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Abstract

Objectives: To determine the feasibility and performance of a deep learning system (DLS) used 

to create synthetic artificial intelligence-based fat-suppressed (FS) MR images (AFSMRI) of the 

knee.

Materials and Methods: This single-center study was approved by the Institutional Review 

Board. Artificial intelligence-based fat-suppressed MR images were created from non-FS images 

using a deep learning system with a modified Convolutional Neural Networks-based U-Net that 

employed a training set of 25,920 images and validation set of 16,416 images. Three 

musculoskeletal radiologists reviewed 88 knee MR studies in two sessions, the original (proton 

density (PD) + FSPD) and the synthetic (PD + AFSMRI). Readers recorded AFSMRI quality 

(diagnostic/non-diagnostic), and the presence or absence of meniscal, ligament and tendon tears, 

cartilage defects, and bone marrow abnormalities. Contrast-to-noise (CNR) measurements were 

made between subcutaneous fat, fluid, bone marrow, cartilage, and muscle. The original MR 

imaging sequences were used as the reference standard to determine the diagnostic performance of 

AFSMRI (combined with the original PD sequence). This is a fully balanced study design, where 

all readers read all images the same number of times, which allowed the determination of the 

interchangeability of the original and synthetic protocols. Descriptive statistics, intermethod 

agreement, interobserver concordance, and interchangeability tests were applied. A p value < 0.01 
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was considered statistically significant for the likelihood ratio testing, and p value <0.05 for all 

other statistical analyses.

Results: AFSMRI quality was rated as diagnostic (98.9%[87/88]-100%[88/88], all readers). 

Diagnostic performance (sensitivity/specificity) of the synthetic protocol was high, for tears of the 

menisci (91%[71/78], 86%[84/98]), cruciate ligaments (92%[12/13], 98%[160/163]), collateral 

ligaments (80%[16/20], 100%[156/156]), and tendons (90%[9/10], 100 %166/166)). For cartilage 

defects and bone marrow abnormalities, the synthetic protocol offered an overall sensitivity/

specificity of 77% (170/221)/93%(287/307), and 76%(95/125)/90%(443/491), respectively. 

Intermethod agreement ranged from moderate to substantial for almost all evaluated structures 

(menisci, cruciate ligaments, collateral ligaments, and bone marrow abnormalities). No significant 

difference was observed between methods for all structural abnormalities by all readers (p>0.05), 

except for cartilage assessment. Interobserver agreement ranged from moderate to substantial for 

almost all evaluated structures. Original and synthetic protocols were interchangeable for the 

diagnosis of all evaluated structures. There was no significant difference for the common exact 

match proportions for all combinations (p> 0.01). The conspicuity of all tissues assessed through 

CNR was higher on AFSMRI than on original FSPD images (P<0.05).

Conclusions: Artificial intelligence-based fat-suppressed MR imaging (3D AFSMRI) is 

feasible, and offers a method for fast imaging, with similar detection rates for structural 

abnormalities of the knee, compared with original 3D MR sequences.
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INTRODUCTION

Magnetic resonance (MR) imaging is the modality of choice for assessing internal 

derangement of the knee1. Artificial intelligence (AI) algorithms, and in particular, deep 

learning systems (DLS), provide new ways for detection, segmentation, and classification of 

imaging datasets and have been applied to knee MR imaging, primarily for the purpose of 

enhancing or automating diagnostic performance for the evaluation of articular cartilage, the 

anterior cruciate ligament (ACL) and the menisci2–9.

For clinical knee MR imaging, there is also a continual emphasis on the need for fast 

imaging, particularly to meet increasing demand 10–15. Not only do the advantages of fast 

imaging include the ability to increase MR throughput and reduce patient discomfort and 

motion artifacts, the protocol can be expanded to include other types of sequences (such as 

related to cartilage mapping) given the imaging time savings. Faster knee imaging has been 

achieved clinically through the improvement of conventional sequences and scan times. In 

particular, with the advent of 3D sequences, knee MR imaging can be achieved through only 

two sagittal acquisitions (an intermediate-weighted/proton density (PD) acquisition and a 

fluid-sensitive acquisition with fat suppression), which can in turn be reformatted in any 

plane of choice, including traditional coronal and axial planes, thereby improving the 

assessment of complex or obliquely-lying structures16–20.
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We hypothesized that a synthetic, AI-based method of fat suppression derived from an 

