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Abstract
Objective  To develop an ensemble deep learning model (DLM) predicting anterior cruciate ligament (ACL) tears from 
lateral knee radiographs and to evaluate its diagnostic performance.
Materials and methods  In this study, 1433 lateral knee radiographs (661 with ACL tear confirmed on MRI, 772 normal) from 
two medical centers were split into training (n = 1146) and test sets (n = 287). Three single DLMs respectively classifying 
radiographs with ACL tears, abnormal lateral femoral notches, and joint effusion were developed. An ensemble DLM pre-
dicting ACL tears was developed by combining the three DLMs via stacking method. The sensitivities, specificities, and area 
under the receiver operating characteristic curves (AUCs) of the DLMs and three radiologists were compared using McNemar 
test and Delong test. Subgroup analysis was performed to identify the radiologic features associated with the sensitivity.
Results  The sensitivity, specificity, and AUC of the ensemble DLM were 86.8% (95% confidence interval [CI], 79.9–92.0%), 
89.4% (95% CI, 83.4–93.8%), and 0.927 (95% CI, 0.891–0.954), achieving diagnostic performance comparable with that 
of a musculoskeletal radiologist (P = 0.193, McNemar test; P = 0.131, Delong test). The AUC of the ensemble DLM was 
significantly higher than those of non-musculoskeletal radiologists (P = 0.043, P < 0.001). The sensitivity of the DLM was 
higher than that of the radiologists in the absence of an abnormal lateral femoral notch or joint effusion.
Conclusion  The diagnostic performance of the ensemble DLM in predicting lateral knee radiographs with ACL tears was 
comparable to that of a musculoskeletal radiologist.
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Abbreviations
ACL	�  Anterior cruciate ligament
DLM	� Deep learning model
AUC​	� Area under the receiver operating characteristic 

curve
CI	� Confidence interval

Introduction

An anterior cruciate ligament (ACL) tear is one of the com-
mon sports-related injuries of the knee. ACL tears can result 
in anteroposterior and rotatory instability of the knee, which 
increases the risk of cartilage or meniscal damage [1, 2]. 
Thus, prompt and accurate diagnosis of ACL tears with early 
surgical reconstruction is vital to prevent post-traumatic 
osteoarthritis. However, pain and muscle spasm may lower 
the accuracy of physical examination in patients with acute 
ACL tears [3]. Although MRI is the best imaging modal-
ity to confirm ACL tears, it is not widely used for initial 
evaluation because of the high cost. Therefore, conventional 
radiography, which is a readily available imaging tool, plays 
a role in screening ACL tears. If an ACL tear is suspected on 
radiography, follow-up physical examination and subsequent 
MRI examination would be needed even if ACL injury was 
not evident on the initial clinical examination.

There are several signs of ACL tears on conventional 
radiography. An abnormally deep lateral condylopatellar 
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sulcus, which is called “lateral femoral notch sign,” can be 
noted due to an impaction of the lateral femoral condyle 
by pivot shift injury mechanism [4]. Owing to the different 
impaction patterns, “abnormal lateral notches” including a 
deep notch, a long notch, and a double notch can also be 
observed [5, 6]. In addition, the amount of knee joint effu-
sion usually increases in acute ACL tears [7]. These findings 
are best observed on the lateral radiograph. However, their 
sensitivity is quite low, and detection of these findings is 
significantly dependent on the interpreter’s experience.

Recent studies have shown that deep learning model 
(DLM) is useful for disease detection and characterization 
on radiologic images [8–10]. Compared to single learn-
ing models, the performance of ensemble DLMs can be 
improved by combining several models [11]. Therefore, the 
purpose of this study was to develop three convolutional 
neural network-based single models that can respectively 
classify lateral knee radiographs with ACL tears, abnormal 
lateral notches, and increased amounts of knee joint effu-
sion, and to finally develop an ensemble model by com-
bining three single models and to validate the diagnostic 
performance of the models in predicting ACL tears.

Materials and methods

This retrospective study was approved by the institutional 
review boards of two medical centers (SMG-SNU Boramae 
Medical Center and Konkuk University Medical Center). 

The requirement for informed consent was waived due to 
its retrospective nature.

