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Background
Patients with medial knee osteoarthritis (OA) have 
medial knee pain, which is symptomatic under dynamic 
conditions, such as walking. Additionally, knee pain is 
known to be associated with abnormal mechanical stress 
according to the pathological structure [1].

The meniscus plays a role in the distribution of load-
ing stress and its function is known as the hoop func-
tion. However, the meniscus gradually shows tears and 
degeneration due to pathological conditions. A medial 
meniscus extrusion (MME) presents according to the 
pathological changes in the meniscus and leads to 
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Abstract
Background In the dynamic condition, knee osteoarthritis (OA) usually presents with pain. In the weight-bearing 
condition, a medial meniscus extrusion (MME) may cause severe symptoms and pathological progression. However, 
the correlation between a dynamic MME and pain has not been elucidated. Now, an MME can be evaluated under 
dynamic conditions and reflect the characteristics of symptomatic knee OA. This study investigated MMEs during 
walking and their correlation with knee pain.

Methods Thirty-two symptomatic patients with knee OA (mean age, 60.5 ± 9.9 years) were enrolled in this study. The 
medial meniscus was evaluated using ultrasonograms during walking, and in the static supine and unipedal standing 
positions, as dynamic and static conditions, respectively. The ΔMME (the difference between the maximum and 
minimum MMEs) was obtained in each condition. The intensity of the knee pain during walking was measured by the 
visual analog scale (VAS).

Results The ΔMME in the dynamic condition was significantly higher than that in the static condition (P < 0.01). There 
was a significant correlation between VAS and ΔMME only in the dynamic condition.

Conclusions The dynamic evaluation is a valid tool for understanding the mechanisms of knee pain and the 
behavior of the medial meniscus in symptomatic knee OA.
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increased contact pressure on the tibiofemoral joint of 
the knee [2–4]. The behavior of an MME under loading 
stress is a feature of knee OA and its reaction indicates 
the loss of hoop function according to the abnormal 
mechanical stress [5, 6]. The behavior of an MME is a 
potential target factor for the detection of mechanical 
stress, while its correlation with knee pain remains con-
troversial [7–9].

Ultrasonography can be used to observe the behavior of 
the meniscus under different conditions [6, 8, 9]. In sev-
eral previous studies, static evaluations, i.e. the difference 
in the MME between supine and standing positions, were 
used to calculate meniscus behavior [8–12]. However, 
the amount of mechanical stress depends on movement, 
such as standing and walking. A previous study reported 
that the static condition has poor mechanical stress com-
pared with that under dynamic conditions, such as walk-
ing [13]. This indicated that the static evaluation might 
underestimate the reaction of the meniscus in the daily 
activities of life. The meniscus has been observed recently 
during walking. The behavior of the MME in patients 
with knee OA was evaluated using ultrasonography with 
a specific probe [14]. This dynamic evaluation might 
provide more information about the mechanism of knee 
pain according to the pathological structure.

This study aimed to investigate the MME during walk-
ing and its correlation with knee pain. We hypothesized 
that the dynamic evaluation of the behavior of the MME 
would yield more information compared to that of the 
static evaluation, as reflected by knee pain.

Methods
Participants
From April 2020 to July 2022, 43 participants diagnosed 
with primary knee OA were enrolled. The inclusion cri-
teria were as follows (1): the ability to walk without any 
support, (2): knee pain in a medial compartment of 
the knee during daily activity for at least 3 months (3): 
age＞40 years, (4): magnetic resonance imaging (MRI). 
Their knee OA severity and lower limb alignment were 
determined radiographically using the Kellgren–Law-
rence (K/L) score and femorotibial angle (FTA). The 
exclusion criteria were as follows (1): history of surgical 
treatment, trauma, or neurological disorder, (2): valgus 
knee alignment (FTA＜174), (3): severe knee OA (K/L 
stage = 4), (4): corticosteroid or platelet-rich plasma injec-
tions in the last 6 months.

Finally, thirty-two participants with unilateral or bilat-
eral tibiofemoral knee OA (mean age, 60.5 ± 9.9 years; 
males, n: 13) were involved in this cross-sectional study. 
The knee with the most intense pain and greatest severity 
was chosen if the participant had bilateral knee OA.

Ethics statement
This study was approved by the Ethical Committee for 
Epidemiology of the University (Approval Number: 
E449-4). The study was conducted in accordance with the 
Declaration of Helsinki.

Evaluation of the meniscus quality
The menisci tears and locations were evaluated using 
the MRI images obtained 3 months after the first 
consultation.

