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Abstract

Purpose The studies of the relationship between anterior cruciate ligament (ACL) injury and notch size were in 2-D parameters in
Han Chinese, the largest nation in the world, while few studies referred to the 3-D notch volume. The purpose of this study was to
determine the differences in notch volume between individuals with and without ACL injuries and the optimal criterion value for
abnormal notch volume and its sensitivity in predicting the risk of ACL injuries.

Methods Two hundred eighty individuals were included in this study, including 140 patients with non-contact sports ACL
injuries only and 140 age- and gender-matched individuals without ACL injuries. Both groups underwent pre-operative knee
MRI examinations and femoral notches were traced manually on 2-D MRI images, then 3-D notch volume was calculated.
Results The notch volume was extremely smaller in the ACL-injured group than that in the control group (5.94 +1.35 versus
6.86+1.61 cm’, P<0.001). The notch volume below 6.99 cm® in males and 5.63 cm® in females meant being prone to ACL
injuries. Females tend to have smaller notch volume than males (5.53 +£0.93 versus 7.28 +1.55 cm’, P<0.001). The notch
volume was in moderate correlation with the body height and weight and in weak correlation with the BMI but in no correlation
with the age.

Conclusions In Chinese Han adults, the notch volume was significantly smaller in the ACL-injured individuals than in the ACL-
intact ones, it was smaller in females than the males and it was correlated with the body height, weight and the BMI.

Level of evidence Level 111, case-control study.

Keywords Femoral notch - Volume - ROC curve - ACL injury - MRI

Introduction with a high risk of ACL injury has been clarified [2]. The ACL
becomes tight to prevent tibial plateau moving ahead in full
extension, while it is stretched over the inner side of the lateral
femoral condylar in flexion [3, 4]. It may impinge on the inner
side of the lateral femoral condylar when receiving anterior shear
forces or tibial rotation [5], which would cause an ACL injury.
Although many studies have proved that a narrower femo-

ral notch leads to increased risk of an ACL injury, the evalu-

The relationship between ACL injury and femoral notches was
first described in 1938 [1], and now, a stenotic notch associated
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ation standards were varied, including the notch width index
(NWI), the notch width (NW), the intercondylar angle and the
tibial plateau slope [1, 6-10]. However, the results could not
reach a consistency, perhaps because all of these parameters
are based on 2-dimensional (2D) images, which cannot de-
scribe the 3-dimensional (3D) space configuration of the notch
or evaluate the size perfectly [11, 12]. Few studies tried to
determine the relationship between the 3-D notch volume
and ACL injuries, but the results were controversial [6,
12—-15], and none of these studies performed the receiver
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operating characteristic curve (ROC curve), which could
show the cut-off value of the notch volume in prediction of
the risk of ACL injuries and its sensitivity. Moreover, all of
these 3-D studies were small sample researches, neglecting the
gender gap or other demographic factors.

The Han Chinese are the largest nation in the world, with the
population of more than one billion, which accounts for 92% of
the population of China. The incidence of ACL injuries in
Chinese athletes is 0.29-0.71%, which is much higher than that
of some other countries [16, 17]. However, from all the literatures
about notch size we found, only few of them were based on
Chinese [18] and none with the notch volume measurement.
As the anatomical morphology of the knees, influenced by racial
differences [19-22], might affect the measurement, evaluation of
the notch volume in Chinese Han population is needed.

Therefore, the purpose of this study was to determine the
differences in the 3-D femoral intercondylar notch volume
between individuals with and without ACL injuries.
Moreover, the optimal cut-off value of the notch volume in
predicting the risk of ACL injuries and the impacts of the
demographic factors was also determined.

Methods

Sample size calculation, patient selection
and magnetic resonance images taken

The current research was a retrospective case-control study,
the ethics of which was approved by our institutional research

Fig. 1 Flow diagram of patient
recruitment

board. To determine the minimum number of participants re-
quired in this study, a sample size calculation was performed
based on the results of van Eck et al. [15]. To obtain the power
0f 0.95 (8 0f 0.05) and « of 0.01, at least 243 participants in
total were needed in the present study. Two hundred eighty
individuals were recruited into the study and the sample size
reached the statistic requirement.