Dataset

Lateral knee radiographs from patients with MRI find-
ings of ACL tear in SMG-SNU Boramae Medical Center 
(BRMC) and Konkuk University Medical Center (KUMC) 
between January 2010 and October 2020 were collected. 
Patients aged 45 years or below were included because more 
than 90% of ACL tears occur in this age group [12] and 
to exclude elderly patients with osteoarthritic changes of 
the knee. The following exclusion criteria were applied: (a) 
interval of longer than 15 days between lateral knee radio-
graph and knee MRI; (b) chronic ACL tear; (c) presence of 
fracture not related to ACL tear; (d) images with suboptimal 
image quality; (e) images with 60° or more of knee flexion; 
(f) previous knee operation; (g) presence of bone tumor; and 
(h) images with external immobilization or hardware (splint, 
screw, etc.). Chronic ACL tear was defined as fragmented 
appearance with low signal intensity or non-visualization 
on MRI [13, 14]. Finally, 661 lateral knee radiographs with 
ACL tears were included (Fig. 1). The time interval between 
the injury and lateral knee radiograph ranged from 0 to 
168 days with a mean value of 9 days.

In addition, lateral knee radiographs obtained between 
October 2019 and October 2020 from the two muscu-
loskeletal radiologists (J.H.K. and J.W.C., each with 7 
and 18 years of experience). Normal lateral knee radio-
graphs without any abnormal findings confirmed by two 

Fig. 1   Flowchart shows the 
process used to enroll lateral 
knee radiographs from ACL tear 
patients. ACL = anterior cruci-
ate ligament, BRMC = SMG-
SNU Boramae Medical Center, 
KUMC = Konkuk University 
Medical Center
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musculoskeletal radiologists were included as controls. 
As a result, 772 normal lateral knee radiographs were 
enrolled.

Finally, a total of 1433 lateral knee radiographs from 
1433 subjects were included in this study. The dataset con-
sisted of 521 images from BRMC (169 with ACL tear, 352 
normal) and 912 images from KUMC (492 with ACL tear, 
420 normal). Among them, 252 radiographs (132 with 
ACL tear, 120 normal) were from pediatric subjects aged 
18 years or below. Among 252 radiographs from pediatric 
patients, 38 radiographs (17 with ACL tear, 21 normal) 
showed skeletal immaturity, having an open physeal plate.

Image labeling and data split

All lateral knee radiographs were independently reviewed 
by two musculoskeletal radiologists (J.H.K.  and J.W.C.). 
During the labeling process, they referred to MRI and 
contralateral lateral knee radiographs obtained at the 
same time as the ACL-injured knee (available in 72.5% 
[479/661] of the cases). They labeled lateral femoral 
notches as abnormal (deep, long, or double notches [5, 
6]) or normal. The lateral femoral notch was designated 
abnormal when the notch was asymmetric by compari-
son of bilateral radiographs or was suspected abnormal in 
unilateral radiograph and there was corresponding bone 
lesion on MRI. The amount of knee joint effusion was 
also classified as increased (anteroposterior dimension of 
supra-patellar recess ≥ 5 mm [15]) or within the normal 
range. In cases of disagreement (10 radiographs for lateral 
femoral notches, and 15 radiographs for joint effusion), 
they re-evaluated the images in consensus.

Subsequently, 1433 lateral knee radiographs were split 
into training (n = 1146) and test sets (n = 287) at a ratio of 
8:2. Owing to the imbalanced data distribution, a stratified 
split was performed. The detailed characteristics of the train-
ing and test sets are presented in Table 1.

Image preprocessing

The images were manually cropped to 1000 × 1000 pixels to 
include supra-patellar recess, patella, distal femur and tibial 
plateau. For the DLM detecting abnormal lateral femoral 
notch, the images were also cropped to 600 × 600 pixels cen-
tered on the lateral femoral notch. All images were resized 
to 512 × 512 pixels. Min–max normalization was used to 
standardize the images. Contrast limited adaptive histogram 
equalization was applied to enhance the contrast. To general-
ize the model, augmentation of the dataset was performed 
by rotation (within ± 20 degrees), horizontal flip, vertical 
flip, and center crop.

DLM

First, three single binary classification DLMs for ACL tear 
(“ACL tear model”), abnormal lateral femoral notch (“abnor-
mal notch model”), and increased amount of knee joint effu-
sion (“joint effusion model”) were developed. Subsequently, 
an ensemble DLM detecting ACL tear, which was named 
“ensemble ACL tear model,” was developed by combining 
the three single models by stacking method.

