
Li et al. BMC Musculoskeletal Disorders          (2022) 23:426  
https://doi.org/10.1186/s12891-022-05378-7

RESEARCH ARTICLE

Automatic segmentation model 
of intercondylar fossa based on deep learning: 
a novel and effective assessment method 
for the notch volume
Mifang Li1,2,3†, Hanhua Bai1,4,5,6†, Feiyuan Zhang3, Yujia Zhou4,5,6, Qiuyu Lin3, Quan Zhou3*, 
Qianjin Feng1,4,5,6* and Lingyan Zhang1,2*   

Abstract 

Background: Notch volume is associated with anterior cruciate ligament (ACL) injury. Manual tracking of intercondy-
lar notch on MR images is time-consuming and laborious. Deep learning has become a powerful tool for processing 
medical images. This study aims to develop an MRI segmentation model of intercondylar fossa based on deep learn-
ing to automatically measure notch volume, and explore its correlation with ACL injury.

Methods: The MRI data of 363 subjects (311 males and 52 females) with ACL injuries incurred during non-contact 
sports and 232 subjects (147 males and 85 females) with intact ACL were retrospectively analyzed. Each layer of 
intercondylar fossa was manually traced by radiologists on axial MR images. Notch volume was then calculated. We 
constructed an automatic segmentation system based on the architecture of Res-UNet for intercondylar fossa and 
used dice similarity coefficient (DSC) to compare the performance of segmentation systems by different networks. 
Unpaired t-test was performed to determine differences in notch volume between ACL-injured and intact groups, 
and between males and females.

Results: The DSCs of intercondylar fossa based on different networks were all more than 0.90, and Res-UNet showed 
the best performance. The notch volume was significantly lower in the ACL-injured group than in the control group 
(6.12 ± 1.34  cm3 vs. 6.95 ± 1.75  cm3, P < 0.001). Females had lower notch volume than males (5.41 ± 1.30  cm3 vs. 
6.76 ± 1.51  cm3, P < 0.001). Males and females who had ACL injuries had smaller notch than those with intact ACL 
(p < 0.001 and p < 0.005). Men had larger notches than women, regardless of the ACL injuries (p < 0.001).

Conclusion: Using a deep neural network to segment intercondylar fossa automatically provides a technical support 
for the clinical prediction and prevention of ACL injury and re-injury after surgery.
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Background
Anterior cruciate ligament (ACL) injury is related to 
many risk factors, which include environment, anatomi-
cal structure, hormone, and biomechanics [1–3]. Being 
able to anticipate these risks and take corresponding 
measures, can reduce the risk of ACL injury and re-injury 
after surgery [4–6]. Therefore, these risk factors should 
be studied [1, 2].

Subjects with lower femoral intercondylar fossa vol-
ume had significantly increased risk of non-contact 
ACL injury regardless of gender or shape of intercondy-
lar fossa [7–10]. Fung et  al. [11]  used a 3D mathemati-
cal model and confirmed that ACL is in close contact 
with the femoral intercondylar fossa during knee move-
ment. When subjected to anterior shear force, the ante-
rior internal bundle of ACL may hit the medial side of 
the lateral condyle of femur, resulting in ACL injury. The 
narrow intercondylar fossa is likely to produce additional 
mechanical stress on the ligament, thereby exposing it 
to a greater risk of injury. The ACL in the narrow inter-
condylar fossa has flimsy morphology and biomechan-
ics, and is thus easily damaged. Surgical evidence verifies 
that notchplasty can prevent the impingement between 
ACL and notch [12]. Several researchers suggested that 
notchplasty can be used as a routine procedure for ACL 
reconstruction, to prevent the graft from colliding with 
the intercondylar fossa and causing further injury [13]. 
However, the natural structure of the intercondylar 
fossa changes after enlargement, which may increase the 
risk of articular cartilage degeneration, biomechanical 
changes in patellofemoral joint, postoperative bleeding, 
and suboptimal rehabilitation. All these phenomena are 
not conducive to knee joint recovery activity and long-
term clinical efficacy [14, 15]. Therefore, the preopera-
tive evaluation of the femoral intercondylar fossa for ACL 
reconstruction can avoid excessive notchplasty.

Many measurement indices can be used to evaluate 
the morphology of femoral intercondylar notch, among 
which, the volume of the intercondylar fossa can well 
describe its complex 3D spatial configuration and has 
accurate results [16–18]. MRI is an important non-radi-
ation method used to accurately measure the soft tis-
sue and bone structure of the knee joint. Wratten and 
Zhang et al. calculated the 3D notch volume by manually 
tracking the boundary of notch on 2D MRI images; they 
concluded that the notch volumes were lower in ACL-
injured individuals [7–9]. However, manual tracking of 
the boundary of each layer of the intercondylar notch 
on MR images is time-consuming and laborious and has 

limited efficiency, which hinder its clinical application. 
Therefore, a simple, fast, accurate and automatic image 
processing method should be developed to segment 
the intercondylar fossa and measure notch volume. The 
method can be used to predict and prevent the occur-
rence of ACL re-injury and guide the surgical design after 
the injury.

