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Abstract

Background: To assess the geometrical risk factors for meniscal injuries. We hypothesized that the narrowness of the
intercondylar notch and the smaller tibial spine could increase the risk of meniscal injuries.

Methods: We retrospectively studied two hundred and seven patients examined for knee magnetic resonance

images. Two experienced orthopedists evaluated the severity of meniscal injuries. The notch width, bicondylar notch
width, notch width index, condyle width of the femur, tibial spine height, and intercondylar angle were measured in
magnetic resonance image slides by two blinded orthopedists.

Results: A total of 112 patients with a meniscus injury and 95 patients were as healthy control in all two hundred
and seven patients. The NWI (P=0.027) in patients with meniscus injuries was significantly different from the control
group. A 1 SD (0.04 mm) increase in NWI was associated with a 0.4-fold increase in the risk of meniscal injury. A 1 SD
(0.04 mm) increase in NWI was associated with a 0.64-fold increase in the risk of grade 3 meniscal injury. Furthermore,
NWI and medial spine height are decreased significantly in grade 2 (P <0.05) meniscal injury than in other grades. The
medial spine height was significantly decreased in the meniscal injury group (P=0.025), and the decrease in medial
spine height would increase the risk of meniscal injury (OR=0.77) and grade 3 meniscal injury (OR=0.8).

Conclusions: The stenosis of the femoral intercondylar notch and small medial tibial spine is risk factors of meniscal

injury.
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injury. The decreased NWI and the medial tibial spine height were also associated with the severity of the meniscal

Background

The injury of the meniscus is one of the most common
orthopedic issues worldwide. It is commonly seen in ath-
letes with pivoting maneuvers. Sometimes patients per-
forming low-impact sports can also be injured [1].

*Joint first authors: Peixu Wang and Fugiang Gao.

*Correspondence: sun887@163.com; Wei.Sun@Pennmedicine.upenn.edu

! Department of Orthopedics, China-Japan Friendship Hospital, China-Japan
Friendship Institute of Clinical Medicine, Chinese Academy of Medical
Sciences, Peking Union Medical College, Graduate School of Peking Union
Medical College, Beijing 100029, China

Full list of author information is available at the end of the article

B BMC

The meniscus and the anterior cruciate ligament (ACL)
are closely intertwined. The medial meniscus is a sec-
ondary stabilizer to ACL in ACL-deficient knees [2—10].
Patients with ACL deficiency have an abnormality of
anterior tibial translation, increasing the incidence of
meniscal injuries [4—-10].

Geometric characteristics of the knee were widely
studied in patients with ACL injuries [11-16]. Previous
studies have shown the relative parameters can predict
the risk of ACL injuries [14—18]. It was found that the
stenosis of the femoral notch was significantly associated
with ACL injuries [14-16, 19, 20]. Several parameters are
related to the width of the femoral notch [11, 12], such as
the notch width (NW), bicondylar notch width (BCW),
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the notch width index (NWI), condyle width of the
femur, tibial spine height, and intercondylar angle. How-
ever, limited prior studies evaluated the anatomical risk
factors for the injury of the meniscus [21-24].

This study is set out to investigate the relationship
between the anatomical characteristics of the knee and
the meniscal injury using magnetic resonance imag-
ing (MRI) data. We hypothesized that the geometrical
features of the knee such as NW, BCW, NWI, condyle
width, spine height, and intercondylar angle are associ-
ated with the injury of the meniscus.

Methods

Study participants

This study was a retrospective case—control study includ-
ing 207 patients with or without meniscal injury from
January 2015 to January 2020. All patients were diag-
nosed by MR images and confirmed by two experienced
orthopaedists. Patients without any sign of meniscal
injury were included as the control group. The exclud-
ing criteria were as follows: patients with femoral or tibial
fractures, previous surgery of knee or ligaments, deform-
ity of the knee. All participants recorded age, sex, and
with or without ACL injury or rupture. The ethics com-
mittee approved this study of China—Japan Friendship
Hospital.

Measurement of magnetic resonance image

For each participation included, the 1.5 Tesla Knee MRIs
were collected. The thickness of the slides was 4 mm.
DICOM MRI images were viewed and measured using
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OsiriX Software (Pixmeo, Geneva, Switzerland, version
12.0.2).

Two experienced orthopaedists examined meniscal
injuries, and the high signal intensities of the menis-
cus were classified using the three-grade staging system
introduced by Fishcher et al. [25]. Grade 1: A small focal
area limited the high-intensity signal on T2-weighted
images. Grade 2: the high-intensity signal presented as
a linear area but did not extend to the articular surface.
Grade 3: the abnormal signal extended to at least one
articular surface, indicating meniscal injury.