Figure 2 shows the architecture of the ensemble DLM. 
The orange box comprised multiple layers repeating 3 × 3 
convolution, rectified linear unit, and batch normalization 
twice. The yellow box included max pooling with a 2 × 2 
filter and a stride of 2, followed by a dropout layer with a 
dropout rate of 30%. Subsequently, the green box of a flatten 
layer converted the data into one dimension and sent it to the 
fully connected layer (blue circles). In the fully connected 
layer, the first dense layer included the rectified linear unit 
as the activation function and a dropout layer. In the sec-
ond dense layer, a sigmoid activation function was used for 
the binary classification. The ensemble of the three single 
models was performed through the concatenate layer. In the 
last dense layer, a sigmoid function was used as the activa-
tion function. The model was trained for 100 epochs with 
a batch size and learning rate set to 20 and 0.0001, respec-
tively. RMSProp was used as the optimizer, and the loss 
function was binary cross-entropy. To optimize the model 

Table 1   Demographic information and characteristics of training and 
test sets

Unless otherwise specified, data are reported as the number of 
patients or radiographs. Data in parentheses are percentages
* Data are reported as mean ± standard deviation
ACL anterior cruciate ligament

Characteristic Train-
ing set 
(n = 1146)

Test set (n = 287) Total (n = 1433)

Sex
  Male 799 (69.7) 201 (70.0) 1000 (69.8)
  Female 347 (30.3) 86 (30.0) 433 (30.2)

Age (years)* 27.4 ± 8.7 27.0 ± 8.7 27.3 ± 8.7
ACL tear

  Absent 621 (54.2) 151 (52.6) 772 (53.9)
  Present 525 (45.8) 136 (47.4) 661 (46.1)

Lateral femoral notch
  Normal 845 (73.7) 208 (72.5) 1053 (73.5)
  Abnormal 301 (26.3) 79 (27.5) 380 (26.5)

Joint effusion
  Within normal 

range
727 (63.4) 176 (61.3) 903 (63.0)

  Increased 
amount

419 (36.6) 111 (38.7) 530 (37.0)
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and avoid overfitting, a stratified fourfold cross-validation 
was performed in the training set. Three single DLMs pro-
vided probability scores between 0 and 1 for the presence 
of an ACL tear, abnormal lateral femoral notch, and joint 
effusion, respectively. Finally, the ensemble DLM provided 
a probability score between 0 and 1 for the presence of an 
ACL tear.

The test set was evaluated using the trained DLMs. 
Heatmaps highlighting the most discriminative regions in 
images for model prediction were generated using gradient-
weighted class activation mapping [16]. Training and evalu-
ation of the DLMs were performed in Python 3.8 (Python 
Software Foundation, Wilmington, Del) using Tensorflow 
library version 2.2.0 (Google Brain, Mountain View, Cali-
fornia) with four Nvidia GeForce GTX 1080 Ti GPUs. 

Finally, sensitivity, specificity, and accuracy of the DLMs 
were calculated. The cut-off probability values of the models 
were set to 0.5.

Review of radiologic features by radiologists

Three radiologists (reviewer 1, H.J.K., musculoskeletal radi-
ologist; reviewer 2, J.W.C., non-musculoskeletal boardcerti-
fied radiologist; reviewer 3, K.L., radiology resident; each 
with 8, 5, and 1 year of experience) independently reviewed 
all images of the test set. They were asked to grade the likeli-
hood of the presence of an ACL tear, abnormal lateral femo-
ral notch, and increased amount of joint effusion on a 5-point 
scale as follows: 1, definitely absent, 0%; 2, probably absent, 
25%; 3, indeterminate, 50%; 4, probably present, 75%; and 