Deep learning has become a powerful tool for process-
ing medical images due to its strong data self-learning 
ability and is widely used in various image segmentation 
tasks, including for brain tissue, bone, lung and blood 
vessels [19–24]. The segmentation function of deep 
learning can accurately locate the position of the target 
area and determine the shape and contour of the tar-
get by recognising the internal pixels or edges of region 
of interest (ROI) in medical images. The segmentation 
of cartilage, meniscus and ACL has been studied on the 
MRI of knee joint, and has satisfactory results in most 
cases [25–27]. At present, no deep learning-based tech-
nique has been developed for the segmentation of inter-
condylar notch.

This study aims to construct an automatic segmenta-
tion system of intercondylar fossa by using Res-UNet 
network. The system can automatically measure notch 
volume to compare its correlation with ACL injury.

Methods
This retrospective observational study was approved 
by the Ethics Committee of our hospital. Participants’ 
records/information were anonymous and de-identified 
prior to analysis. Therefore, the requirement for written 
informed consent was waived.

Subjects
The MR images of patients who underwent MRI scan of 
knee joint from January 2016 to October 2020 were que-
ried on the picture archiving and communication system 
(PACS) of the Third Affiliated of Southern Hospital by an 
experienced radiologist with 5  years of experience. The 
DICOM MR volumes of axial proton density- weighted 
spectral attenuated inversion recovery (PDW-SPAIR) 
(391 subjects) and axial T2-weighted spectral attenuated 
inversion recovery (T2W-SPAIR) (204 subjects) were 
collected from all subjects. A total of 3524 subjects age 
18 to 60 years who had non-contact knee injury but had 
no knee surgery history were queried, and the flow dia-
gram of patient recruitment is shown in Fig. 1. The non-
contact knee injury included pivot shift injuries, axial 
load injuries or anterior translational injuries. Potential 
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age-related changes in the femoral notch were ruled out. 
Juveniles were excluded because of their open epiphyseal 
plates, and the elderly were excluded because they had 
degenerative changes in joints. Patients with ACL injury 
for more than 1  year at the time of examination were 
excluded because knee joints with ACL defect degener-
ated faster than the normal ones; moreover, the prolif-
eration of skeletal osteophytes may affect the calculation 
of the volume of the intercondylar fossa. Patients with 
multiple ligament injuries and degenerative knee dis-
eases were also excluded. In addition, 52 notch volumes 
with poor signal-to-noise ratio or motion artifacts were 
excluded. Finally, 595 subjects were enrolled, including 
363 patients with ACL injury and 232 patients without 

ACL injury. All ACL injury diagnoses were confirmed by 
arthroscopic pathology. All intact ACL diagnoses were 
confirmed by two senior radiologists after reading the 
MR images.

MRI dataset and notch volume measurement
All subjects were scanned in the supine position with 
either a 1.5  T Achieva or 3.0  T Ingenia MR with an 
eight-channel knee coil (Philips Healthcare, Best, the 
Netherlands). The imaging parameters for the axial 
PDW-SPAIR sequence included the following: field-of-
view (FOV) = 160  mm × 160  mm × 92  mm, echo time 
(TE) = 30  ms, relaxation time (TR) = 3000  ms, slice 
thickness = 4  mm and flip angle = 90°. The imaging 

Fig. 1 Flow diagram of patient recruitment

Fig. 2 Axial slices of knee MRI showing the measurement of femoral intercondylar notch volume. A The most proximal level of the intercondylar 
notch. B One of the middle levels of the intercondylar notch. C The most distal level of the intercondylar notch
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parameters for the axial T2W-SPAIR sequence included 
the following: FOV = 160  mm × 160  mm × 105  mm, 
TE = 65 ms, TR = 2768 ms, slice thickness = 4 mm and 
flip angle = 90°. The MR images of different field inten-
sities and sequences did not affect the analysis of the 
structure of the intercondylar fossa. The axial slices 
(thickness, 4.0 mm, slice gap, 0.4 mm) were selected to 
continuously display the edges of the femoral notch and 
calculate the volume. Similar to the method of Zhang 
et  al. [9], we used ITK-SNAP software (v3.6; http:// 
www. itksn ap. org) to manually draw the boundary of 
each layer of the intercondylar notch according to the 
anatomical landmarks. The 2D notch area of each layer 
was calculated automatically by the software program. 
As shown in Fig. 2, the most proximal boundary of the 
intercondylar notch was defined as the level where the 
femoral condyles and their cartilages were clearly vis-
ible (Fig.  2A). The most distal boundary was defined 
as the last continuous layer of the condyle where the 
femoral condyles were anteriorly continuous (Fig. 2C). 
Figure 2B was one of the middle levels of the intercon-
dylar notch. Notch volume was calculated by summing 
all the 2D areas and multiplying its slice thickness plus 
slice gap.