At least two consecutive images that revealed a com-
municated signal intensity line or its extension into the 
intra-meniscal area were needed to confirm an abnormal 
meniscus. The types of tears were divided according to 
the method used in previous studies [2, 15]. Horizontal 
tears were defined as linear signals into the meniscus 
separating the upper and lower parts of the meniscus. 
Longitudinal tears were defined as vertical lines parallel 
to the circumferential meniscus. Two or more tears were 
categorized as complex tears.

In particular, a medial meniscus posterior root tear 
(MMPRT) was defined as a radial tear located in the pos-
terior root section. It has been described as the ghost 
sign or giraffe neck sign in previous studies [16, 17].

Ultrasound evaluation of the meniscus
Based on previous studies [8, 14], the evaluation of the 
medial meniscus was performed under dynamic and 
static conditions. The ultrasound device (SNiBLE, KON-
ICA MINOLTA, Japan), with a novel 3–11 MHz special 
linear-array transducer, was used to evaluate the extruded 
meniscus. The longitudinal transducer was placed over 
the medial joint space and the triangular medial menis-
cus appeared as an echogenic structure between the 
medial femoral condyle and the tibial plateau. The cho-
sen landmark on the image was clear visualization of the 
boundary between the medial meniscus and the medial 
collateral ligament.

In the dynamic condition, the transducer was attached 
with a flexible band which allowed knee flexion and 
comfortable walking. The image during walking was 
recorded in video mode with a sampling rate of 30  Hz. 
This ultrasonography measurement was demonstrated 
with a motion analysis system, including motion cap-
ture and force plate, simultaneously (Fig.  1). Kinovea 
software (v0.8.15; Kinovea open source project, www.
kinovea.org) was used to adjust the data with different 
sampling frequencies. Based on a previous study [18], the 
strain on the ultrasonography image and the peak value 
of sum acceleration in each plane were determined as 
the starting points when the examiner touched a dummy 
marker on the specific transducer. Moreover, a motion 
video camera (Bonita, Vicon, USA) with a sampling rate 
of 100 Hz recorded these processes to confirm whether 

http://www.kinovea.org
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the timing of starting points matched those of the actual 
actions. This method was shown to be highly reliable in a 
previous study [18], in which the intraclass and interclass 
correlation coefficients (ICC 1,3 and ICC 2,3) were 0.89 
and 0.78, respectively.

Under static conditions, the transducer was operated 
and fixed by the examiner’s hands to adjust for appropri-
ate images in different positions, which were based on 
the previous study [6]. This process demonstrated two 
positions, supine, and unipedal standing, and the images 
were recorded three times in each position.

Gait analyses
The kinematic data and the ground reaction force (GRF) 
during walking were obtained by a three-dimensional 
motion analysis system (VICON612; Vicon Motion Sys-
tems, Oxford, UK) with sixteen cameras (Vicon Motion 
Systems), and eight force platforms (AMTI, Watertown, 
Mass). The sampling rates were 100 and 1000 Hz as cam-
eras and force platforms, respectively. The cameras were 
calibrated to minimum error and to determine the ori-
entation axis. According to the Plug-in-Gait Marker Set 
(Plug-in-Gait, Vicon® Peak; Vicon Motion Systems), pas-
sive reflex markers were placed on landmarks of the bod-
ies of participants. They were then instructed to walk for 
5 m at a comfortable speed at three different times.

On data analysis, the 4th order low pass Butterworth 
filter with a cutoff frequency of 6 Hz (Vicon® Peak; Vicon 
Motion Systems) was used to filter the raw data. The 
knee adduction moment was adopted as an indicator 
of mechanical stress in the medial compartment of the 
knee. Additionally, the walking speed and cadence were 
calculated by anterior-posterior coordinates on their 
heel markers. These data were selected as a single stance 
phase in the gait cycle, which was identified from heel-
contact to toe-off on the ipsilateral leg. These gait events 
were determined by the threshold of vertical GRF 10 N.

Assessment of knee pain
We evaluated the intensity of the knee pain during walk-
ing using the visual analog scale (VAS), where a high 
value represented severe pain. The evaluation was per-
formed immediately after the participants finished 
walking.

Calculation of the medial meniscus extrusion
The MME was defined as the distance between the cor-
tex of the medial tibial plateau and the outermost edge of 
the medial meniscus, according to a previous study [12] 
(Fig. 2) and was calculated using Kinovea software.