intermediate-weighted non-fat-suppressed 3D sequence is feasible and could replace the 

need for acquiring separate fat-suppressed imaging of the knee. AI-based image synthesis 

methods have previously been applied to medical imaging to convert images between 

modalities, such as MR-to-CT and CT-to-MR synthesis21, with the most commonly used 

techniques Cycle-GAN22 and Pix2Pix23, both having the core algorithm, a U-Net24. The 

purpose of our study was to develop and optimize a convolutional neural network (CNN)-

based U-Net for creating synthetic fat-suppressed MR imaging (AFSMRI) of the knee from 

a single 3D non fat-suppressed PD acquisition, and to evaluate the diagnostic performance 

of this AI-based technique for the assessment of common knee abnormalities.

MATERIALS AND METHODS

Overview

A modified CNN-based U-Net was used to create synthetic fat-suppressed imaging from 

non-fat-suppressed intermediate-weighted 3D volumetric imaging of isotropic resolution. A 

set consisting of 25,920 (11,520 fat-suppressed PD and 14,400 non-fat-suppressed PD) 

images acquired for routine knee MR imaging was used for training the DLS. Subsequently, 

the algorithm was optimized on 16,416 images (7,296 fat-suppressed PD and 9,120 non-fat-

suppressed PD) with input from expert musculoskeletal radiologists, and finally tested on a 

set of 88 MR imaging studies of the knee that included routine 3D fat-suppressed and non-

fat-suppressed PD sequences.

Three readers reviewed the images in two sessions (session 1: the original study consisting 

of the non-fat-suppressed and fat-suppressed proton density (PD) 3D volumetric sequences, 

session 2: original non-fat-suppressed sequence and AFSMRI). We chose a fully balanced 

study design, where all readers read all images the same number of times, which allowed the 

determination of the interchangeability of the original and synthetic protocols. This study 

design does not require a validated standard of reference such as arthroscopy. The diagnostic 

performance of the readers for each session was compared.

Subject Population

This single-center study was approved by the Institutional Review Board and was performed 

in compliance with both the Declaration of Helsinki and Health Insurance Portability and 

Accountability Act (HIPPA) regulations. The requirement for informed consent was waived.

Inclusion criteria for the study were any patient referred to our department for assessment of 

internal derangement with routine knee MR imaging at 3T between May and September 

2019, using a protocol that included two 3D volumetric acquisitions of isotropic resolution 

(PD, fat-suppressed PD). Exclusion criteria were patients without these sequences, those 

who had received intravenous contrast medium, or were referred for indications other than 

internal derangement which would necessitate a different protocol (such as for tumor 

imaging).
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MRI Imaging Acquisition

All MR imaging studies were performed on a 3T system (Magnetom Skyra, Siemens 

Healthcare, Erlangen, Germany) using a 48 phased array radiofrequency channels and 

commercially available transmit/receive 15 phased array knee coil (QED, Mayfield Village, 

OH).

The study protocol consisted of two commercially available sagittal-acquired 3D volumetric 

pulse sequences of isotropic resolution (turbo spin echo SPACE (Sampling perfection with 

application-optimized contrasts using different flip angle evolution), a FS intermediate-

weighted 3D sequence (sagittal, [TR/TE 1100/108ms, slice thickness 0.6mm]) and non-FS 

3D sequence [sagittal, TR/TE 1000/28ms, slice thickness 0.5mm])(GOKnee3D; Siemens 

Healthcare, Erlangen, Germany), both with 1D GRAPPA (Generalized Autocalibrating 

Partial Parallel Acquisition sampling pattern)15, 19. Each 3D data set was reformatted into 

standard axial and coronal images sets of 0.5-mm slice thickness. The imaging parameters 

are summarized in Table 1.

Deep Learning Algorithm for AFSMRI

AFSMRI was created using a modified version of the semantic deep learning architecture 

termed the U-Net24. The deep learning network architecture for the U-Net is illustrated in 

Figure 1. The encoder, decoder, and the bridge sections of the U-Net consisted of three, one, 

and three convolutional blocks, respectively, with each block comprised of two 

convolutional layers with ReLU activation, followed by batch normalization. The encoder 

convolutional blocks were preceded by a max pooling layer (window size=2×2), while the 

decoder convolutional blocks were preceded by an unpooling layer, followed by 

concatenation with the layer at the same level in the encoder section, as shown in Figure 1. 

