-
tion strategy to produce the force that moves the body
forward. In the rehabilitation approaches, it seems to be
important to reconstruct the body function (such as
strengthen the hip IR and extension muscle) for for-

ward progression of the body without the torsional
movement in terminal stance.

5. Conclusions

We found that patients with MM tears showed a re-
duction in ER moment and that patients may have
avoided utilizing their knee to exert internal ER mo-
ment. However, the external ER moment was not de-
creased and there was a possibility that patients with
MM tears applied external rotational stress to their
MM which may worsen their condition through re-
petitive gait patterns. Moreover, the reduction in knee
moment was accomplished by the reduction in FM and
ankle IR moment. Such compensational movements
cause overload that worsens joint health. These results
provide a detailed understanding of the gait patterns of
patients with MM tears which may be helpful for con-
structing rehabilitation protocols.
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