Fig. 2   Architecture of the ensemble ACL tear model. The ensem-
ble ACL tear model was created by combining the ACL tear model, 
abnormal notch model, and joint effusion model using stacking 
method. The orange box comprised multiple layers repeating 3 × 3 
convolution, rectified linear unit, and batch normalization twice. The 
yellow box included max pooling with a 2 × 2 filter and a stride of 2, 
followed by a dropout layer with a dropout rate of 30%. Subsequently, 
the green box of a flatten layer converted the data into one dimension 
and sent it to the fully connected layer (blue circles). In the fully con-

nected layer, the first dense layer included the rectified linear unit as 
the activation function and a dropout layer. In the second dense layer, 
a sigmoid activation function was used for the binary classification. 
The ensemble of the three single models was performed through the 
concatenate layer. In the last dense layer, a sigmoid function was used 
as the activation function. The number below the box or circle repre-
sents the number of output units. ACL = anterior cruciate ligament, 
conv = convolution, ReLU = rectified linear unit, BN = batch normali-
zation
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5, definitely present, 100%. The reviewers were blinded to 
the clinical information of each patient; however, they were 
aware that all images were either normal or with ACL tears. 
Anonymized DICOM image files without cropping were 
provided to the reviewers.

The sensitivity, specificity, and accuracy of the reviewers 
were calculated. Grades 1, 2, and 3 were regarded as normal 
and grades 4 and 5 were considered abnormal.

Subgroup analysis

For images with ACL tears in the test set, subgroup analysis 
was performed to identify the specific radiologic features 
associated with the diagnostic sensitivity of the DLMs and 
reviewers. Images were dichotomized according to the pres-
ence of an abnormal lateral femoral notch and a significant 
amount of joint effusion (anteroposterior dimension of 
supra-patellar recess ≥ 5 mm). The sensitivities of the DLMs 
and reviewers in each subgroup were calculated.

Statistical analysis

The sensitivity and specificity of the DLMs and reviewers 
were compared using McNemar test. The area under the 
receiver operating characteristic curves (AUCs) were cal-
culated. Comparisons between the AUCs were performed 
using the Delong method. Statistical analyses were per-
formed using MedCalc version 20.015 (MedCalc Software, 
Ostend, Belgium). A two-tailed P value less than 0.05 was 
considered statistically significant.

Results

Diagnostic performance of the DLMs

The diagnostic performance of the DLMs and human 
reviewers in detecting radiographs with ACL tears is 

summarized in Table 2. The sensitivity and specificity of 
the ensemble ACL tear model in detecting ACL tears were 
86.8% (118/136; 95% confidence interval [CI], 79.9–92.0%) 
and 89.4% (135/151; 95% CI, 83.4–93.8%), while those 
of the ACL tear model were 84.6% (115/136; 95% CI, 
77.4–90.2%) and 86.1% (130/151; 95% CI, 79.5–91.2%), 
respectively. The AUC of the ensemble ACL tear model and 
ACL tear model was 0.927 (95% CI, 0.891–0.954) and 0.856 
(95% CI, 0.810–0.895) (Fig. 3). The AUC of the ensemble 
model was significantly higher than that of the ACL tear 
model (P = 0.004).

The sensitivity and specificity of the abnormal notch 
model in detecting abnormal lateral femoral notch were 
79.8% (63/79; 95% CI, 69.2–88.0%) and 84.1% (175/208; 
95% CI, 78.5–88.8%) (Supplemental Table 1). The joint 
effusion model achieved a sensitivity of 82.0% (91/111; 95% 
CI, 73.6–88.6%) and a specificity of 88.6% (156/176; 95% 
CI, 83.0–92.9%) in detecting an increased amount of knee 
joint effusion (Supplemental Table 2).

Heatmaps generated in the ACL tear model included 
supra-patella recess, lateral femoral notch, and Hoffa’s fat 
pad within the highlighted regions. In the abnormal notch 
model, the highlighted regions included the lateral femoral 
notch. In the joint effusion model, supra-patellar recess was 
mostly highlighted (Figs. 4, 5, 6).