An image sharpening filter was applied to the output of the final convolutional layer of the 

network to produce a more realistic image and overcome the blurring caused by 

unpooling25.

Training, Validation and Test Sets

The total training dataset consisted of 98 knee MR studies, with images acquired according 

to the protocol above. The 98 studies were divided into two groups: A training data set (60 

studies with 25,920 images, including 11,520 FS PD and 14,400 non-FS PD) upon which 

the algorithm was initially trained, and a validation dataset (38 studies with 16,416 images 

including 7,296 FS PD and 9,120 non-FS PD) upon which optimization of the deep learning 

hyperparameters was performed. The network was trained to produce synthetic images in all 

imaging orientations (sagittal, axial, and coronal), and the optimal hyperparameters for 

training the network were as follows:

• Minibatch size = 30

• Number of epochs = 20

• Optimization function = Stochastic Gradient Descent (learning rate = 0.01, 

momentum=0.9)

• Cost function: Mean Squared Error (MSE)
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• L2 regularization = 0.0001

• Initial learn rate = 0.5

Then, the algorithm with optimal hyperparameters was retrained on all 98 studies.

The optimized AFSMRI algorithm was then tested on a test data set of 88 knee MR studies. 

These data were run on a Nvidia DGX system with four Volta GPUs and the deep learning 

code was implemented on MATLAB 2019b (Mathworks inc.).

Reader procedures for test set analysis

All anonymized MR imaging studies were retrospectively reviewed separately by three 

musculoskeletal radiologists (with 15, 6 and 1 years of post-residency experience, the latter 

two being musculoskeletal imaging fellows) in a random order to reduce bias. At the time of 

analysis, the readers had no knowledge of the electronic medical records, including clinical 

history, the results of physical examination, arthroscopic findings, diagnosis, previous 

reports, or sequence parameters (original versus synthetic protocol). All images were 

digitally assessed by using a commercially available RadiAnt Dicom Viewer (Version 

5.0.1.21910, Poznan, Poland). The reviewers were free to view isotropic data sets in 

interactive multiplanar reconstruction mode, using their preferred window, magnification, 

and scrolling mode.

Image analysis was performed in two sessions. The readers first independently evaluated all 

the routine knee MR imaging sequences (PD and FSPD sequences, in sagittal plane as well 

as multiplanar reformats to standard coronal, axial and any desired plane of interest), and at 

a second session, they evaluated the synthetic AFSMRI sequence alongside the PD sequence 

(in all planes, similar to the conventional sequences) (Figure 2). The sessions were separated 

by at least two weeks in order to reduce a potential learning bias.

Overall subjective image quality was rated on a semiquantitative scale using a four-point 

score according to the evaluation of the following criteria: edge sharpness, amount of 

blurring artifacts, contrast between fluid and soft tissue, fluid and cartilage, delineation of 

small ligamentous structures, and amount of noise: (1) Diagnostic, no artifact (optimal 

image quality); (2) Diagnostic, 1–25% artifact (one or two criteria were not optimal); (3) 

Nondiagnostic, 26%−50% artifact (Diagnosis limited by the criteria listed); (4) 

Nondiagnostic, > 50% artifact (diagnosis substantially limited by the criteria listed).

Subsequently, image features were assessed. Readers recorded the presence or absence of 

meniscal (medial and lateral menisci), ligament (anterior and posterior cruciate ligaments, 

medial and lateral collateral ligaments) and tendon (quadriceps and patellar tendons) tears. 

The articular cartilage was evaluated according to the presence or absence of cartilage 

defects (partial thickness or full thickness), and location of abnormality within six 

compartments (medial femoral condyle, lateral femoral condyle, medial tibial plateau, lateral 

tibial plateau, trochlea, and patella). The presence or absence of bone marrow edema-like 

signal and fracture, and their location in the aforementioned six compartments was recorded. 

A tendon or ligament tear was defined as complete or partial discontinuity, or with indistinct 

margins26–28. A meniscal tear was defined as the presence of abnormal signal intensity 
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within the meniscus that extended to the meniscal articular surface, or an abnormal 

morphologic contour of the meniscus29, 30. The cartilage defects were graded as (1) partial-

thickness, comprising less or greater than 50% but less than 100% of the total thickness of 

the articular surface, and (2) full-thickness defect, extending to the subchondral bone31. The 

highest-grade chondral defect in each compartment was reported by the readers. 