We got a total of 4012 Han Chinese patients in our
hospital from June 2015 to July 2016, who hurt their knees
in non-contact sport-related injury (Fig. 1). Juveniles were
excluded in the research because the epiphyseal plates were
not closed in most of them and the potential age-related
changes of femoral notch should be ruled out [14]. Since
the degenerative changes of joints appeared with age, po-
tential osteophytosis of the notch in the middle-aged and
the elderly would cause evident blurring, which should be
also eliminated. The ACL-injured patients who hurt their
knees more than 1 year before the MRI taken were ruled
out [13], for the ACL-deficient knees degenerated much
sooner than the normal ones and osteophytosis of the bones
might affect the calculation of notch volume. The patients
with multiple ligament injuries were also excluded.
Therefore, 901 patients were excluded in total.

Nine hundred seventy-three patients had MRI evidence of
ACL injury, but 77 of them were excluded by arthroscopy
because of partial ACL tears. From the remaining 896 pa-
tients, 70 males and 70 females were randomly selected by a
computer program as the male ACL-injured group and the
female ACL-injured group. Two thousand one hundred
thirty-eight patients had no MRI evidence of ACL injury,

4012 knee MRIs for non-contact

sport related injury

1. Age <18 or> 40 (433)

2. Knee injury over 1 year (262)
3. multiple ligament injury (98)
4. Knee surgery history (86)

901 excluded

973 injured ACLs
on MRIs

Without 77 excluded
arthroscopic
confirmation

| 5. Degenerative knee diseases (22)

2138 intact ACLs
on MRIs

160 excluded Other
ligamentous
diseases

896 full-thickness
injured ACLs

1978 intact ACLs
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Fig. 2 a The most distal level of the intercondylar notch. This was theP

level that both the femoral condyles were anteriorly continuous. b One of
the middle levels of the intercondylar notch. ¢ The most proximal level of
the intercondylar notch. This was the level that both the femoral condyles
and their cartilages were clearly visible. For notch volume measurement
and calculation, firstly, select the sequential 2-D axial slices that clearly
displayed the boundaries of the femoral notch, and secondly, manually
trace the boundaries based on the anatomic landmarks. The 2-D notch
area was calculated by the software automatically. The first slice was the
most proximal one that both the femoral condyles (including their carti-
lages) were clearly visible, and the last slice was the most distal one that
both the femoral condyles were anteriorly continuous. Thirdly, calculate
the notch volume by summing all the 2-D areas multiplying its slice
thickness

but 160 of them were excluded because of other ligament
injuries or partly ACL injuries. From the remaining 1978 pa-
tients, 70 males and 70 females were randomly selected as the
control group to match the ACL-injured group by the com-
puter program.

All the participants underwent routine 3.0-T knee MRI
through the same scanner (Siemens Verio, 3.0 T) before oper-
ation. The axial slices (thickness, 3.0 mm) were selected for
the notch volume calculation.

Notch volume measurement

The technique for measuring the notch volume was displayed
in Fig. 2, similar to that previously described by Charton et al.
[12]. In our research, the image software was Tviews
(WinningSoft, China). All the measurements were conducted
in the same way twice by a single experienced radiologist. The
mean value was noted as the notch volume.

Statistical analysis

For all the participant data and the notch data, the mean,
standard deviation and standard error were calculated.
Unpaired, two-tailed ¢ test was performed to determine
the differences between the ACL-injured group and the
control group, and the gender differences were also com-
pared. The ROC curve of femoral notch volume was
analysed, and the area under the ROC curve (AUC)
and the optimal criterion value for distinguishing the risk
of ACL injuries in males and females had been calculat-
ed. Bivariate Pearson correlation coefficients and their
level of significance were calculated between femoral
notch volume and their ages, body height, weight and
BMI for all 280 participants to ascertain which of these
were correlated to the notch volume [13-15].

All the statistical analyses were performed by the software
Statistical Product and Service Solutions for Windows (SPSS,
version 22.0, USA).