The NW and BCW were measured using the method
introduced by Domzalski et al. [26]. The BCW was meas-
ured at the level of the popliteal grove in a T2-weighted
coronal magnetic resonance image. The line was drawled
from the lateral condyle of the femur, parallel to the joint
line and connected to the distal femoral condyles. The
NW was measured from the most inferior margins of
the borders of the intercondylar notch. Both the width of
the medial and lateral femoral condyle were measured at
the same level (Fig. 1A). The NWI represented the ratio
of NW to the BCW. The height of the tibial spines was
measured on the T2-weighted mid-coronal magnetic res-
onance image, defined as the single slice that presented
the largest area of the tibial spine. The greatest width of
the tibial was chosen if the size of the spine in the two
slices was similar (Fig. 1B). The intercondylar angle was
shaped by two lines from the top of the intercondylar
notch to the most inferior border of the intercondylar
notch at both medial and lateral condyles in proton den-
sity-weighted axial magnetic resonance images (Fig. 1C).

medial and lateral condyles

Fig. 1 A The measurement of NW, BCW, and condyle width on T2 Coronal view of MRI. A line was drawn through the most inferior boarder of the
femoral condyles, and a parallel line was sketched at the level of the popliteal groove. The distance between AB and CD indicated the lateral and
medial femoral condyle width, respectively. The distance between AD denoted as the BCW. The distance between BC represented as the NW. B The
measurement of the height of medial spine on T2 Coronal view of MRI. The height was defined as the distance from the peak of the tibial spine to
the point of the most concave in the tibia. C The intercondylar angle was measured in proton density-weighted axial magnetic resonance images.
The angle was shaped by two lines which are from the top of the intercondylar notch to the most inferior border of the intercondylar notch at both
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All the measurements were made twice by two expe-
rienced orthopedists. The average of each measurement
was calculated.

Statistical analysis

For continuous variables, the normal distribution test
was performed using the Kolmogorov—Smirnov test.
The unpaired ¢-test was used if the variable were to com-
pare the difference between the group of meniscal tears
and the normal group. The one-way analysis of variance
(ANOVA) with post hoc test (LSD) was used to explore
the underlying relationship between the grade of the
meniscal tear and the age, NW, BCW, NWI, the height
of medial spine peak, condyle width, and intercondylar
angle which was presented as mean =+ standard deviation.
For categorical data, Chi-square tests were used to ana-
lyze the relationship of meniscal injuries and the sex, the
number of patients with injury or rupture of ACL, which
presented as amount and proportions. To analyze the
most highly associated factors associated with the menis-
cal injury and the grade of meniscal injury, binary and
ordinal logistic regression with the Enter method were
used. Correlated independents were excluded to avoid
the influence of these independents on the risk of menis-
cal injury or the grade of meniscal injury. The variable
included in the logistic regression were either associated
with the risk of meniscal injury or the grade of meniscal
injury independently or had clinical associations with the
dependent. All data were analyzed using SPSS software,
version 27.0 (SPSS Inc., Chicago, IL). The significance
level for all analyses was set at P<0.05.
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The interclass correlation coefficient (ICC) was calcu-
lated to evaluate the intra- and interobserver reliability.
The ICC value greater than 0.9 was considered excellent,
and a good value was defined between the 0.8 and 0.9
[27].

Results

Patients characteristics

In total, 207 patients were included in this study, 112
patients with the injured meniscus, and 95 patients as
the control group. Among them, 119 were female, and
88 were male, with a mean age of 48.63+15.53. Among
the patients being studied, 59 (32.37%) with an ACL
injury, 45 (21.74%) with ACL rupture were observed in
74 (35.75%) patients (Table 1). The reproducibility of all
the measurements in magnetic resonance images was
excellent, with an average ICC of 0.96 (from 0.91 to 0.99).
Details are shown in Additional file 1: Table S1.

Correlation between the meniscus tear and knee
morphometrics

Compared with the control group, the NWI (P=0.027)
in meniscus injuries patients was significantly different
from that in patients without it. In contrast, there was
no significant difference between the two groups regard-
ing NW (P=0.081), BCW (P=0.574), both medial and
lateral condyle width (P=0.145, P=0.199), and lateral
spine height (P=0.925). Furthermore, meniscal injury’s
medial spine height (P=0.025) was significantly different
from the control group (Table 1). In the binary logistic
regression modeling adjust for gender, age, NW1I, medial

Table 1 Patient characteristics and the difference between the meniscal injury and control groups

Variable Total (n=207) Control group (n=95) Meniscal injury group P value
(n=112)
Gender
Male 88 (63.63%) 38 (40.00%) 50 (44.64%) 0.501
Female 119 (57.49%) 57 (60.00%) 62 (55.35%)
Age, years 486341553 43.18+£14.96 5326+ 1453 <0.001
ACL injury 59 (32.37%) 26 (27.37%) 33 (29.46%) 0.811
ACL rupture 45 (21.74%) 18 (18.95%) 27 24.11%) 0.370
NW, mm 18.7£243 19.02 4231 1843£25 0.081
BCW, mm 68.38 £6.33 68.11+£7.22 68.61+55 0.574
NWI 0.28+0.04 0.28£0.05 0.27 £0.04 0.027
Medial condyle width, mm 23.29+£2.56 23.01£259 23534252 0.145
Lateral condyle width, mm 41.19+£208.17 27.27+£5.62 534283 0.199
Medial spine height, mm 9.74+£142 9.98+1.35 9.54+145 0.025
Lateral spine height, mm 7.58+£1.21 759+£1.22 758+12 0.939
Intercondylar angle, ° 3593+622 355747 36.254+549 0435

ACL anterior cruciate ligament, NW femoral notch width, BCW bicondylar width, NWI notch width index
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condyle width, lateral condyle width, medial spine height,
lateral spine height, and intercondylar angle (Table 2),
five variables were found to be associated with increased
odds of meniscal injury: gender (OR 3.43, 95% CI 1.23—
9.55), age (OR 1.06, 95% CI 1.04-1.09), NWI (OR 0.4,
95% CI 0.2-0.78), medial spine height (OR 0.77, 95% CI
0.61-0.98) and intercondylar angle (OR 1.05, 95% CI
1-1.11). A 1 SD (0.04 mm) increase in NW1I was associ-
ated with reduced risk of meniscal injury (OR 0.4, 95% CI
0.2-0.78).