Subchondral bone marrow edema-like signal was characterized by an area of flame-shaped 

increased signal on fluid-sensitive sequences.

Quantitative comparison of signal-to-noise ratio (SNR) and contrast-to-noise-ratios (CNR) 

on 3D AFSMRI and 3D FSPD sequences were made by one observer between bone marrow, 

cartilage, fluid, subcutaneous fat, and muscle. Signal intensity (SI) were measured on the 

sagittal plane in cancellous bone (distal femoral metaphysis), articular cartilage (trochlear 

cartilage or patella), joint fluid (intercondylar notch or suprapatellar bursa), subcutaneous fat 

(popliteal fossa), muscle (medial gastrocnemius at the level of the femorotibial joint). In 

order to minimize a potential error on the SNR estimate, round or oval ROIs (region of 

interest) were copied into identical sizes and locations on synthetic and conventional MR 

images, and the region of interest areas were approximately 2 mm2 for cartilage, 5 mm2 for 

joint fluid, and 10 mm2 for fat, and air. The mean pixel value was used as the signal 

intensity, and the standard deviation (SD) of background ROI placed just posterior to the 

popliteal fossa was used as the noise. The rater was careful to avoid regions that might 

contain motion artifacts (ghosting and ringing). The SNR was determined as the ratio of the 

mean signal intensity of tissue to the standard deviation of the signal in an ROI placed in 

background (SNR: SI / SD background). Subsequently, CNR was calculated by using the 

formula: CNR= SNRROI1 – SNR ROI
32.

Statistical Analysis

Bland-Altman tests were run to evaluate the agreement between the measurements between 

the original and validation datasets33, 34. The interpretation of the routine MR imaging 

sequences was used as the reference standard to determine the diagnostic performance of 

AFSMRI (combined with the original PD sequence) for detecting knee abnormalities. 

Evaluation of score data was performed with median values. Comparison of scores between 

conventional and synthetic images was performed using a signed-rank Wilcoxon paired test 

and Cohen’s Kappa was used to calculate inter-method agreement. Fleiss’s Kappa was used 

to test inter-rater reliability agreement between the three readers. The 95 % confidence 

intervals (CIs) associated with the Kappa values were also calculated. Agreement was 

interpreted as poor agreement (< 0), slight agreement (0.01–0.20), fair agreement (0.21–

0.40), moderate agreement (0.41–0.60), substantial agreement (0.61–0.80) or almost perfect 

agreement (0.81–1.00)35. The sensitivity, specificity, accuracy, positive and negative 

predictive values (PPV and NPV) for evaluating internal derangements of the knee were 

calculated on synthetic MRI, using the conventional images as the gold standard. 

Interchangeability of the original or synthetic (AFSMRI) protocols for diagnoses of 

structural abnormalities was assessed with likelihood ratio testing, using proportions of exact 

matches when all readers were reading images of the original and synthetic protocols in 

different combinations (p.e. AFSMRI-AFSMRI-AFSMRI, Original-Original-Original, 

AFSMRI-AFSMRI-Original, AFSMRI-Original-Original, etc.), and final testing for 
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significant differences19, 36. A p value < 0.01 was considered statistically significant for the 

likelihood ratio testing, and p value <0.05 for all other statistical analyses. All statistical 

analyses were performed using Matlab software (R2019a, The Mathworks, Natick, MA, 

USA).

RESULTS

Following training of the AFSMRI algorithm on the initial training set (25,920 Images), 

optimization of the algorithm was performed on an additional 16,416 images and results 

from the application of the AFSMRI model on the validation set were excellent. The original 

and synthetic AFSMRI images were significantly (p<0.05) correlated, with R=0.8. An 

example of these is shown in Figure 3a. The Bland-Altman plot was used to test the 

agreement between the signal intensities in the original and synthetic images, as shown in 

Figure 3b, demonstrating excellent agreement between the signal intensity measurements 

from the two data sets.

A total of 88 complete knee MR imaging studies (43 male, 45 female; age 39 ± 22 years, 

range 10–78) were included as the test set. On average, the total acquisition time for the 

conventional knee MR examination was 11min 20s (6 min 5s for 3D FSPD, and 5 min 15 s 

for 3D PD). The synthetic AFSMRI sequence created from the non-FS 3D PD sequence 

enabled an overall reduction of 54.5% in scanning time (total knee protocol scan time of 5 

min 15 s).