Results

There were 280 participants in total, including 140 ACL-
injured patients and 140 ACL-intact participants. The mean
intercondylar notch volume of each group was showed in
Table 1. The notch volume was perceptibly smaller for the
ACL-injured cohort than the control cohort (5.94+1.34
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Table 1 Mean intercondylar notch volume of ACL-injured, ACL-
intact, male and female participants

Age (years) Notch volume (cm?) P value

29.42+7.07
30.32+5.96

29.34+5.90
3041+7.11

594+1.34
6.86+1.61

7.28+1.55
5.53+0.93

Injured ACL <0.001

Intact ACL

Males
Females

<0.001

versus 6.86+1.61 cm3, P<0.001), and the females had a
predisposition for a smaller femoral notch compared with
males (5.53 +0.93 versus 7.28 + 1.55 cm®, P<0.001).

Subgroup analysis was executed by gender in Table 2. Both
the male and female ACL-injured patients had smaller size of
the notch than the ACL-intact ones (6.67 +1.31 versus 7.89 +
1.55 cm® and 5.21 +0.94 versus 5.84 +0.82 cm®, respective-
ly), and the males tend to have larger notch sizes compared
with females regardless of ACL injuries.

The ROC curve of the femoral intercondylar notch volume
was performed for the males and females, respectively
(Fig. 3). For the males, 6.99 cm® was the optimal cut-off value
for the abnormal femoral notch volume, while for the females,
5.63 cm® was the optimal cut-off value for the abnormal fem-
oral notch volume.

The correlation between the notch volume and the demo-
graphic factors was displayed in Table 3. There was slight to
moderate correlation between the notch volume and the body
height, weight or BMI (R=0.561, P<0.001; R=0.483, P<
0.001; R=0.281, P<0.001, respectively) but no correlation
with age (R=-0.072, P=0.232).

Discussion

Some researchers put forward the hypothesis that the femoral
intercondylar notch stenosis was a risk factor of ACL injuries
in the early 20s [1, 23]. Many studies endeavoured to ascertain
it, while the results varied because of varied parameters and
inevitable errors of the measurement methods.

In our study, one of the most important findings was the
conspicuous deviance of the 3-D intercondylar notch volume
between the ACL-injured patients and the ACL-intact

Table 2 Mean intercondylar notch volume of male and female ACL-
injured and ACL-intact groups

Notch volume Gender P value
Males Females

Injured ACL 6.67+1.31 521+0.94 <0.001

Intact ACL 7.89+£1.55 5.84+£0.82 <0.001

P value <0.001 <0.001
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Fig.3 aROC curve was performed with the data of the intercondylar notch
volume in the ACL-injured males. The area under the ROC curve was
0.719, and less than 6.99 cm> was the optimal criterion value for determin-
ing the abnormal volume of the intercondylar notch, with the sensitivity of
0.729 and the specificity of 0.643. b ROC curve was performed with the
data of the intercondylar notch volume in ACL-injured females. The area
under the ROC curve was 0.686, and less than 5.63 cm® was the optimal
criterion value for determining the abnormal volume of the intercondylar
notch, with the sensitivity of 0.629 and the specificity of 0.686

participants. There have been only three previous studies com-
paring the 3-D intercondylar notch volume between the ACL-
injured and ACL-intact subjects in adult populations with con-
flictive results. van Eck et al. [15] obtained an inconsistent
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Table 3 Correlation

between notch volume Notch volume P value
and demographic factors
Age —0.072 0.232
Height 0.561 <0.001
Weight 0.483 <0.001
BMI 0.281 <0.001

result compared to ours: the participants with intact ACLs
trended to have smaller notch volume: the reasons were not
clear, but it was probably caused by the small sample size. On
the other hand, the result did not reach statistical significance
(P=0.052). Although others obtained a similar result to ours,
the uncertainty still existed. The study of Simon et al. [6] did
not mention the measurement of notch volume, and again, it
was a small sample size study and reached no statistical sig-
nificance. In spite of the same method for notch volume mea-
surement, Wratten et al. obtained a much smaller notch vol-
ume (4.5=1.1 cm® in the ACL-injured group and 5.3 +
1.2 em® in the control group) than our results [13], and it
was much smaller than juveniles’ (5.5+1.1 cm® in ACL-
injured group and 6.4+ 1.5 cm’ in the control group) [14].
The reasons were various. The racial difference may cause
the diversity of femoral anatomy and the notch volume differ-
ence. Also, the personal error of the manual tracing the images
would lead to the notch volume deviation.