In the dynamic condition, around 20 images were 
obtained for a trial, and the minimum and maximum 
MMEs from these images were determined. Additionally, 
the ΔMME was defined as the difference between the 

Fig. 2  Representative images of the extruded menisci. F: femur, T: tibia, 
M: medial meniscus, MCL: medial collateral ligament. The dashed line and 
arrow show the cortex of the medial tibial plateau and the distance as the 
value of the medial meniscus extrusion

 

Fig. 1  The combination of the ultrasonography and motion analysis systems
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minimum and maximum MME in the images (Fig. 3A,B). 
Moreover, it made the waveform of meniscus extrusion 
during walking from the continual values of the MME 
and was time-normalized to the 101 data points of a sin-
gle stance phase. The timing of the peak in waveform was 
detected in each participant (Fig. 3B).

In contrast, in the static condition the MME was 
acquired from supine and unipedal standing positions 
(Fig. 4). The values of the MMEs in the supine and uni-
pedal standing positions were adopted for comparison 
with the minimum and maximum MMEs in the dynamic 
condition. The ΔMME was defined as the difference 
in the MME between the supine and unipedal standing 

positions. The representative value was the average value 
from three measurements and was used for statistical 
analyses.

Statistical analysis
For comparing the conditions, the mean values of the 
minimum and maximum MMEs were calculated by two-
way factorial analysis of variance with repeated measures 
in each condition. Moreover, the ΔMME was compared 
using the Wilcoxon signed-rank test. MMPRT directly 
led to the destruction of the menisci hoop function and 
the presence of MMPRT was used to create subgroups. 
To compare the demographic data, knee pain, knee 
adduction moment, MME, and ΔMME for the MMPRT 
subgroups, the Mann–Whitney U Test was performed. 
Pearson’s or Spearman’s correlation methods were used 
to determine the correlation with knee pain in each con-
dition or subgroup, respectively. Statistical analyses were 
performed using SPSS (v23, IBM, USA), and the critical 
value for significance was set at P < 0.05.

Moreover, the power analysis was performed by 
G*power, and showed a power of 0.88 to detect signifi-
cant correlations between knee pain and ΔMME with the 
current sample size.

Fig. 4  Representative images of the extruded menisci in different static 
positions. Supine (A) and unipedal standing (B) and it calculates the ∆MME 
(0.7 mm)

 

Fig. 3  Representative images of the extruded meniscus during the stance phase of the single gait cycle. * and ** show the images of minimum and 
maximum meniscus extrusion during walking (A). The representative waveform of meniscus extrusion during walking (B). The waveform was constructed 
by the sequenced value of meniscus extrusion in about 20 images and was shown time-normalized to the 101 data points of a single stance phase. The 
arrow shows ∆MME (1.6 mm)
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Results
Participant demographic data and meniscus quality
The participants had mild and moderate knee OA with 
varus alignment. The demographic data are summarized 
in Table 1.

An abnormal medial meniscus was confirmed in 30 
(94%) knees of patients with OA through MRI. The type 

of meniscus tear and the complexity were analyzed and 
15 (47%) had complex tears in this study. In contrast, 
MMPRT was present in eight (25%). In terms of location, 
the abnormal sections were approximately equal except 
for the middle section, which was less frequent (Table 2).

Comparison of MME and ΔMME for static and dynamic 
conditions
There was no significant difference in the mini-
mum MME for both conditions (static: 4.2 ± 1.9  mm, 
dynamic: 4.1 ± 2.0  mm). However, in the dynamic con-
dition, the maximum MME was significantly higher 
than that in the static condition (static: 4.9 ± 2.2  mm, 
dynamic: 5.6 ± 2.4  mm; P < 0.05) (Fig.  5A). Additionally, 
the ΔMME in the dynamic condition was significantly 
higher than that in static condition (static:0.7 ± 0.6  mm, 
dynamic:1.5 ± 0.8 mm; P < 0.01) (Fig. 5B).

Walking parameters and dynamic MME
The walking speed and cadence were 0.88 ± 0.13 m/s and 
108.1 ± 10.6 step/min.

The MME during walking gradually increased in the 
stance phase, and the peak-timing of MME (maximum 
MME) was 70.8 ± 18.8%, which showed mid to late in the 
stance phase of the gait cycle.

Correlations between knee pain, biomechanical data, and 
ΔMME in each condition
The mean value of pain on the VAS was 37.9 ± 22.7 mm. 
The first and second moment peaks of knee adduction 
were 0.5 ± 0.2 and 0.4 ± 0.2 Nm/kg and peak timings were 
30.4 ± 5.8 and 69.9 ± 6.2% in the stance phase of the gait 
cycle.