For the evaluation of subjective image quality, the AFSMRI sequence was uniformly rated 

as diagnostic by three readers (98.9% [87/88], 96.6% [85/88], 100% [88/88]), with the 

majority fitting into the diagnostic with mild artifact (1–25% artifact) or no artifact 

categories, whereas 100% (88/88) of conventional sequences were rated as having diagnostic 

quality.

Tables 2A and 2B show the inter-method agreement, and the sensitivity and specificity of the 

synthetic protocol (including 3DPD and AFSMRI) for the assessment of structural 

abnormalities, compared to the original protocol. Intermethod agreement ranged from 

moderate to substantial for almost all evaluated structures (menisci, cruciate ligaments, 

collateral ligaments, and bone marrow abnormalities). No significant difference was 

observed between methods for almost all structural abnormalities by all readers (p>0.05), 

except for cartilage assessment by the least experienced reader (R3), and for tendons by one 

reader (R2). The differences observed between readers may in part reflect the different 

experience of the readers (R1 > R2 > R3 in years of experience), and relative familiarity 

with the 3D sequencing. Interobserver agreement ranged from moderate to substantial for 

almost all evaluated structures.

The sensitivity, specificity and accuracy of AFSMRI (in combination with the original 

3DPD sequence) was similar to that of conventional imaging (p>0.05), for the detection of 

meniscus tears (accuracy 79–88% for all readers; Figures 4 and 5) and ligament tears 

(accuracy 80–98%) with accuracy higher for the cruciate ligaments (86–98%; Figure 6) than 

the collateral ligaments (74–98%). Overall diagnostic accuracy and specificity were high for 
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the detection of tendon abnormalities by all readers (85–99% and 95–100%, respectively), 

although the sensitivity was variable (Figure 7).

Regarding cartilage abnormalities, there was no significant difference between the two 

methods throughout all articular compartments, combining the detection of partial or full 

thickness defects, with overall accuracy of the synthetic method ranging from 70%−87% 

(Figure 8). While the detection rate of full thickness defects for the synthetic protocol was 

similar to that of the original protocol (Figures 9 and 10), partial thickness cartilage defects 

were underestimated by the synthetic protocol in the femorotibial compartments 

(21/352[6%] vs 47/352 [13.3%], and patellofemoral compartment (20/176 [11.3%] × 28/176 

[16%]).

There was no significant difference in the detection of bone marrow abnormalities between 

the two methods (p>0.05), considering all bones together (femur, tibia, and patella) (Figures 

11 and 12). Specifically, higher specificity (90%, 93%, and 91%) than sensitivity (76%, 

66%, and 49%)) was observed.

The interreader reliability for the AFSMRI protocol ranged from moderate to substantial for 

determining the presence or absence of internal derangements involving the menisci, 

ligaments, cartilage, bone marrow edema and fractures (Fleiss’s kappa [95% confidence 

interval]: 0.69 [0.67–0.71], 0.67 [0.65–0.70], 0.55 [0.52–0.57], 0.49 [0.48–0.50], 0.45 [0.42–

0.48], respectively). Table 3 shows the common exact match proportions for all readers 

reading images of the original and synthetic protocols in different combinations. Original 

and synthetic protocols were interchangeable for the diagnosis of all evaluated structures. 

There was no significant difference for the common exact match proportions for all 

combinations (p > 0.01).

There was a significant difference in SNRs of all evaluated structures between AFSMRI and 

original 3D FSPD images (p<0.05), being highest on synthetic images (SNRbone marrow: 

32.1±11.9 versus 11.2±5.1, SNRmuscle: 106.1±37.9 versus 54.4±17.7, SNRcartilage: 

197.6±77.2 versus 80.7±30.3, SNRfluid: 375.3±146.9 versus 142.7±49.5, respectively). 

Similarly, the conspicuity of all tissues assessed through CNR in the background of the fat 

pad (bone marrow, muscle, cartilage, and fluid), fluid (muscle and cartilage) or cartilage 

(bone marrow) was higher on AFSMRI than with original 3D FSPD images (p<0.05) (Table 

4).