Correlation between the grade of meniscus injury

and knee morphometrics

The pairwise comparison was performed to identify the
difference between the grades of meniscal injury and
the control group. Significant differences were observed
in age, ACL rupture, NWI, medial condyle width, and
medial spine height (Table 3). All three grades showed
significant differences compared with the control group
regarding the age of patients, respectively. The number of
patients with grade 3 meniscal injury and ACL rupture

Table 2 Associations between knee morphometrics and the risk
of meniscal injury
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was significantly different from grade 1. The NWI in
patients with grade 2 meniscal injury was significantly
lower than that of the control group. No significance was
found among the 3°.

Furthermore, we found significant differences in the
medial condyle width between grade 3 and the control
group and grade 3 and grade 2. In addition, medial spin
height also showed a significant difference between grade
2 and the control group, grade 2 and grade 1, grade 2 and
grade 3, respectively. In the ordinal logistic regression
modeling adjust for gender, age, NWI, medial condyle
width, lateral condyle width, medial spine height, lat-
eral spine height, and intercondylar angle (Table 4), five
variables were found to be associated with an increased
degree of meniscal injury: gender (OR 0.29, 95% CI 0.12—
0.70), age (OR 1.05, 95% CI 0.2-1.05), NWI (OR 0.64,
95% CI 0.46-0.89), lateral condyle width (OR 0.88, 95%
CI 0.78-0.99) and medial spine height (OR 0.8, 95% CI
0.66-0.99). A 1 SD (0.04 mm) increase in NW1I was asso-
ciated with reduced risk of greater grade meniscal injury
(OR 0.64, 95% CI 0.46—0.89). Similar to the results from

Table 4 Associations between knee morphometrics and the
degree of meniscal injury

Variable OR 95% ClI Pvalue Variable OR 95% Cl Pvalue
Gender (male) 343 1.23-9.55 0.018 Gender (male) 0.29 0.12-0.70 0.006
Age, years 1.06 1.04-1.09 <0.001 Age, years 1.05 1.03-1.07 <0.001
NWI (per SD) 04 0.2-0.78 0.007 NWI (per SD) 0.64 0.46-0.89 0.008
Medial condyle width, mm 1.1 091-1.32 0.331 Medial condyle width 1.1 094-13 0216
Lateral condyle width, mm 0.87 0.76-1.01 0.058 Lateral condyle width 0.88 0.78-0.99 0.061
Medial spine height, mm 0.77 0.61-0.98 0.032 Medial spine height 0.8 0.66-0.99 0.037
Lateral spine height, mm 1.01 0.76-1.33 0.964 Lateral spine height 0.99 0.78-1.25 0936
Intercondylar angle, ° 1.05 -1 0.066 Intercondylar angle 1.05 1-1.1 0.055

ACL anterior cruciate ligament, NWI notch width index, OR odds ratio

NWI notch width index, OR odds ratio, C/ confidence interval

Table 3 The difference between three grades of meniscal injury and the control group

Variable Control (n=96) Grade 1 (n=19) Grade 2 (n=50) Grade 3 (n=42)
Gender (male) 38 (39.60%) 10 (52.60%) 16 (32.00%) 24 (57.10%)
Age, years 43341493 51.634£11.95, 55.384+13.06, 51434+£17.17,
ACL injury 27 (28.1%) 2(10.5%) 10 (20%) 16 (38.1%)
ACL rupture 19 (19.8%) 1 (5.3%) 8 (16%) 17 (40.5%),
NW, mm 19.054+232 187+£27 18314252 1837£239
BCW, mm 68.114+7.18 68.93+6.56 68.234+5.03 68.92£5.69
NWI 0.28+0.05 0.27+0.04 0.27+£0.03, 0.2740.04
Medial condyle width, mm 2297+26 2399+26 2288+24 2424239
Lateral condyle width, mm 27.27+£559 26.22+3.68 2634228 26.79+£3.48
Medial spine height, mm 9.98+134 9.98+16 9.144+1.23, 4 9.81+1.54
Lateral spine height, mm 7594121 771£1.15 75+125 763£12

ACL anterior cruciate ligament, NW femoral notch width, BCW bicondylar width, NWI notch width index
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risk factors of meniscus tear, the decrease in age, NWI,
lateral condyle width, and medial spine height could be
associated with a higher degree of meniscal injury since
the ORs of these factors were less than 1.