Comparison of the performance between DLMs 
and reviewers

The sensitivity and specificity of the human reviewers in 
detecting ACL tears ranged from 64.0 to 79.4% and 81.5 to 
88.1%, respectively. The AUC of the three reviewers varied 
according to their level of experience, ranging from 0.785 
to 0.898. The diagnostic accuracy of the ensemble ACL 
tear model was significantly higher than that of reviewer 3 
(88.2% vs. 73.2%, P = 0.042, McNemar test). In addition, 
the AUC of the ensemble ACL tear model was significantly 
higher than that of reviewer 2 (0.927 vs. 0.886, P = 0.043) 

Table 2   Diagnostic performance of ensemble ACL tear model, ACL tear model, and human reviewers in detecting ACL tear

Reviewer 1, musculoskeletal radiologist; reviewer 2, non-musculoskeletal board-certified radiologist; reviewer 3, radiology resident
Data in parentheses are the number of images. Data in brackets are 95% confidence intervals. ACL anterior cruciate ligament, AUC​ area under 
the receiver operating characteristic curve

Parameter Ensemble ACL tear model ACL tear model Reviewer 1 Reviewer 2 Reviewer 3

Sensitivity (%) 86.8 (118/136)
[79.9–92.0]

84.6 (115/136)
[77.4–90.2]

77.9 (106/136)
[70.0–84.6]

79.4 (108/136)
[71.6–85.9]

64.0 (87/136)
[55.3–72.0]

Specificity (%) 89.4 (135/151)
[83.4–93.8]

86.1 (130/151)
[79.5–91.2]

88.1 (133/151)
[81.8–92.8]

87.4 (132/151)
[81.1–92.3]

81.5 (123/151)
[74.3–87.3]

Accuracy (%) 88.2 (253/287)
[83.8–91.7]

85.4 (245/287)
[80.7–89.3]

83.3 (239/287)
[78.4–87.4]

83.6 (240/287)
[78.8–87.7]

73.2 (210/287)
[67.7–78.2]

AUC​ 0.927
[0.891–0.954]

0.856
[0.810–0.895]

0.898
[0.857–0.931]

0.886
[0.844–0.921]

0.785
[0.733–0.831]
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and reviewer 3 (0.927 vs. 0.785, P < 0.001). There was no 
significant difference in the diagnostic performance between 
the ensemble ACL tear model and reviewer 1 (P = 0.193, 
McNemar test; P = 0.131, Delong test).

Diagnostic sensitivity according to radiologic 
features

The results of the subgroup analyses are presented in 
Table 3. The sensitivity of the ensemble ACL tear model was 
higher than that of the reviewers in the absence of abnormal 
lateral femoral notch (75.4% vs. 52.6–66.7%; reviewer 1, 
P = 0.049; reviewer 2, P = 0.302; reviewer 3, P = 0.011) and 
in the cases of physiologic amount of joint effusion (56.0% 
vs. 20.0–36.0%; reviewer 1, P = 0.008; reviewer 2, P = 0.227; 
reviewer 3, P = 0.049). In contrast, in the presence of abnor-
mal lateral femoral notch or joint effusion, sensitivities were 
not significantly different between the ensemble ACL tear 
model and reviewers except for reviewer 3 (in the presence 
of lateral femoral notch, 94.9% vs. 72.2%, P < 0.001; in the 
presence of joint effusion, 93.7% vs. 73.9%, P < 0.001).

Discussion

We developed an ensemble DLM that could screen lateral 
knee radiographs with ACL tears by combining DLMs clas-
sifying radiographs with indirect signs of ACL tears. The 
ensemble DLM provided the sensitivity, specificity, and 
AUC of 84.6%, 86.1%, and 0.927, respectively, achieving 
diagnostic performance comparable with that of a muscu-
loskeletal radiologist. The AUC of the ensemble DLM was 
significantly higher than those of the single DLM and non-
musculoskeletal radiologists. Especially in the absence of 
abnormal lateral femoral notch or joint effusion, the DLM 
provided better sensitivity for predicting ACL tears com-
pared to radiologists.

In the current study, ensemble learning was used to 
improve overall performance of the DLM by simultaneously 
learning related tasks in the form of multi-task learning [17, 
18]. In multi-task learning, information obtained during the 
classification task of “ACL tear” has a good influence on 
the other classification tasks of “abnormal lateral femoral 
notch” or “joint effusion”, and vice versa. In addition, over-
fitting is reduced by learning a more generalized shared 

Fig. 3   Receiver operating 
characteristic curves of the 
models and human reviewers. 
AUC = area under the receiver 
operating characteristic curve
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representation to fit multiple tasks simultaneously. Previous 
works on cancer classifications also used multi-task learning 
with auxiliary classifiers to enhance the performance of a 
simple binary classification model [19–21].