All measurements were conducted by an experi-
enced radiologist with 5  years of experience. Volume 

measurements were repeated twice by the same radi-
ologist at a 3-month interval to assess intra-observer 
reliability. Measurements were made by another radiolo-
gist with 6  years of experience to assess inter-observer 
reliability.

MRI dataset preprocessing
All MR images of 595 patients were trained together as 
experimental subjects. Our segmentation model requires 
two inputs: the original MR images and the ROI of the 
outlined intercondylar fossa. Preprocessing steps was 
performed on the original MR images. The specific steps 
were as follows:

• To avoid the overfitting problem, we randomly 
rotated ± 10°, shifted ± 20 voxels in the x and y coor-
dinates and horizontally flipped each MR images to 
increase the training set size.

• Image preprocessing included resizing all the images 
into 512 × 512 to ensure uniform input dimensions, 
as well as histogram matching, and rescaling to [0,1].

• The intercondylar fossa was displayed in several lay-
ers of the MR images. To reduce the influence of 
irrelevant image layers on the segmentation accuracy, 
we only extracted the number of layers with ROI for 
training.

Fig. 3 Illustration of the segmentation model. The U-Net network architecture is structured into an encoder and a decoder. The encoder 
follows the classic architecture of the convolutional neural network, with each convolutional blocks followed by a rectified linear unit (ReLU) 
and a maximum polling operation to encode image features at different levels of the network. The decoder up-samples the feature map with 
subsequent up-convolutions and concatenations with the corresponding encoder blocks. The network has two inputs: the preprocessed original 
MR images and the outlined ROI of the intercondylar fossa. The segmentation architecture consists of 10 convolutional layers, 11 residual blocks 
(RBs), two pyramid pooling modules (PSPPooling), five upsampling layers, six combine blocks and a fully connected (FC) layer, and a sigmoid layer. 
Conv = convolution, RB = residual block, PSPpooling = pyramid scene parsing pooling, FC = fully connected

http://www.itksnap.org
http://www.itksnap.org
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Segmentation model
In this study, we employed semantic segmentation 
using Res-UNet [28], which was constructed based on 
the architecture of U-Net [29]. Residual blocks were 
introduced in the model [30], and its organization is 
shown in Fig. 3. The architecture of the network helps 
localise and extract image features and assemble a pre-
cise output based on encoder information. The addition 
of residual modules solves the problem of difficulty in 
training caused by network depth. Our experiments 
confirmed that the network outperforms other popular 
convolutional neural network models.

Residual block
As shown in Fig. 4 (A), each residual block (RB) consists of 
two batch normalizations layers, two rectified linear unit 
(ReLU) layers and two 3 × 3 convolutional layers.

Combine block
The feature map obtained by each convolutional layer 
of the network is concatenated to the corresponding 
up-sampling layer, so the feature map of each layer 
can be effectively used in subsequent calculations. It 
is a common skip-connection process. Compared with 
other network structures, such as FCN [31], combine 
block avoids direct supervision and loss calculation 
in the high-level feature map but combines the fea-
tures in the low-level feature map. Therefore, the final 
feature map can contain high-level features and many 
low-level features. This property allows the integra-
tion of features under different scales and improves the 
accuracy of the model results. The organization of the 
model is shown in Fig. 4 (B).

Training loss
A dice loss function is specifically designed to mitigate 
dataset class imbalance and is frequently used for medi-
cal imaging segmentation. The dice similarity coefficient 
(DSC) is measured as an overlap of the output mask with 
ground truth to assess each segmentation task. DSC meas-
ures the overlap between set X (the ground truth) and Y 
(the predicted mask). For binary class segmentation, the 
DSC is expressed as follows:

Implementation
The segmentation network was coded in Python 3.6 by 
using open-source Tensorflow packages. Training was 
performed on a GPU-optimized workstation with a sin-
gle NVIDIA GeForce RTX 2080 Ti. The training time for 
the proposed segmentation model was 30 h. The param-
eters were set as follows: a Stochastic Gradient Descent 
(SGD) + momentum optimizer with a learning rate of 
1e-4. We trained a total of 50 epochs and used dice loss 
for our training loss.