Discussion
The major discovery of our study was the correla-
tion of the geometrical parameters of the knee and the
meniscal injuries. Specifically, the decrease in NWI and
medial spine height was significantly correlated with the
increased risk of meniscal injury compared with the con-
trol group. Moreover, NWI and medial spine height are
also significantly related to the severity of the meniscal
injury. Although statistical significance was not found in
grade 1 and grade 3 compared with the control group, the
result showed lower NW1I in these two groups. It is worth
noting that although N'W1 is statistically significant lower
compared to the control group, the clinical significance
may not differ so much since the difference of mean
value between two groups was small. This small differ-
ence can also be created by the measurement in MRL
Furthermore, we also confirmed the meniscal injury was
correlated with sex and age. Ordinal regression also veri-
fied the relationship between genders, and age, which is
related to the severity of the meniscal injury. Contrary to
our proposition, NW, BCW, medial and lateral condyle
width, and lateral spine height are not associated with
the risk of meniscal injury. Although these are important
parameters of the knee morphology, out results show that
they are not relevant with respect to the meniscal injury.
The findings of our study reveal that meniscal injury
and its grade were associated with NW and NWI, which
are similar to the conclusions of previous results on
ACL injuries [12, 14]. In 1938, Palmer first recognized
the narrowness of intercondylar was associated with
the ACL injury [28]. Souryal et al. portrayed a method
of measuring the intercondylar width, the NWI on the
plain radiograph [13] and found the correlation between
the stenosis of the intercondylar notch and the injury of
ACL. Previously studies have concluded that the femo-
ral NW and NWI, as two-dimensional parameters, can
effectively evaluate the femoral notch’s size [29]. Previous
studies demonstrated that the stenosis of intercondylar
notch increases the risk of ACL injury [12, 14]. A narrow
space of intercondylar notch tends to house a relatively
small volume ACL. The strength of the ligament was
decreased and consequently led to the predisposition of
ACL injury [19, 20]. As the knee is over-bent or rotated,
a narrow intercondylar notch leads to an impact between
the lateral wall of the femoral intercondylar and ACL.
This phenomenon was more evident when the knee was
externally rotated or at the position of flexion-valgus. As
the impact of ACL harms the fiber bundles, the intensity
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of ACL decreases and prone to be injured [19, 20]. On the
other hand, the correlation between the NW or NWI and
the risk of ACL injury was controversial [12, 30]. Some
studies showed no significant relationship between the
narrow intercondylar notch and the risk of ACL injury
[16, 31]. A meta-analysis conducted by Li et al. showed
the NW was significantly narrower in ACL injury cases,
and the result was consistent with different ethnicity and
sex [32]. However, the NW varies a lot among patients,
and the method used for measurement can generate
discrepancies. NWI can better represent the volume of
the intercondylar notch by excluding the difference in
height, weight, individuals, and measurements. However,
as age increases, the NWI decreases, as Domzalski et al.
reported [26]. With different ethics and measurements,
the cut-off value for NWI reported in previous studies
was different from 0.18 to 0.20 [13, 14, 26].

The tibial spine is located at the center of the tibial
femoral articular surface through weight-bearing activity.
The medial tibial spun has the highest contact pressure
in a load-bearing knee. Previous studies described the
anatomical relationship between the ACL and the tibial
spine [33, 34]. Oka et al. [33] found the anterior part of
the medial tibial spine was attached by the medial margin
of the ACL. A similar result was reported by Tensho et al.
[34] using 3D-CT. They concluded that some ACL fibers
were connected with the medial tibial spine, whereas no
similar connection was found in the lateral tibial spine.
McDonald et al. [35] observed significantly increased
intersegmental load conveyed between the medial femo-
ral condyle and the ipsilateral tibial spine. Levins et al.
[36] also found the morphology of both medial and lat-
eral tibial spine can influence ACL injury. The decrease in
the height of tibial spines leads to the increase in anterior
translation and the internal rotation of the tibia, subse-
quently increasing the strain of ACL and finally leading to
the injury of the ACL [37]. A similar conclusion was also
found by Sturnick et al. [38], and the decreased medial
spine on height males increased the risk of ACL injury.
In contrast, a significant correlation was not observed on
females. Similar to the results from studies in ACL inju-
ries, we found the decrease in medial tibial spine height
can increase the risk of meniscal injuries. And in patients
with grade 2 meniscal injury, the height of the medial tib-
ial spine is significantly decreased compared to another
degree of injury and the control group.

The intercondylar angle was another parameter that
described the intercondylar notch. However, the inves-
tigation of intercondylar angle was poor in ACL-related
papers. Alentorn et al. [17] found the decrease in inter-
condylar angle would increase the risk of ACL injuries,
and they suggested a 50° of cut-off value. The same cut-off
value was accepted by Stein et al. [18], but they found no
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association between the angle and the risk of ACL inju-
ries. Alentorn et al. found the intercondylar notch angle
was significantly narrower in ACL injury patients. There-
fore, they considered the intercondylar angle a more use-
ful parameter for describing the narrow intercondylar
notch [39]. A similar result was concluded by Raja et al.
[40]. In this study, we found intercondylar angle did not
associate with meniscal injury.