In this study, the DLM showed better sensitivity com-
pared to the radiologists. It is attributed to the higher sen-
sitivity of the DLM in the absence of an abnormal lateral 
femoral notch or joint effusion. It has been reported that 

even if lateral femoral notch appears normal on radiograph, 
bone marrow edema is present on MRI in about half of the 
ACL tear patients [6, 22]. Therefore, we speculated that the 
DLM may recognize subtle bone marrow density changes 
at the grossly normal lateral femoral notch in images with 
ACL tears. In addition, heatmaps derived from the ACL 
tear model showed highlighted regions including Hoffa’s 
fat pad as well as the supra-patellar recess and lateral 

Fig. 4   Images in a 35-year-old 
man with anterior cruciate 
ligament (ACL) tear in which 
the ensemble ACL tear model 
and all human reviewers made 
correct predictions. A Cropped 
lateral knee radiograph shows 
deep lateral femoral notch 
(arrow) and joint effusion in 
supra-patellar recess (arrow-
head). The probability score 
from the ensemble ACL tear 
model for the presence of 
ACL tear was 0.90. B Proton 
density weighted sagittal MRI 
shows complete tear of ACL. 
C Heatmap from the ACL tear 
model overlaid on the radio-
graph included supra-patella 
recess, lateral femoral notch, 
and Hoffa’s fat pad within the 
highlighted region. D Heatmap 
from the abnormal notch model 
overlaid on the radiograph 
shows that an abnormal lateral 
femoral notch was successfully 
detected with a probability 
score of 0.80. E Heatmap from 
the joint effusion model overlaid 
on the radiograph shows that 
joint effusion was successfully 
detected with a probability 
score of 0.79.

A B

C D

E
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femoral condyle. This suggests that model used Hoffa’s fat 
pad edema for the prediction of ACL tears, while the radi-
ologists probably did not. Edema and synovial proliferation 
of Hoffa’s fat pad on MRI is present in more than half of 
knees with ACL injury [23]. It can be inferred that Hoffa’s 
fat pad edema should also be considered as an important 
radiographic sign in acute traumatic setting.

The clinical utility of the proposed DLM would be ancil-
lary in the diagnosis of ACL tears. Admittedly, MRI is 
usually requested to confirm ACL tears based on trauma 
history and clinical knee instability since it provides excel-
lent diagnostic performance and facilitates the detection 
of associated injuries [24]. However, physical exam in the 
emergency department is often overlooked or performed by 

inexperienced physicians. Since the diagnostic performance 
of the DLM was comparable to that of a musculoskeletal 
radiologist, the proposed DLM can be an adjunctive diag-
nostic tool for ACL tears especially in the emergency depart-
ment where experienced radiologists and physicians are not 
always available. Considering the higher sensitivity of the 
DLM compared to the radiologists in the absence of indirect 
signs of ACL tears, the DLM can help prevent misinter-
pret radiographs with ACL tears as normal. In addition, an 
immobilizer can be applied to patients suspected of ACL 
tears by the DLM to prevent further incidents of injury.

There were 18 false negative cases (18/136, 13.2%) where 
the ensemble DLM classified the lateral knee radiographs 
as normal but ACL tears were present on MRI. In 11 cases, 

A B

C D

Fig. 5   Images in a 24-year-old man with anterior cruciate ligament 
(ACL) tear in which the ensemble ACL tear model made correct 
predictions but all human reviewers made incorrect predictions. A 
Cropped lateral knee radiograph shows a long lateral femoral notch 
(arrow). Joint effusion in supra-patellar recess is within a physiologic 
amount. Reviewers labeled this image as grade 3 (indeterminate), 3, 
and 2 (probably absent), respectively. The probability score from the 
ensemble ACL tear model for the presence of ACL tear was 0.91. B 
Proton density weighted sagittal MRI shows complete tear of ACL. 