We randomly divided the data set into 534 and 61 
volumes for training and test sets, respectively. In the 
training phase, a fivefold cross-validation paradigm was 
used, in which 80% of the data were randomly allocated 
to the training queue, and the remaining 20% were used 
for validation. The process was repeated five times until 
each exam in the entire training data set was used for 

DSC =
2 ∗ |X ∩ Y|

|X| + |Y|

DiceLoss = 1−
2 ∗ |X ∩ Y|

|X| + |Y|

Fig. 4 A Structure of the residual block. Each residual block (RB) consists of two batch normalization layers, two rectified linear unit(ReLU)layers and 
two 3 × 3 convolutional layers. B The structure of the combine block. Each combine block consists of two inputs, a rectified linear unit(ReLU)layer 
and a convolutional layer
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validation  once. Finally, the trained network model was 
applied to the test set to obtain the experimental results. 
In addition, the axial MR images of 30 patients from the 
Longgang Central Hospital of Shenzhen were selected as 
an external test dataset for testing to verify the reliabil-
ity of the results. The inclusion and exclusion criteria of 
patient images are the same as above. The cumulative 
verification set statistics of the entire training data set are 
reported below.

After the segmentation results were obtained, the 
area (s) of each layer was calculated according to the 
number of pixels. The sum of the area multiplied by the 
slice thickness plus slice gap (d) of the MR images is the 
volume (V) of the intercondylar fossa. The volume is 
expressed as follows:

n is the number of layers of the intercondylar fossa in 
the MR images.

Model performances evaluation and statistical analysis
All values are shown as mean ± SD. Intraclass correlation 
coefficient (ICC) was determined to analyze the intra- 
and inter-observer reliability for the volume measure-
ments. ICC values < 0.4, 0.4–0.75, and > 0.75 represent 
poor, moderate, and good repeatability, respectively. The 
segmentation performance of the models was evalu-
ated using DSC. The numerical range of DSC is 0–1, and 
higher value indicates better segmentation effect. Pear-
son correlation and Bland–Altman analysis were used to 
evaluate the ability of the model for automatic segmen-
tation and manual segmentation. Unpaired, two-tailed 
t-test was performed to determine differences in auto-
matically measured notch volume between the ACL-
injured group and the intact group as well as between 
males and females. All the statistical analyses were per-
formed by Statistical Product and Service Solutions for 
Windows (SPSS, version 22.0, USA).

Results
Automatic segmentation performance
The intra- and inter-observer reliability for the volume 
measurements showed good repeatability. The ICC for 
intra-observer reliability is 0.981 (0.967, 0.989), and that 
for inter-observer reliability is 0.972 (0.947, 0.985).

Figure  5 shows the comparison of the sections pre-
dicted from the manual segmentations of the femoral 
intercondylar notch volume of the test data sets (Fig. 5A) 
and from the automatic segmentation (Fig. 5B). As shown 
in the scatterplots (Fig.  5C) and Bland–Altman plots 
(Fig.  5D), the volume of the data-sets between manual 

V =

n∑

1

sd

and automatic segmentations showed strong linear rela-
tionships and correlation across intercondylar notch, 
with R2 values of 0.9647.

We compared our method with U-Net with other 
methods. Table 1 shows that the mean DSCs calculated 
for predicting the femoral intercondylar notch volume 
in the data-set by using Res-UNet is 0.916 ± 0.04, while 
the relative error is 0.047 ± 0.036. Similar results were 
obtained in the external test dataset (Table  2). Hence, 
the proposed method performed better than other meth-
ods such as U-Net, Seg-Net [32], Dense-UNet [33], and 
Mobile-UNet [34].

The processing of the data of each patient’s intercondy-
lar fossa to generate a single subject volume took 10 min 
for manual segmentation but only 3–5  s for automatic 
segmentation, which is very time-saving.

Measurement of the femoral intercondylar notch
The mean value of the automatically measured inter-
condylar notch volumes in the ACL-injured and ACL 
intact groups are shown in Table  3. The notch volume 
was significantly lower in the ACL-injured cohort than 
in the intact cohort (6.12 ± 1.34  cm3 vs. 6.95 ± 1.75  cm3, 
p < 0.001). Females had predisposition for smaller femoral 
notches than males (5.41 ± 1.30  cm3 vs. 6.76 ± 1.51  cm3, 
p < 0.001).

The differences in notch volume between males and 
females are shown in Table  4. The notch volumes of 
males and females with injured ACL were 6.33 ± 1.25 
and 4.89 ± 1.23  cm3, respectively, whereas those with 
intact ACL were 7.66 ± 1.61 and 5.73 ± 1.25  cm3, respec-
tively. Males and females who had ACL injuries had 
smaller notch than those with intact ACL (p < 0.001 
and p < 0.005). Moreover, men had larger notches than 
women, regardless of the ACL injuries (p < 0.001).