Females are more apt to have ACL injuries than males,
and the anatomical structures were different in females
[41]. The results of Wolters et al. [42] showed a narrower
intercondylar notch in women, whereas results from
Eck et al. [43] concluded that there were no differences
in NWI between genders. In addition, the risk of ACL
injury increased with age, as the results from Snoeker
et al. [44]. The difference in age and gender can also be
found in the meniscus injury. The prevalence of menis-
cal injury increased with the age of patients [45]. On
the other hand, the incidence of acute meniscal injury
decreased with age [46]. The difference between gender
in patients with meniscal injury remains controversial. In
athletes, meniscal injury was more easily found in males
than females [47]. In contrast, female athletes have a
higher risk for medial meniscus posterior root tears [48].
Our study found that the number of female patients is
more prominent than male, although no significant dif-
ference was found between the groups and the severity of
the injury. However, the opposite result was found after
being analyzed by different severity of the injury. It may
occur due to the relatively small amount of patients in
each grade of injury and lead to potential bias.

The ACL and meniscus have inseparable correlations
when it comes to the injury of the knee [2—6, 12]. Menis-
cus tears have been reported in 40-82% of ACL tears,
and the medial meniscus was more likely to be injured
compared with the lateral meniscus [45]. Previous stud-
ies considered the medial meniscus also has a restraining
effect on the anterior tibial translation ACL. Shybut et al.
[4] found the tibial translation change increased signifi-
cantly with ACL-deficiency knee, which can lead to the
injury of the meniscus. With the deficient ACL, patients
were prone to have more significant internal rotation,
and the meniscal translation increased compared to in
the intact state [5]. Levy et al. showed that compared to
the lateral meniscus, the medial meniscus has a signifi-
cant posterior wedge effect and is firmly connected to the
tibial plateau with capsular attachments [2]. The anterior
tibial translation insignificantly increased after perform-
ing lateral meniscectomy in an ACL-deficient knee [3].
Similar to the results of Levy et al., multiple prior stud-
ies have concluded the medial meniscus was a secondary
stabilizer to ACL at the process of anterior translation
[8, 9, 12]. After studying cadavers with both lateral and

Page 6 of 8

medial meniscectomies, Musahl et al. [49] found medial
meniscus played a more critical role in restraining the
anterior tibial translation but had no effect on pivot shift.
In comparison, the lateral meniscus exerted its influence
on preventing rotational disability and cannot inhibit
the anterior tibial translation. Arner et al. [5] found that
with the decreased strength of ACL, the lateral menis-
cus had more mobility and was more likely to injure. The
lateral meniscus tears often presented at the acute stage
of ACL injury, whereas the medial meniscus tears were
more likely to develop at the chronic stage. The greater
translation can explain this in the lateral meniscus and
the greater stress conducted to the medial meniscus [6].
On the other hand, the meniscus injury can also harm
the stability of the ACL-deficiency knee. Shybut et al.
[4] found the meniscal posterior root tears can further
decrease the strength of the knee with ACL deficiency.
The underlying mechanism was increased pivot-shift
instability in those with injury of the lateral meniscus.
The position of the meniscus could be altered after ACL
reconstruction, which was reported in multiple studies
[50, 51], and the ACL reconstruction can also restore the
abnormal biomechanics such as meniscal shift [9]. These
findings indicate the injury of the meniscus and the path-
ological extrusion was closely associated with ACL and
can be influenced by the abnormality of the ACL.

Our studies have several limitations. First, our study
measured the notch parameters and the tibial spine on
segments of MRI, which only represent the intercondy-
lar notch dimension at one slice. It cannot fully embody
the overall volume of the intercondylar notch. Although
a previous study found the two-dimensional measure-
ment can effectively evaluate the volume of intercondylar
notch [29], this measurement can lead to potential bias.
However, due to the limitation of technology, the appli-
cation of a three-dimensional measurement is restricted.
Besides, our study was a retrospective case—control
study, and the imaging data were acquired after the
injury. The cause and consequences cannot be elucidated.
For example, in those ACL-injured patients accompa-
nied with meniscal injury, whether the narrowed inter-
condylar notch led to ACL injury first, therefore, led to
meniscal injury or the narrowed intercondylar notch
influenced the ACL and meniscus separately and directly
remained unknown. Moreover, due to the characteristic
of our study, the number of female and male participants
was unequal. The gender difference can lead to different
results in the prevalence of ACL injuries and meniscal
injuries as previously reported [41, 44, 45]. Restricted by
the limited time and resources, our study did not include
the height and weight of subjects. Consequently, the
BMI cannot be calculated. As previously reported, BMI
is a risk factor of meniscal injury [44], and it may have a
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potential influence on our results. Future studies should
take it into consideration. Only Chinese subjects were
included in this study. The potential influence of ethnicity
cannot be analyzed and should be considered in future
studies.

Conclusion

Our study shows that the stenosis of the femoral inter-
condylar notch and small medial tibial spine has an asso-
ciation with the increased risk of meniscal injury. The
decreased NWI and the decreased medial tibial spine
height were associated with the severity of the meniscal
injury.

Abbreviations
ACL: Anterior cruciate ligament; NW: The femoral notch width; BCW: The
bicondylar width; NWI: The notch width index.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513018-022-03380-2.