The differences in the femoral intercondylar notch size be-
tween the ACL-injured patients and the normal ones had been
confirmed in prior 2-D studies, including the NWI, the NW
and the intercondylar angle [1, 6-10]. Keays et al. and Simon
et al. [1, 12] found a smaller notch size in the ACL-injured
knees than the normal ones, but Harner et al. and Muneta et al.
[9, 10] found no such differences. However, these 2-D re-
search methods could not describe the three-dimension con-
figurations of the intercondylar notch. Both Charlton et al. and
Van Eck et al. assessed the notch size with the method of both
2-D parameters and 3-D notch volume through CT and MRI,
respectively, and the same result of no significant statistical
correlation between the 2-D notch parameters and the 3-D
notch volume was obtained. As the rotation and angulation
in the 2-D measurement are inevitable, the 2-D parameters are
not recommended to replace the 3-D notch volume [11, 12].
So, for better describing the femoral notch, 3-D measurement
was necessary.

Our study was the first one to perform the optimal cut-off
value of the notch volume in risk prediction of ACL injuries
with its sensitivity. Different from the previous studies
[24-29], we calculated the optimal criterion value for males
and females, respectively. Because the discrepancies in the
size of the notch between males and females were objective,
just as the results of previous researches and ours [12—15, 30],
it is not appropriate to establish only one criterion for both
males and females. It is noteworthy that the cut-off value is

not perfect, because it must take into account the shape of the
notch when describing the size of the notch. Past researches
have confirmed that the risk of ACL injuries is related to the
notch shape, for example, type A notch is more prone to ACL
injury [25].

Females suffering ACL injuries much more frequently than
males during the same exercise were reported at the end of the
twentieth century [12, 31, 32]: possible reasons included ex-
trinsic and intrinsic factors, such as sports skills, physiological
hormone factors and anatomical structure diversity of the knee
[32]. In our study, the 3-D femoral intercondylar notch volume
was significantly smaller in females than that in males in the
Chinese Han population, which was similar to that of other
races [12—15, 30]. This result was also confirmed by other
researchers in the 2-D measurement [2, 12, 18].

In our study, we analysed the relationship between the
notch volume and the demographic factors, and the findings
were that the notch volume was moderately correlated to the
body height and weight, and weakly correlated to the BMI but
not correlated to the age. Major studies were only concerned
about the differences in the notch size between the ACL-
injured and the ACL-intact knees but ignored other demo-
graphic factors. Our finding of no correlation between the
age and the notch size was confirmed by most literatures we
found [13, 14]. However, it was controversial whether indi-
vidual differences, including the body height, weight and the
BMI, were correlated to the notch size or not. van Eck et al.
[15] identified the correlation between the body height and
weight and the notch volume was moderate but not for BMI.
Wrattan et al. [13] obtained a result of no significant relation
between the notch volume and all these demographic factors,
which was different to ours. However, these two were small
sample researches with low power. Furthermore, it was spec-
ulated that the racial difference was one of the important
influencing factors which could cause the differences [11,
24, 29]. Our results partly demonstrated the opinion that the
demographic factors might be the main reasons of high risk of
ACL injuries in females. As the notch volume was significant-
ly associated with the body height, weight and BMI and these
in females tended to be lower, the gender differences caused
by all these demographic factors could not be ruled out.

Limitations

Our study had potential limitations. First, because a single
experienced radiologist measured the notch volume twice,
deviation between the observers could not be ruled out;
whereas, Vrooijink et al. denoted that the inter- and intra-
observer reliability of the MRI measurement was satisfactory
[33]. Furthermore, the result of van Eck et al. [15] indicated
that the inter-observer homogeneity was very high (»=0.89)
when using the same method to gather data. Thus, our study
was convincing. Second, the subjects of the control group
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were not all normal subjects, which might lead to the bias. To
avoid femoral notch volume changes, we excluded the cases
with bone defect, bone erosion and osteophytosis displayed on
MRIL

Conclusions

A significantly smaller notch volume was found in the non-
contact ACL-injured individuals compared with that in the
control group in the Chinese Han population, and females
trended to have a smaller notch rather than males. The notch
volume was correlated with the body height, weight and BMI
but not with age.
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