Discussion
Previous studies observed that the notch volumes in the 
ACL injury group were significantly lower than those in 
the normal ACL group [7–10]. This finding indicates that 
the stenotic intercondylar fossa is a risk factor for ACL 
injury, and appropriate notchplasty can avoid this risk. It 
is useful to evaluate the shape of the intercondylar fossa 
before ACL reconstruction, though the characteristics 
of narrow notches are still controversial. To evaluate the 
correlation between notch volume and ACL injury, we 
introduced an automatic intercondylar fossa segmenta-
tion network based on deep learning. The network can 
quickly and accurately segment the intercondylar fossa 
automatically and quantify the notch volume. Although 
the training time of the network is relatively long, the 
segmentation efficiency is very high once the network 
training is completed. This significant improvement in 
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efficiency will lead to rapid extraction of information and 
efficient application in research.

Previous studies compared notch volume between 
adults with ACL injury and intact ACL. However, the 

results are conflicting, and the notch volume is not the 
same. Van Eck et al. is the first to use 3D volume meas-
urement technology to determine the relationship 
between ACL injury and intercondylar fossa size [35]. 

Fig. 5 MR images showing comparison between, A manual segmentation and B automatic segmentation predicted using the Res-UNet 
convolutional neural network. C Scatterplots and D Bland–Altman plots showing the comparison of volume calculations from the manual and 
automatic segmentation methods

Table 1 Average Results for 5-Fold Cross-Validation with Different Networks

Network Dice similarity coefficient Automatic Segmentation Volume 
 (cm3)

Manual Segmentation Volume 
 (cm3)

Relative Error

U-Net 0.914 ± 0.04 6.483 ± 1.500 6.874 ± 1.644 0.061 ± 0.037

Seg-Net 0.906 ± 0.10 6.384 ± 1.484 6.874 ± 1.644 0.072 ± 0.036

Res-UNet 0.916 ± 0.04 6.576 ± 1.492 6.874 ± 1.644 0.047 ± 0.036

Dense-UNet 0.901 ± 0.08 6.347 ± 1.474 6.874 ± 1.644 0.077 ± 0.035

Mobile-UNet 0.906 ± 0.07 6.312 ± 1.452 6.874 ± 1.644 0.085 ± 0.051
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Although this study used the same methods as in the pre-
sent work, the results are contradicting; they found that 
the notch volume in subjects with injured ACL was lower 
than that in subjects with normal ACL, and the difference 
was not statistically significant (P = 0.052). The reason for 
the difference in the finding is unclear but may be related 
to the small sample size and the imbalance of gender 
ratio in the study cohort. The notch volumes measured 
by Wratten and Zhang were smaller than those in the 
present work [7–9]; in particular, in the study of Wratten, 
the notch volume were lower than those in the study on 
young people with immature bone [36]. The discrepancy 
in the results may be related to the diversity of femoral 
anatomy due to ethnic differences. The frequency of ACL 
injury in women is higher than that in men while per-
forming the same exercise. The possible reasons include 
external and internal factors, such as motor skills, physi-
ological hormones, and smaller knee in women [2, 37], 
consistent with the fact that men have larger whole skel-
eton. However, the majority of patients with ACL injury 
in the present study were males. Males were involved in 

more intense exercise, such as football and basketball, 
than females, leading to an increased risk of injury. In 
addition, the hospital where the images were obtained is 
a designated hospital for football players; as such, a cer-
tain bias in admission rate may exist, resulting in more 
male patients. Since we didn’t analyze the relationship 
between the notch volume and the demographic factors, 
such as height and weight, the gender differences caused 
by all these demographic factors could not be ruled out.

Deep learning-based segmentation methods do not 
need prior knowledge of structure shape and can pro-
vide accurate segmentation in the presence of image arti-
facts. They are suitable for the segmentation of structures 
without normal shape reference. The deep learning algo-
rithms commonly used in medical image segmentation 
include U-Net [29], Res-UNet [28], Seg-Net [32], Dense-
UNet [33], and Mobile-UNet [34]. In the present study, 
we used Res-UNet to construct an intercondylar fossa 
segmentation model based on U-Net architecture and 
introduced residual blocks in the model. The introduc-
tion of the residual structure allows the construction of 
a segmentation network with deeper network layers and 
maintains high training efficiency, thereby improving the 
segmentation accuracy [28].

The accuracy of automatic segmentation of the inter-
condylar fossa is close to that of manual labelling, and the 
DSC value is more than 0.90, indicating the good perfor-
mance of the system. The results of automatic segmenta-
tion of the intercondylar fossa can help clinicians predict 
the probability of ACL injury and re-injury after surgery 
[4–6]. When the notch volume is small, preventive train-
ing during strenuous exercise is recommended. Notch-
plasty can also be considered during ACL reconstruction.