Additional file 1: Table S1. Intra- and inter-observer reliability of
measurements.

Acknowledgements
Not applicable.

Author contributions

PW and FG draft the manuscript and performed the statistical analysis. WS and
ZL helped to draft the manuscript. PN and SL participated in the design of the
study. LS and TL revised the statistical analysis and the manuscript. XX, XF, XW,
CL and ZL conceived of the study and participated in its design and coordina-
tion. All authors read and approved the final manuscript.

Funding

This study was supported by the National Natural Science Foundation of
China (82072524), the Elite Medical Professionals project of China—Japan
Friendship Hospital (NO.ZRJY2021-GG12), Capital’s Funds for Health Improve-
ment and Research (CFH2018-4-40611), the National Natural Science Founda-
tion of China (81802224, 81672236 and 81871830).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its Additional file 1.

Declarations

Ethics approval and consent to participate

The ethics committee of China—Japan Friendship Hospital approved this study
on January 22,2020, under the identification number 2020-QGW-078. No
consent was obtained from participants for this is a retrospective study, and
participants were anonymized.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

(2022) 17:498

Page 7 of 8

Author details

'Department of Orthopedics, China-Japan Friendship Hospital, China-Japan
Friendship Institute of Clinical Medicine, Chinese Academy of Medical
Sciences, Peking Union Medical College, Graduate School of Peking Union
Medical College, Beijing 100029, China. *Department of Orthopedics, Beijing
Key Laboratory for Immune-Mediated Inflammatory Diseases, China-Japan
Friendship Hospital, Peking Union Medical College, Beijing 100029, China.
3China-Japan Friendship Hospital, Peking University, Beijing 100029, China.
“Department of Orthopaedic Surgery, Perelman School of Medicine, University
of Pennsylvania, Philadelphia, USA.

Received: 4 May 2021 Accepted: 2 November 2022
Published online: 19 November 2022

References

1. Vasta S, Papalia R, Albo E, Maffulli N, Denaro V. Top orthopedic sports
medicine procedures. J Orthop Surg Res. 2018;13(1):190.

2. Levy IM, Torzlli PA, Gould JD, Warren RF. The effect of lateral meniscec-
tomy on motion of the knee. J Bone Joint Surg Am. 1989;71(3):401-6.

3. Levy IM, Torzilli PA, Warren RF. The effect of medial meniscectomy
on anterior—posterior motion of the knee. J Bone Joint Surg Am.
1982,64(6):883-8.

4. ShybutTB, Vega CE, Haddad J, Alexander JW, Gold JE, Noble PC, et al.
Effect of lateral meniscal root tear on the stability of the anterior cruciate
ligament-deficient knee. Am J Sports Med. 2015;43(4):905-11.

5. Arner JW, Irvine JN, Zheng L, Gale T, Thorhauer E, Hankins M, et al. The
effects of anterior cruciate ligament deficiency on the meniscus and
articular cartilage: a novel dynamic in vitro pilot study. Orthop J Sports
Med. 2016;4(4):2325967116639895.

6. Shefelbine SJ, Ma CB, Lee KY, Schrumpf MA, Patel P, Safran MR, et al. MRI
analysis of in vivo meniscal and tibiofemoral kinematics in ACL-deficient
and normal knees. J Orthop Res. 2006;24(6):1208-17.

7. Allen CR,Wong EK, Livesay GA, Sakane M, Fu FH, Woo SL. Importance of
the medial meniscus in the anterior cruciate ligament-deficient knee. J
Orthop Res. 2000;18(1):109-15.

8. Arno S, Hadley S, Campbell KA, Bell CP, Hall M, Beltran LS, et al. The effect
of arthroscopic partial medial meniscectomy on tibiofemoral stability.
Am J Sports Med. 2013;41(1):73-9.

9. McCulloch PC, Shybut TB, Isamaily SK, Durrani S, Gold JE, Noble PC, et al.
The effect of progressive degrees of medial meniscal loss on stability after
anterior cruciate ligament reconstruction. J Knee Surg. 2013;26(5):363-9.

10. Papageorgiou CD, Gil JE, Kanamori A, Fenwick JA, Woo SL, Fu FH. The
biomechanical interdependence between the anterior cruciate liga-
ment replacement graft and the medial meniscus. Am J Sports Med.
2001;29(2):226-31.

11. Hoteya K, Kato Y, Motojima S, Ingham SJ, Horaguchi T, Saito A, et al.
Association between intercondylar notch narrowing and bilateral
anterior cruciate ligament injuries in athletes. Arch Orthop Trauma Surg.
2011;131(3):371-6.

12. Dienst M, Schneider G, Altmeyer K, Voelkering K, Georg T, Kramann B,
et al. Correlation of intercondylar notch cross sections to the ACL size: a
high resolution MR tomographic in vivo analysis. Arch Orthop Trauma
Surg. 2007;127(4):253-60.

13. Souryal TO, Moore HA, Evans JP. Bilaterality in anterior cruciate ligament
injuries: associated intercondylar notch stenosis. Am J Sports Med.
1988;16(5):449-54.