DISCUSSION

While other methods of synthetic MRI have been described2, 13, 37, 38, to our knowledge, 

this is the first study to demonstrate the feasibility of creating synthetic fat-suppressed MR 

images from a non-fat-suppressed 3DPD acquisition using AI, to assess common knee 

abnormalities. Our data show that our proposed DLS achieved good diagnostic performance 

for detecting internal derangement of the knee, faster imaging, and higher contrast-to-noise 

ratios.

The development of AFSMRI could obviate the need for acquiring separate fat-suppressed 

fluid-sensitive sequences, thereby offering a novel technique for fast imaging of the knee, 
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allowing a reduction of acquisition time of 54.5% (11min 20s to 5 min 15 s, original 

acquisition versus that with AFSMRI). Of note, the 54.5% reduction in acquisition time 

takes into account the original protocol used at our institution, which consists of two 

commercially available 3D volumetric pulse sequences of isotropic resolution (SPACE), a 

FS intermediate-weighted 3D sequence and non-FS 3D sequence, both with 1D GRAPPA, a 

protocol that is not necessarily used as a standard in other institutions. In this study, we 

chose to create AFSMRI from a 3D volumetric pulse sequence of isotropic resolution, 

acquired with a parallel imaging reconstruction technique, thus yielding very high signal and 

thin slice partitions39, 40, rather than creating AFSMRI from 2D sequences. In this way, we 

achieved a 5-minute high-resolution protocol, not obtainable by traditional 2D sequences, 

for the diagnosis of internal derangement of the knee.

Overall, the diagnostic performance of AFSMRI was comparable to that of the original 

images, with good diagnostic performance for the detection of meniscus and ligament tears, 

cartilage defects, bone marrow edema and fractures, with accuracies ranging between 87 and 

100%, particularly considering the results of the most experienced reader. In addition, 

interobserver agreement generally ranged from moderate to substantial for almost all 

evaluated structural abnormalities.

The AI protocol offered a sensitivity and specificity of 91% and 86% for the detection of 

meniscus tears, with substantial agreement between readers, considering the original MR 

imaging sequences as the reference standard. These numbers are close to the reported pooled 

estimates of 89.9% sensitivity and 90.2% specificity on a recent systematic review and meta-

analysis on diagnosis of all meniscal injuries using 3D MRI18, although a meta-analysis41 of 

19 studies evaluating the performance of MRI against arthroscopy reported a sensitivity and 

specificity for meniscus tear detection of 89%/88% and 78%/95% for medial and lateral 

meniscus tears, respectively. Considering other uses of artificial intelligence for meniscus 

assessment, overall accuracies of 84–86% were observed for meniscus tear detection by a 

deep CNN42, and Bien et al.2, in their automated model of deep-learning-assisted MRI 

diagnosis of knee injuries, reported lower diagnostic performance for detecting meniscal 

tears compared with ligament tears (receiver operating characteristic curve [AUC] of 0.847 

versus 0.937 respectively).

Compared with conventional images, our synthetic protocol showed high sensitivity, 

specificity, and accuracy (92%, 98%, 98%) for evaluating tears of the cruciate ligaments, 

with substantial concordance between readers, although tears of the ACL were more readily 

detected than the PCL (100% vs 80% sensitivity respectively). Our results are similar to that 

of a meta-analysis of 22 studies on the diagnostic performance of 3D MRI for detecting all 

cruciate ligament injuries of the knee, which reported pooled estimates of 91.4% and 96.1% 

of sensitivity and specificity, with lower sensitivities for PCL than ACL tears (pooled 

sensitivity of 82.4% × 91.2% and specificity of 97.8% × 95.2%, respectively)17.

Diagnostic performance was lower for the detection of tendon tears by the synthetic protocol 

than by the original images, and only slight inter-reader agreement was observed. We believe 

that the discrepancy between readers regarding tendon tear detection on synthetic images 

was due to the fact that the majority of the lesions were intrasubstance subtle partial tears, 
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difficult to discriminate from tendinopathy, and that such disparity is probably without 

clinical significance. Accordingly, tendon tears were overall probably underestimated by the 

least experienced readers (R2 and R3).