This study has some key limitations. Firstly, this retro-
spective study has inherent biases. Further prospective 
multi-institutional research is warranted to determine 
the applicability of the proposed detection system. Sec-
ondly, not all subjects in the control group are normal 
subjects, and may have meniscus injury, synovitis or 
tendon injury, which may lead to bias. To avoid evalu-
ating notch volume changes caused by other diseases, 
we excluded patients with bone defect, bone erosion 

Table 2 Results for the external test dataset with Different Networks

The relative error is expressed as the following: E = R−P

R
 R is the real volume and P is the predicted volume

Network Dice similarity coefficient Automatic Segmentation Volume 
 (cm3)

Manual Segmentation Volume 
 (cm3)

Relative Error

U-Net 0.914 ± 0.04 7.206 ± 1.497 7.421 ± 1.476 0.064 ± 0.018

Seg-Net 0.906 ± 0.10 7.184 ± 1.498 7.421 ± 1.476 0.071 ± 0.016

Res-UNet 0.916 ± 0.04 7.251 ± 1.492 7.421 ± 1.476 0.054 ± 0.019

Dense-UNet 0.901 ± 0.08 7.169 ± 1.490 7.421 ± 1.476 0.075 ± 0.016

Mobile-UNet 0.906 ± 0.07 7.178 ± 1.516 7.421 ± 1.476 0.078 ± 0.013

Table 3 Mean intercondylar notch volume of ACL-injured, ACL 
intact, male and female participants

Age (years) Notch volume  (cm3) P value

Injured ACL 30.76 ± 8.08 6.12 ± 1.34  < 0.001

Intact ACL 33.80 ± 11.74 6.95 ± 1.75

Males 30.75 ± 8.44 6.76 ± 1.51  < 0.001

Females 35.95 ± 12.54 5.41 ± 1.30

Table 4 Mean intercondylar notch volume of male and female 
ACL-injured and ACL-intact groups

Notch volume  (cm3) Gender P value

Males Females

Injured ACL 6.33 ± 1.25 4.89 ± 1.23  < 0.001

Intact ACL 7.66 ± 1.61 5.73 ± 1.25  < 0.001

P value  < 0.001  < 0.005
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and bone hyperplasia, such as osteochondritis exfo-
liation, villonodular synovitis, and obvious degenera-
tive changes in joint. Thirdly, our research subjects are 
Chinese people aged 16 to 60. We excluded teenag-
ers, elderly, and patients who underwent knee surgery. 
Therefore, our conclusion does not apply to all patients. 
Fourthly, we could not make corrections for anthro-
pometric factors due to missing information about the 
height, weight, and other demographic factors of the 
participants. Gender differences caused by these demo-
graphic factors could not be ruled out and need to be 
further verified by future research.

Conclusions
In this study, we firstly published a deep learning model 
that automatically measured intercondylar notch with 
high precision. The model such this saves huge amount of 
time in measuring notch volume, which is helpful to pre-
dict and prevent ACL injury and to evaluate the neces-
sity of notchplasty before ACL reconstruction to prevent 
ACL re-injury.

Abbreviations
ACL: Anterior cruciate ligament; ROI: Region of interest; PACS: Picture Archiving 
and Communication System; PDW-SPAIR: Proton Density Weighted Spectral 
Attenuated Inversion Recovery; T2W-SPAIR: T2-Weighted Spectral Attenuated 
Inversion Recovery; ReLU: Rectified Linear Unit; RBs: Residual Blocks; PSPPool-
ing: Pyramid Pooling Modules; FC: Fully Connected; DSC: Dice Similarity Coeffi-
cient; SGD: Stochastic Gradient Descent; ICC: Intraclass Correlation Coefficient.

Acknowledgements
Not applicable.

Authors’ contributions
ML and HB were major contributors in writing the manuscript. FZ, YZ, and 
QL acquisited and analyzed the datas. QZ, QF and LZ designed the work and 
revised the manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of 
China (No. 81801780), the National Natural Science Foundation of China (No. 
81974275), and the Bureau of Science and Technology Innovation of Long-
gang District (LGWJ2021-25). The funding bodies provided funding for study 
design, analysis of data.

Availability of data and materials
The datasets used and/or analysed during the current study are de-identified 
and available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Our retrospective study was an observational study approved by the Ethics 
Committee of The Third Affiliated Hospital of Southern Medical University. 
Participants’ records/information was anonymous and de-identified prior 
to analysis. Therefore, the requirement for written informed consent of the 
participant was waived.

Consent for publication
Not applicable.