14. Uhorchak JM, Scoville CR, Williams GN, Arciero RA, St Pierre P, Taylor DC.
Risk factors associated with noncontact injury of the anterior cruciate
ligament: a prospective four-year evaluation of 859 West Point cadets.
Am J Sports Med. 2003;31(6):831-42.

15. Lund-Hanssen H, Gannon J, Engebretsen L, Holen KJ, Anda S, Vatten L.
Intercondylar notch width and the risk for anterior cruciate ligament
rupture. A case-control study in 46 female handball players. Acta Orthop
Scand. 1994,65(5):529-32.

16. Shelbourne KD, Davis TJ, Klootwyk TE. The relationship between inter-
condylar notch width of the femur and the incidence of anterior cruciate
ligament tears. A prospective study. Am J Sports Med. 1998;26(3):402-8.


https://doi.org/10.1186/s13018-022-03380-2
https://doi.org/10.1186/s13018-022-03380-2

Wang et al. Journal of Orthopaedic Surgery and Research

20.

21

22.

23.

24.

25.

26.

27.
28.

29.

30.

31

32.

33

34.

35.

36.

37.

Anderson AF, Lipscomb AB, Liudahl KJ, Addlestone RB. Analysis of the
intercondylar notch by computed tomography. Am J Sports Med.
1987;15(6):547-52.

SteinV, Li L, Guermazi A, Zhang Y, Kent Kwoh C, Eaton CB, et al. The
relation of femoral notch stenosis to ACL tears in persons with knee
osteoarthritis. Osteoarthr Cartil. 2010;18(2):192-9.

Everhart JS, Flanigan DC, Simon RA, Chaudhari AM. Association of
noncontact anterior cruciate ligament injury with presence and thickness
of a bony ridge on the anteromedial aspect of the femoral intercondylar
notch. Am J Sports Med. 2010;38(8):1667-73.

Fung DT, Hendrix RW, Koh JL, Zhang LQ. ACL impingement predic-

tion based on MRI scans of individual knees. Clin Orthop Relat Res.
2007;460:210-8.

Gaillard R, Magnussen R, Batailler C, Neyret P, Lustig S, Servien E. Anatomic
risk factor for meniscal lesion in association with ACL rupture. J Orthop
Surg Res. 2019;14(1):242.

Bozkurt M, Unlu S, Cay N, Apaydin N, Dogan M. The potential effect of
anatomic relationship between the femur and the tibia on medial menis-
cus tears. Surg Radiol Anat. 2014;36(8):741-6.

Davies-Tuck ML, Wluka AE, Teichtahl AJ, Martel-Pelletier J, Pelletier JP,
Jones G, et al. Association between meniscal tears and the peak external
knee adduction moment and foot rotation during level walking in post-
menopausal women without knee osteoarthritis: a cross-sectional study.
Arthritis Res Ther. 2008;10(3):R58.

Suganuma J, Mochizuki R, Yamaguchi K, Inoue Y, Yamabe E, Ueda ¥, et al.
Cam impingement of the posterior femoral condyle in medial meniscal
tears. Arthroscopy. 2010;26(2):173-83.

Fischer SP, Fox JM, Del Pizzo W, Friedman MJ, Snyder SJ, Ferkel RD.
Accuracy of diagnoses from magnetic resonance imaging of the knee. A
multi-center analysis of one thousand and fourteen patients. J Bone Joint
Surg Am. 1991;73(1):2-10.

Domzalski M, Grzelak P, Gabos P. Risk factors for anterior cruciate ligament
injury in skeletally immature patients: analysis of intercondylar notch
width using magnetic resonance imaging. Int Orthop. 2010;34(5):703-7.
Landis JR, Koch GG. The measurement of observer agreement for cat-
egorical data. Biometrics. 1977,33(1):159-74.

Palmer I. On the injuries to the ligaments of the knee joint: a clinical
study. Clin Orthop Relat Res. 2007;454:17-22.

Van Eck CF, Martins CA, Kopf S, Lertwanich P, Fu FH, Tashman S. Correla-
tion between the 2-dimensional notch width and the 3-dimensional
notch volume: a cadaveric study. Arthroscopy. 2011;27(2):207-12.

LiH, Zeng C,Wang Y, Wei J, Yang T, Cui Y, et al. Association between
magnetic resonance imaging-measured intercondylar notch dimen-
sions and anterior cruciate ligament injury: a meta-analysis. Arthroscopy.
2018;34(3):889-900.

Lombardo S, Sethi PM, Starkey C. Intercondylar notch stenosis is not a risk
factor for anterior cruciate ligament tears in professional male basketball
players: an 11-year prospective study. Am J Sports Med. 2005;33(1):29-34.
LiZ, Li C, Li L, Wang P. Correlation between notch width index assessed
via magnetic resonance imaging and risk of anterior cruciate ligament
injury: an updated meta-analysis. Surg Radiol Anat. 2020;42(10):1209-17.
Oka S, Schuhmacher P, Brehmer A, Traut U, Kirsch J, Siebold R. Histologi-
cal analysis of the tibial anterior cruciate ligament insertion. Knee Surg
Sports Traumatol Arthrosc. 2016;24(3):747-53.