C Heatmap from the ACL tear model overlaid on the radiograph 
included femoral condyle, lateral femoral notch, and Hoffa’s fat pad 
within the highlighted region. The probability score of the ACL 
tear model for the presence of ACL tear was 0.61. D Heatmap from 
the abnormal notch model overlaid on the radiograph shows that 
an abnormal lateral femoral notch was successfully detected with a 
probability score of 0.64. Reviewers assessed the likelihood of abnor-
mal lateral femoral notch as grade 4 (probably present), 0 (definitely 
absent), and 3 (indeterminate), respectively.
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Fig. 6   Representative false 
negative cases. A, B, C Images 
in a 27-year-old man with 
anterior cruciate ligament 
(ACL) tear. A Cropped lateral 
knee radiograph shows normal 
configuration of lateral femoral 
condyle without joint effusion. 
All reviewers labeled this image 
as grade 0 (definitely absent). 
The probability score from the 
ensemble ACL tear model for 
the presence of ACL tear was 
0.20. B Fat-suppressed proton 
density weighted sagittal MRI 
shows complete tear of ACL. 
C Heatmap from the ACL 
tear model overlaid on the 
radiograph included femoral 
condyle, lateral femoral notch, 
and Hoffa’s fat pad within the 
highlighted region. D, E, F 
Images in a 21-year-old man 
with anterior cruciate liga-
ment (ACL) tear. D Cropped 
lateral knee radiograph shows 
joint effusion in supra-patellar 
recess (arrowhead) with normal 
configuration of lateral femoral 
condyle. Reviewers labeled this 
image as grade 5 (definitely 
present), 5, and 4 (probably 
present), respectively. The 
probability score from the ACL 
tear model for the presence of 
ACL tear was 0.75. However, 
the probability score from the 
ensemble ACL tear model was 
0.17. E Fat-suppressed proton 
density weighted sagittal MRI 
shows complete tear of ACL. 
F Heatmap from the ACL tear 
model overlaid on the radio-
graph included femoral condyle, 
supra-patella recess, and Hoffa’s 
fat pad within the highlighted 
region.
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lateral femoral notch sign and joint effusion were absent or 
minimally present. On the contrary, indirect signs of ACL 
tears were present in the other 7 cases that reviewers and 
single DLM made correct predictions except for the ensem-
ble DLM (Fig. 6). Although the overall sensitivity of the 
ensemble DLM was higher than that of the single DLM, 
there must be some trade-offs. Therefore, referring to the 
results of both ensemble and single DLMs would help make 
correct diagnoses.

In the current study, we developed a DLM classifying 
lateral knee radiographs with joint effusion. Classifying knee 
joint effusion in the setting of acute trauma would be helpful 
for screening injuries in various knee structures because it 
suggests a high likelihood of ligament or meniscus injury 
[25, 26]. Therefore, we expect that the joint effusion model 
in this study can be generally applied to patients with acute 
trauma. To turn this expectation into reality, the proposed 
joint effusion model needs to be further validated in a dataset 
composed of various conditions besides ACL tears.

This study has several limitations. First, among the vari-
ous series of knee radiographs, only the lateral view was 
used. We intended to develop DLM classifying radiographs 
with abnormal lateral femoral notch and joint effusion, 
which are best seen on lateral knee radiograph. As a result, 
anteroposterior views or stress radiographs were not used. 
Second, the normal radiographs were not confirmed by MRI. 
There might have been hidden ACL tears or pathologies in 
images classified as normal. Third, our dataset consisted of 
only two groups of subjects: normal and ACL tears. Inclu-
sion of other conditions would reduce the diagnostic perfor-
mance of the DLMs because joint effusion or Hoffa’s fat pad 
abnormality is not specific for ACL tears. To be applied in 
routine clinical settings, further validation of the model in 
datasets comprising various conditions is needed. Fourth, 
the DLM and human reviewers were blinded to the contralat-
eral knee radiographs and trauma history of the subjects. In 
the real practice, comparison of the radiographs with the 
contralateral side and referring to trauma history would 
help diagnose ACL tears. Fifth, our dataset was limited to 

optimal images of young patients aged 45 years or below. In 
addition, images with interval of longer than 15 days from 
MRI or images with bone tumor were excluded. Exclusion 
of potentially confounding images might restrict the clini-
cal utility of the DLM. Sixth, radiographs were manually 
cropped. Automated cropping process would be needed to 
improve workflow of the proposed DLM. Finally, an external 
validation of the models would be required to generalize 
our results.

In conclusion, the diagnostic performance of the ensem-
ble DLM in predicting lateral knee radiographs with ACL 
tear was comparable to that of a musculoskeletal radiologist. 
By combining the models classifying radiographs with indi-
rect signs of ACL tears, the ensemble model outperformed 
the single model in classifying images with ACL tears.
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