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

Author details
1 Southern Medical University, 1838 shatai Road, Baiyun District, Guang-
zhou 510515, Guangdong province, China. 2 Department of Medical Imaging, 
Longgang Central Hospital of Shenzhen, 6082 Longgang Avenue, Longgang 
District, Shenzhen 518116, Guangdong province, China. 3 Department of Med-
ical Imaging, The Third Affiliated Hospital, Southern Medical University, 183 
Zhongshan Avenue West, Tianhe District, Guangzhou 510630, Guangdong 
province, China. 4 Department of Biomedical Engineering, Southern Medical 
University, 1838 shatai Road, Baiyun District, Guangzhou 510515, Guangdong 
province, China. 5 Guangdong Provincial Key Laboratory of Medical Image 
Processing, Southern Medical University, 1838 shatai Road, Baiyun District, 
Guangzhou 510515, Guangdong province, China. 6 Guangdong Province Engi-
neering Laboratory for Medical Imaging and Diagnostic Technology, Southern 
Medical University, 1838 shatai Road, Baiyun District, Guangzhou 510515, 
Guangdong province, China. 

Received: 14 December 2021   Accepted: 28 April 2022

References
 1. Metabolic influences on risk for tendon disorders[M]. Cham: Springer, 

2016.
 2. Renstrom P, Ljungqvist A, Arendt E, et al. Non-contact ACL injuries in 

female athletes: an international olympic committee current concepts 
statement. Br J Sports Med. 2008;42:394–412.

 3. Yu B, Garrett WE. Mechanisms of non-contact ACL injuries. Br J Sports 
Med. 2007;41(Suppl 1):i47-51.

 4. Benjaminse A, Verhagen E. Implementing ACL injury prevention in daily 
sports practice-it’s not just the program: let’s build together, involve 
the context, and improve the content. Sports medicine (Auckland, NZ). 
2021;51:2461–7.

 5. Petushek EJ, Sugimoto D, Stoolmiller M, Smith G, Myer GD. Evidence-
based best-practice guidelines for preventing anterior cruciate ligament 
injuries in young female athletes: a systematic review and meta-analysis. 
Am J Sports Med. 2019;47:1744–53.

 6. Nyland J, Greene J, Carter S, Brey J, Krupp R, Caborn D. Return to sports 
bridge program improves outcomes, decreases ipsilateral knee re-injury 
and contralateral knee injury rates post-ACL reconstruction. Knee Surg 
Sports Traumatol Arthrosc. 2020;28:3676–85.

 7. Wratten CJ, Tetsworth K, Hohmann E. Three-dimensional femoral notch 
volume in anterior cruciate ligament-deficient versus anterior cruciate 
ligament-intact patients: a matched case-control study with inter-gender 
comparison. Arthroscopy. 2015;31:1117–22.

 8. Zhang C, Xie G, Fang Z, Zhang X, Huangfu X, Zhao J. Assessment of rela-
tionship between three dimensional femoral notch volume and anterior 
cruciate ligament injury in Chinese Han adults: a retrospective MRI study. 
Int Orthop. 2019;43:1231–7.

 9. Zhang C, Xie G, Dong S, et al. A novel morphological classification for the 
femoral notch based on MRI: a simple and effective assessment method 
for the femoral notch. Skeletal Radiol. 2020;49:75–83.

 10. Iriuchishima T, Goto B, Fu F H. Truncated-pyramid shape simulation for 
the measurement of femoral intercondylar notch volume can detect the 
volume difference between ACL-injured and intact subjects[J]. Knee Surg 
Sports Traumatol Arthrosc. 2021;29(6):1709–13.

 11. Fung DT, Zhang LQ. Modeling of ACL impingement against the intercon-
dylar notch. Clin Biomech (Bristol, Avon). 2003;18:933–41.

 12. Tanzer M, Lenczner E. The relationship of intercondylar notch size and 
content to notchplasty requirement in anterior cruciate ligament surgery. 
Arthroscopy. 1990;6:89–93.

 13. van Eck CF, Martins CA, Vyas SM, Celentano U, van Dijk CN, Fu FH. Femoral 
intercondylar notch shape and dimensions in ACL-injured patients. Knee 
Surg Sports Traumatol Arthrosc. 2010;18:1257–62.

 14. Mao Y, Marshall B, Price T, et al. Notchplasty alters knee biomechanics 
after anatomic ACL reconstruction. Knee Surg Sports Traumatol Arthrosc. 
2020;28:614–21.

 15. Koga H, Muneta T, Yagishita K, et al. Effect of notchplasty in anatomic 
double-bundle anterior cruciate ligament reconstruction. Am J Sports 
Med. 2014;42:1813–21.



Page 10 of 10Li et al. BMC Musculoskeletal Disorders          (2022) 23:426 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 16. Zbrojkiewicz D, Scholes C, Zhong E, Holt M, Bell C. Anatomical variability of 
intercondylar fossa geometry in patients diagnosed with primary anterior 
cruciate ligament rupture. Clinical Anatomy (New York, NY). 2020;33:610–8.

 17. Keays SL, Keays R, Newcombe PA. Femoral intercondylar notch width 
size: a comparison between siblings with and without anterior cruciate 
ligament injuries. Knee Surg Sports Traumatol Arthrosc. 2016;24:672–9.