Tensho K, Shimodaira H, Aoki T, Narita N, Kato H, Kakegawa A, et al. Bony
landmarks of the anterior cruciate ligament tibial footprint: a detailed
analysis comparing 3-dimensional computed tomography images to
visual and histological evaluations. Am J Sports Med. 2014;42(6):1433-40.
McDonald LS, Boorman-Padgett J, Kent R, Stone K, Wickiewicz TL, Pearle
AD, et al. ACL deficiency increases forces on the medial femoral condyle
and the lateral meniscus with applied rotatory loads. J Bone Joint Surg
Am. 2016;98(20):1713-21.

Levins JG, Argentieri EC, Sturnick DR, Gardner-Morse M, Vacek PM, Tour-
ville TW, et al. Geometric characteristics of the knee are associated with a
noncontact ACL injury to the contralateral knee after unilateral ACL injury
in young female athletes. Am J Sports Med. 2017;45(14):3223-32.

Vacek PM, Slauterbeck JR, Tourville TW, Sturnick DR, Holterman LA, Smith
HC, et al. Multivariate analysis of the risk factors for first-time noncontact
ACL injury in high school and college athletes: a prospective cohort
study with a nested, matched case-control analysis. Am J Sports Med.
2016;44(6):1492-501.

(2022) 17:498

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

Page 8 of 8

Sturnick DR, Argentieri EC, Vacek PM, DeSarno MJ, Gardner-Morse MG,
Tourville TW, et al. A decreased volume of the medial tibial spine is associ-
ated with an increased risk of suffering an anterior cruciate ligament
injury for males but not females. J Orthop Res. 2014;32(11):1451-7.
Alentorn-Geli E, Pelfort X, Mingo F, Lizano-Diez X, Leal-Blanquet J, Torres-
Claramunt R, et al. An evaluation of the association between radiographic
intercondylar notch narrowing and anterior cruciate ligament injury in
men: the notch angle is a better parameter than notch width. Arthros-
copy. 2015;31(10):2004-13.

Raja B, Marathe N, Desai J, Dahapute A, Shah S, Chavan A. Evaluation of
anatomic risk factors using magnetic resonance imaging in non-contact
anterior cruciate ligament injury. J Clin Orthop Trauma. 2019;10(4):710-5.
Hosseinzadeh S, Kiapour AM. Sex differences in anatomic features linked
to anterior cruciate ligament injuries during skeletal growth and matura-
tion. Am J Sports Med. 2020;48(9):2205-12.

Wolters F, Vrooijink SH, Van Eck CF, Fu FH. Does notch size predict ACL
insertion site size? Knee Surg Sports Traumatol Arthrosc. 2011;19(Suppl
1):517-21.

van Eck CF, Martins CA, Lorenz SG, Fu FH, Smolinski P. Assessment of
correlation between knee notch width index and the three-dimensional
notch volume. Knee Surg Sports Traumatol Arthrosc. 2010;18(9):1239-44.
Snoeker BA, Bakker EW, Kegel CA, Lucas C. Risk factors for meniscal tears:
a systematic review including meta-analysis. J Orthop Sports Phys Ther.
2013/43(6):352-67.

Gee SM, Tennent DJ, Cameron KL, Posner MA. The burden of meniscus
injury in young and physically active populations. Clin Sports Med.
2020;39(1):13-27.

Clayton RA, Court-Brown CM. The epidemiology of musculoskeletal
tendinous and ligamentous injuries. Injury. 2008;39(12):1338-44.

Stanley LE, Kerr ZY, Dompier TP, Padua DA. Sex differences in the
incidence of anterior cruciate ligament, medial collateral ligament,

and meniscal injuries in collegiate and high school sports: 2009-2010
through 2013-2014. Am J Sports Med. 2016;44(6):1565-72.

Bhatia S, LaPrade CM, Ellman MB, LaPrade RF. Meniscal root tears: signifi-
cance, diagnosis, and treatment. Am J Sports Med. 2014;42(12):3016-30.
Musahl V, Citak M, O'Loughlin PF, Choi D, Bedi A, Pearle AD. The effect of
medial versus lateral meniscectomy on the stability of the anterior cruci-
ate ligament-deficient knee. Am J Sports Med. 2010;38(8):1591-7.
Furumatsu T, Kodama Y, Kamatsuki Y, Hino T, Okazaki Y, Ozaki T. Meniscal
extrusion progresses shortly after the medial meniscus posterior root
tear. Knee Surg Relat Res. 2017;29(4):295-301.

Kashihara N, Furumatsu T, Kodama Y, Tanaka T, Ozaki T. Concurrent lateral
meniscal repair with anterior cruciate ligament reconstruction induces
the extrusion of the lateral meniscus: assessments of magnetic resonance
images. Acta Med Okayama. 2016;70(6):441-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Morphometric characteristics of the knee are associated with the injury of the meniscus
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study participants
	Measurement of magnetic resonance image
	Statistical analysis

	Results
	Patients characteristics
	Correlation between the meniscus tear and knee morphometrics
	Correlation between the grade of meniscus injury and knee morphometrics

	Discussion
	Conclusion
	Acknowledgements
	References