The diagnostic performance of the synthetic protocol for the depiction of cartilage defects 

(sensitivity and specificity of 77% and 93%), is similar to that reported in a recent meta-

analysis of 27 studies that included 3D MR imaging data, compared with arthroscopy or 

open surgery as the reference standard (74.8% and 93.3% respectively)16. Lower sensitivity 

for the detection of cartilage defects in the lateral compartment compared with medial and 

patellofemoral compartments (66% vs 75% vs 89%, respectively) was observed, although 

overall accuracy was not significantly different across compartments (89.4% vs 90% vs 

86%). However, when evaluating the severity of cartilage defects (partial thickness vs full 

thickness defect), the data suggest that the synthetic images have suboptimal diagnostic 

performance for grading cartilage defects. Notwithstanding, MR imaging is effective in 

discriminating normal from abnormal articular cartilage, but is generally less sensitive for 

grading chondral lesions as shown in a meta-analysis of 8 studies43. When 3D sequences are 

used, a meta-analysis of 14 studies showed that the diagnostic performance of 3D MRI was 

greater for higher grades of cartilage defects than for partial thickness defects16.

Regarding bone marrow edema, the synthetic protocol showed diagnostic accuracies ranging 

between 82 and 86%, with lower sensitivity relative to the specificity measures (76% and 

84% respectively). The same trend was observed by Kijowski et al.44 (for bone marrow 

edema in their evaluation of 3D FSE sequence), with lower sensitivity (85.3%) than 

specificity (95%).

This study has limitations. First, we compared synthetic MRI with the original MR imaging 

only, as we could not obtain arthroscopy simultaneously, which is considered the gold 

standard for ligamentous, meniscus and cartilage lesion evaluation. Nevertheless, we chose a 

study design that does not require a surgical standard of reference, which allowed us to 

comprise abnormalities that are not evaluated during surgery, such as bone marrow edema, 

collateral ligaments, and fractures without intra-articular extension. Likewise, assessing only 

surgically validated MR examinations would not have allowed us to include non-surgical 

patients, which accounts for most knee MRI examinations in the clinical routine. In addition, 

considering that the readers of our study were full-time, fellowship trained musculoskeletal 

radiologists and demonstrated overall moderate to substantial inter-reader agreement, and 

the large body of evidence of the high diagnostic accuracy of MR imaging in comparison 

with arthroscopy or open surgery41, 45, we believe that this fact may not have significantly 

affected the results. Second, while the readers were theoretically blinded to the synthetic and 

original sequences, the images themselves contained distinguishable intrinsic characteristics 

that could make each method identifiable to a trained radiologist. Also, evaluations were 

done in batches (all standard images reviewed, then AI images reviewed), which could be a 

source of bias. Third, the readers had different clinical experience (15, 6 and 1 year with 

MSK imaging) and different experiences with 3D imaging that may have accounted for 

some variability between the readers. Fourth, a relatively small number of pathologies of the 

lateral collateral ligament, PCL, and quadriceps and patellar tendons were included, which 

may limit the generalization of the results.
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In conclusion, the creation of 3D AFSMRI is feasible, and offers a method for fast imaging, 

with similar detection rates for structural abnormalities of the knee, compared with original 

3D MR sequences. Ongoing development of the AI methodology aims to improve the 

robustness of synthetic MRI for reducing reconstruction artifacts and improving the 

detection of articular cartilage and bone marrow abnormalities. Larger studies and 

correlation with arthroscopic surgery are needed to fully define diagnostic accuracies.
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Abbreviations

3D Three dimensional

2D two dimensional

ACL Anterior cruciate ligament

AFSMRI Artificial intelligence-based MR images

CNN Convolutional Neural Networks

CNR Contrast-to-noise ratio

DLS Deep learning system

FS Fat-suppressed

FSE Fast spin echo

GAN Generative Adversarial Networks

GRAPPA Generalized Autocalibrating Partial Parallel Acquisition sampling 

pattern

IW Intermediate weighted

LM Lateral meniscus

MM Medial meniscus

MSE Mean Squared Error

MRI Magnetic resonance imaging

PACS Picture archiving and communication system
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PCL Posterior cruciate ligament

PD Proton density

ROI Region of interest

SD Standard deviation

SI Signal intensity

SNR Signal-to-noise ratio

SPACE Sampling perfection with application-optimized contrasts using 

different flip angle evolution

TE Echo time

TR Repetition Time

TSE Turbo spin echo

W Weighted
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Figure 1. 
Illustration of the U-Net architecture implemented for synthesis of fat-suppressed imaging 

from non-fat-suppressed imaging.
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Figure 2. 
Sagittal 3D volumetric pulse sequences of isotropic resolution (a) non-fat-suppressed 

intermediate-weighted FSE (TR/TE 1000/28ms, slice thickness 0.5mm), (b) fat-suppressed 

intermediate-weighted FSE (TR/TE 1100/108ms, slice thickness 0.6mm), and (c) synthetic 