Table 1 Demographic data of the participants
Knee OA MMPRT no-MMPRT P

N / knees 32 / 32 8 / 8 24 / 24

 K/L (I, II, III) 4, 17, 11 2, 4, 2 2, 13, 9

Sex (M: F) 13: 19 2: 6 11: 13

Age (years) 60.5 ± 9.9 62.1 ± 6.8 60.0 ± 10.6 0.53

BMI (kg/m²) 24.4 ± 3.2 25.2 ± 2.7 24.2 ± 3.3 0.4

FTA (°) 179.8 ± 3.4 178.7 ± 3.4 180.1 ± 3.3 0.33
 K/L, Kellgren-Lawrence grade; BMI, Body mass index; FTA, femorotibial angle; 
MMPRT, medial meniscus posterior root tear. Values represent means ± standard 
deviations. The P-value shows the difference between the groups with and 
without MMPRT.

Table 2 Type and location of meniscal tears from MRI
Type of tear n = 32
Normal intensity 2 (6)

Longitudinal tear 2 (6)

Horizontal tear 5(16)

Complex tear 15 (47)

MMPRT 8 (25)

Location of tear n = 30
Middle 3 (10)

Middle to posterior 9 (30)

Posterior 10 (33)

Posterior root 8 (27)
Values represent n (%). MMPRT, medial meniscus posterior root tear

Fig. 5  Comparison of the MME and ΔMME in each condition. MME (A) and ΔMME (B). MME, medial meniscus extrusion; ΔMME, the difference in MME 
between maximum and minimum within the condition. The MMEs in the supine and unipedal standing positions were adopted for comparison with 
the minimum and maximum. Values represent means ± standard deviations. * shows the significant differences between groups or conditions (P < 0.05)
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In the static condition, no significant correlations 
between ΔMME and VAS and knee adduction moments 
were observed (Table 3). In contrast, in the dynamic con-
dition, the ΔMME had significant positive correlations 
with VAS (r = 0.55; P < 0.01) and the second knee adduc-
tion moment peak (r = 0.44; P < 0.05) (Table 3). However, 
there was no correlation between VAS and the knee 
adduction moment peak.

Comparison between the ΔMME under the dynamic 
condition for the MMPRT subgroup
There were no significant differences in the demographic 
data, VAS, or the minimum and maximum MMEs for 
the subgroups (Tables  1 and 4). However, the ΔMME 
was significantly lower than that in the no-MMPRT sub-
group (MMPRT:1.1 ± 0.4  mm, no-MMPRT:1.7 ± 0.9  mm; 
P < 0.05) (Table 4).

The VAS had significant positive correlations with 
ΔMME in both subgroups (MMPRT: r = 0.78, P < 0.05, 
no-MMPRT: r = 0.54, P < 0.01).

Discussion
Our study demonstrated that the behavior of the MME 
in the dynamic evaluation was higher than that in static 
evaluation, and that the behavior of the MME was corre-
lated with knee pain in patients with mild to moderately 
severe knee OA.

Our data revealed that the ΔMME in dynamic evalua-
tion correlated with the pain VAS score, but that in static 
evaluation did not. Additionally, the dynamic evalua-
tion detected sensitive knee pain according to menisci 
disfunction and supported our hypothesis. Knee pain 
often presents in dynamic situations, and depends on 
the mechanical stress in the knee. A previous study 

compared mechanical stress in the knee between static 
and dynamic conditions. They concluded that the 
mechanical stress during walking was 2–3 times higher 
than that experienced during static standing [13]. Addi-
tionally, the behavior of the MME also depends on the 
amount of mechanical stress in the medial compartment 
of the knee [6, 18–21]. In this study, the maximum MME 
evaluated during walking was higher than that in uni-
pedal standing, and the peak-timing of MME was simi-
lar to that in the adduction moment of the second knee. 
This correlated significantly with the ΔMME. The results 
of these previous studies, combined with our results, 
explains the plausible correlation between knee pain and 
the behavior of the MME according to mechanical stress 
on the medial compartment in the dynamic condition.

For patients with MMPRT, there was no difference in 
the value of the MME itself; the ΔMME indicated that the 
behavior of the MME was lower than that in no-MMPRT. 
The MMPRT is known to directly lead to the destruction 
of the menisci hoop function and is one of the factors 
for worsening of the MME [22–24]. However, its value 
of MME directly depends on the severity of the knee OA 
[6, 25]. Our study included several participants in differ-
ent K/L stages, and it might explain the masking effect of 
the type of meniscus tear on the MME itself. However, 
the behavior of the MME reflects the destruction of the 
hoop function and its extreme reaction often presents in 
patients with knee OA [26–28]. Karpinski et al. reported 
on menisci behavior in MMPRT. Their results showed 
that patients with MMPRT presented with poor menis-
cus behavior. This is indicative of an absent hoop reaction 
due to destruction of the meniscus structure [29]. The 
behavior of the MME in knee OA is different with and 
without MMPRT. In this study, MMPRT was strongly 
correlated with knee pain compared to its absence. 
Therefore, in cases with absent menisci hoop function, 
the behavior of the MME may demand extreme work for 
a meniscus and is a feature of symptomatic knee OA.