 18. 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;18:1239–44.

 19. Sun L, Shao W, Zhang D, Liu M. Anatomical attention guided deep net-
works for ROI segmentation of brain MR images. IEEE Trans Med Imaging. 
2020;39:2000–12.

 20. Xue J, Wang B, Ming Y, et al. Deep learning-based detection and 
segmentation-assisted management of brain metastases. Neuro Oncol. 
2020;22:505–14.

 21. Li X, Gong Z, Yin H, Zhang H, Wang Z, Zhuo L. A 3D deep supervised 
densely network for small organs of human temporal bone segmenta-
tion in CT images. Neural Netw. 2020;124:75–85.

 22. Zhou J, Damasceno PF, Chachad R, et al. Automatic vertebral body seg-
mentation based on deep learning of dixon images for bone marrow fat 
fraction quantification. Front Endocrinol. 2020;11:612.

 23. Souza LFF, Silva ICL, Marques AG, et al. Internet of medical things: an 
effective and fully automatic IoT approach using deep learning and 
fine-tuning to lung CT segmentation. Sensors (Basel, Switzerland). 
2020;20(23):6711.

 24. Mookiah MRK, Hogg S, MacGillivray TJ, et al. A review of machine learning 
methods for retinal blood vessel segmentation and artery/vein classifica-
tion. Med Image Anal. 2021;68: 101905.

 25. Ebrahimkhani S, Jaward MH, Cicuttini FM, Dharmaratne A, Wang Y, de 
Herrera AGS. A review on segmentation of knee articular cartilage: from 
conventional methods towards deep learning. Artif Intell Med. 2020;106: 
101851.

 26. Gaj S, Yang M, Nakamura K, Li X. Automated cartilage and meniscus seg-
mentation of knee MRI with conditional generative adversarial networks. 
Magn Reson Med. 2020;84:437–49.

 27. Flannery S W, Kiapour A M, Edgar D J, et al. Automated magnetic reso-
nance image segmentation of the anterior cruciate ligament[J]. J Orthop 
Res®. 2021;39(4):831–40.

 28. Ibtehaz N, Rahman MS. MultiResUNet : Rethinking the U-Net architec-
ture for multimodal biomedical image segmentation. Neural Netw. 
2020;121:74–87.

 29. Ronneberger O, Fischer P, Brox T. U-Net: Convolutional Networks for 
Biomedical Image Segmentation. 2015.

 30. He K, Zhang X, Ren S, et al. Deep residual learning for image 
recognition[C]//Proceedings of the IEEE conference on computer vision 
and pattern recognition. 2016. p. 770–8.

 31. Long J, Shelhamer E, Darrell T. Fully convolutional networks for semantic 
segmentation. IEEE Trans Pattern Anal Mach Intell. 2015;39:640–51.

 32. Badrinarayanan V, Kendall A, Cipolla R. Segnet: A deep convolutional 
encoder-decoder architecture for image segmentation[J]. IEEE 
Trans Pattern Anal Mach Intell. 2017;39(12):2481–95.

 33. Li X, Chen H, Qi X, et al. H-DenseUNet: hybrid densely connected UNet 
for liver and tumor segmentation from CT volumes[J]. IEEE Trans Med 
Imaging. 2018;37(12):2663–74.

 34. Sandler M, Howard A, Zhu M, et al. Mobilenetv2: Inverted residuals and 
linear bottlenecks[C]//Proceedings of the IEEE conference on computer 
vision and pattern recognition. 2018. p. 4510–20.

 35. van Eck CF, Kopf S, van Dijk CN, Fu FH, Tashman S. Comparison of 
3-dimensional notch volume between subjects with and subjects with-
out anterior cruciate ligament rupture. Arthroscopy. 2011;27:1235–41.

 36. Swami VG, Mabee M, Hui C, Jaremko JL. Three-dimensional intercondylar 
notch volumes in a skeletally immature pediatric population: a magnetic 
resonance imaging-based anatomic comparison of knees with torn and 
intact anterior cruciate ligaments. Arthroscopy. 2013;29:1954–62.

 37. Davidson SP, McLean SG. Effects of maturation on combined female mus-
cle strength and ACL structural factors. J Sci Med Sport. 2016;19:553–8.

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


	Automatic segmentation model of intercondylar fossa based on deep learning: a novel and effective assessment method for the notch volume
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Subjects
	MRI dataset and notch volume measurement
	MRI dataset preprocessing
	Segmentation model
	Residual block
	Combine block
	Training loss

	Implementation
	Model performances evaluation and statistical analysis

	Results
	Automatic segmentation performance
	Measurement of the femoral intercondylar notch

	Discussion
	Conclusions
	Acknowledgements
	References