MR images (AFSMRI).
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Figure 3. 
(a) Scatterplot between the muscle tissue signal intensity between the original FS PD-

weighted and synthetic images (AFSMRI). The Pearson correlation was obtained at 0.8 (b) 
Bland Altman plot between the different muscle tissue signal intensities. Bland-Altman plots 

demonstrating the limits of agreement of the two highly correlated T2FS-signal intensities 

measurements between the original MR sequence and AFSMRI deep learning (MPDL). The 

mean is shown by the solid horizontal line center line (19.9 and the confidence intervals 

(±2SD) are shown by the dotted lines.

Fayad et al. Page 17

Invest Radiol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Coronal MR images in 28-year-old man showing horizontal tear of the medial meniscus 

(arrows) that was detected by all readers on Original and Synthetic protocols. (a) Non-fat-

suppressed PD-weighted, (b) fat-suppressed PD-weighted, and (c) fat-suppressed synthetic 

MRI (AFSMRI).
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Figure 5. 
Complex tear of the medial meniscus in a 52-year-old woman. Sagittal, coronal and axial 

MRI, (a-c) non-fat-suppressed PD-weighted, (d-f) fat-suppressed PD-weighted, and (g-i) 
fat-suppressed synthetic MRI (AFSMRI) show a combination of complete radial (arrows), 

and horizontal (arrowheads) tears of the posterior horn.
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Figure 6. 
Sagittal MR images in a 38-year-old man with complete anterior cruciate ligament tear. (a) 
Non-fat-suppressed PD-weighted, (b) fat-suppressed PD-weighted, and (c) fat-suppressed 

synthetic MRI (AFSMRI) show complete disruption of the fibers of the ligament (arrows), 

detected by all readers with the Original and Synthetic protocols.
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Figure 7. 
Coronal (a) fat-suppressed PD-weighted, and (b) fat-suppressed synthetic MRI (AFSMRI) 

show a subtle partial tear of the biceps femoris tendon insertion.

Fayad et al. Page 21

Invest Radiol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Axial (a) fat-suppressed PD-weighted, and (b) fat-suppressed synthetic MRI (AFSMRI) 

showing patellar cartilage with preserved thickness, normal contours and diffusely 

heterogeneous signal, which was comparable between the sequences. The trochlear cartilage 

is normal.
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Figure 9. 
Sagittal (a) fat-suppressed PD-weighted, and (b) fat-suppressed synthetic MRI (AFSMRI) 

showing linear signal hyperintensities suggestive of deep chondral fissures (arrows), 

reaching the subchondral bone, associated with adjacent bone marrow edema (arrowheads).
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Figure 10. 
Coronal and sagittal (a,b) fat-suppressed PD-weighted, and (c,d) fat-suppressed synthetic 

MRI (AFSMRI) in a 52-year-woman reveal a focal, fluid signal-intensity abnormality 

extending through the articular cartilage (arrows) of the medial femoral condyle (full 

thickness cartilage defect), associated with subchondral bone marrow edema (arrowheads), 

detected by all readers with the Original and Synthetic protocols.
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Figure 11. 
Sagittal and axial MRI, (a,b) non-fat-suppressed PD-weighted, (c,d) fat-suppressed PD-

weighted, and (e,f) fat-suppressed synthetic MRI (AFSMRI) following transient lateral 

patellar dislocation in 16-year-old. Edema / bone bruise (arrows) and impaction fracture 

(arrowheads) on the lateral femoral condyle were detected by the three readers on the 

Original and Synthetic protocols.
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Figure 12. 
Sagittal MRI, (a) non-fat-suppressed PD-weighted, (b) fat-suppressed PD-weighted, and (c) 

fat-suppressed synthetic MRI (AFSMRI) in a 46-year-old man reveal a hypointense 

horizontal trabecular fracture (arrows) and adjacent hyperintense bone marrow edema 

(arrowheads) within the tibial medial plateau, consistent with insufficiency fracture.
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