Interestingly, our data showed that knee pain was 
correlated with ΔMME, but not in the second moment 
peak which had similar peak-timing and correlation 
with ΔMME. Typically, the ΔMME reflects the instabil-
ity of the meniscus when loading stress [30]. Moreover, 
greater ΔMME is a feature of early progression of knee 
OA and the intensity of knee pain according to the bone 
marrow lesion, in which the behavior of the MME is a 
critical indicator of the contact pressure in the tibio-
femoral joint in the knee [6, 8, 27, 28]. In contrast, the 
knee adduction moment is known to be the mechanical 
stress on the medial compartment of the knee [31, 32]. 
The knee adduction moment is not a direct indicator of 
contact pressure in the medial compartment if the partic-
ipant has a pathological meniscus. Often no relationship 
is seen between changes in the knee adduction moment 

Table 3 Correlations between ΔMME in each condition
Static Dynamic

VAS 0.22 0.55*

First knee adduction moment 0.07 0.21

Second knee adduction moment 0.29 0.44*
ΔMME, is the difference in medial meniscus extrusion between the maximum 
and minimum within the condition. VAS, visual analog scale. Values represent 
a correlation coefficient with ΔMME and * is the significant correlation (P < 0.05)

Table 4 Comparison between VAS, MME, and ΔMME during 
walking in the MMPRT subgroups

MMPRT no-MMPRT P
VAS (mm) 35.0 ± 23.8 37.1 ± 22.7 0.83

Minimum MME (mm) 3.6 ± 1.1 4.2 ± 2.1 0.31

Maximum MME (mm) 4.7 ± 0.9 5.9 ± 2.6 0.085

ΔMME (mm) 1.1 ± 0.4 1.7 ± 0.9 0.035
MMPRT, medial meniscus posterior root tear; VAS, visual analog scale; MME, 
medial meniscus extrusion; ΔMME, the difference in medial meniscus extrusion 
between maximum and minimum during walking. The values represent the 
means ± standard deviations. The P-value shows the difference between the 
with and without MMPRT groups
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and knee pain after interventions [33–35]. In this study, 
our data also showed that the knee adduction moment 
had no correlation with knee pain, and that there was 
only a small correlation with ΔMME. Therefore, these 
results, and those of previous studies, show that the knee 
adduction moment itself might not directly explain knee 
pain that depends on contact pressure.

However, sensitive detection of true mechanical stress 
is important for knee OA. In a previous study, mechani-
cal stress was measured during walking, on the other 
hand the behavior of the menisci were measured static 
condition [6]. Therefore, intraarticular tissue reaction 
upon mechanical stress is difficult to be evaluated and 
the mechanism of knee pain remains not elucidated. The 
dynamic ultrasound technique can demonstrate time 
synchronized ultrasound with three-dimensional motion 
analysis and provide real-time information of the intraar-
ticular tissue response to mechanical stress. Interestingly, 
tissue response upon mechanical stress were different in 
each patient with knee OA. Of note, it was demonstrated 
that the type of meniscal tear affect behavior of menis-
cus. Therefore, evaluation of meniscal behavior during 
walking with dynamic ultrasound technique may help 
understand the mechanism of knee pain and patients 
status. In addition, it may also useful to evaluate the effi-
cacy of interventions, such as lateral wedge insoles [12], 
high tibia osteotomy [36], and root repair [37], which are 
based on evidence that they reduce knee pain by control-
ling MME or knee adduction moments.

The present study had several limitations. First, we 
cannot indicate that the behavior of the meniscus causes 
painful knees because of the cross-sectional nature of 
the study. Future studies need to confirm the correlation 
between knee pain and the behavior of the meniscus in 
a longitudinal design. Second, we did not have a control 
group with patients with asymptomatic knee OA to com-
pare the MME and behavior of the meniscus. Third, we 
did not have a sufficient number of patients in the sub-
groups. This may lead to insufficient analysis as it did 
not show the cut off value and the effect of the type of 
MMPRT on the behavior of the meniscus [38]. A further 
longitudinal study is needed with a control group and 
inclusion of a large sample of patients with MMPRT.

Conclusion
The conventional static evaluation could underestimate 
the response to loading stress onto the meniscus. The 
dynamic approach may be a valid evaluation tool for 
understanding the mechanism of knee pain and sensi-
tively detecting the features of symptomatic knee OA.
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