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Deep Learning–Enhanced Accelerated 2D TSE and 3D
Superresolution Dixon TSE for Rapid Comprehensive Knee

Joint Assessment

Céline Smekens, MSc, Quinten Beirinckx, PhD, Frederik Bosmans, MD, Floris Vanhevel, MSc,

Annemiek Snoeckx, MD, PhD, Jan Sijbers, PhD, Ben Jeurissen, PhD,
Thomas Janssens, PhD, and Pieter Van Dyck, MD, PhD
Objectives: The aim of this study was to evaluate the use of a multicontrast deep
learning (DL)–reconstructed 4-fold accelerated 2-dimensional (2D) turbo spin
echo (TSE) protocol and the feasibility of 3-dimensional (3D) superresolution re-
construction (SRR) of DL-enhanced 6-fold accelerated 2D Dixon TSE magnetic
resonance imaging (MRI) for comprehensive knee joint assessment, by compar-
ing image quality and diagnostic performancewith a conventional 2-fold acceler-
ated 2D TSE knee MRI protocol.
Materials and Methods: This prospective, ethics-approved study included 19
symptomatic adult subjects who underwent knee MRI on a clinical 3 T scanner.
Every subject was scanned with 3 DL-enhanced acquisition protocols in a single
session: a clinical standard 2-fold in-plane parallel imaging (PI) accelerated 2D
TSE-based protocol (5 sequences, 11 minutes 23 seconds) that served as a refer-
ence, a DL-reconstructed 4-fold accelerated 2D TSE protocol combining 2-fold
PI and 2-fold simultaneousmultislice acceleration (5 sequences, 6minutes 24 sec-
onds), and a 3D SRR protocol based on DL-enhanced 6-fold accelerated (ie, 3-
fold PI and 2-fold simultaneous multislice) 2D Dixon TSE MRI (6 anisotropic
2D Dixon TSE acquisitions rotated around the phase-encoding axis, 6 minutes
24 seconds). This resulted in a total of 228 knee MRI scans comprising 21,204
images. Three readers evaluated all pseudonymized and randomized images in
terms of image quality using a 5-point Likert scale. Two of the readers (musculo-
skeletal radiologists) additionally evaluated anatomical visibility and diagnostic
confidence to assess normal and pathological knee structures with a 5-point
Likert scale. They recorded the presence and location of internal knee derange-
ments, including cartilage defects, meniscal tears, tears of ligaments, tendons
and muscles, and bone injuries. The statistical analysis included nonparametric
Friedman tests, and interreader and intrareader agreement assessment using the
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weighted Fleiss-Cohen kappa (κ) statistic. P values of less than 0.05 were consid-
ered statistically significant.
Results: The evaluated DL-enhanced 4-fold accelerated 2D TSE protocol pro-
vided very similar image quality and anatomical visibility to the standard 2D
TSE protocol, whereas the 3D SRR Dixon TSE protocol scored less in terms
of overall image quality due to reduced edge sharpness and the presence of arti-
facts (P < 0.001). Subjective signal-to-noise ratio, contrast resolution, fluid
brightness, and fat suppression were good to excellent for all protocols. For 1
reader, the Dixon method of the 3D SRR protocol provided significantly better
fat suppression than the spectral fat saturation applied in the standard 2D TSE
protocol (P < 0.05). The visualization of knee structures with 3D SRR Dixon
TSE was very similar to the standard protocol, except for cartilage, tendons,
and bone, which were affected by the presence of reconstruction and aliasing ar-
tifacts (P < 0.001). The diagnostic confidence of both readers was high for all
protocols and all knee structures, except for cartilage and tendons. The standard
2D TSE protocol showed a significantly higher diagnostic confidence for
assessing tendons than 3D SRR Dixon TSE MRI (P < 0.01). The interreader
and intrareader agreement for the assessment of internal knee derangements
using any of the 3 protocols was substantial to almost perfect (κ = 0.67–1.00).
For cartilage, the interreader agreement was substantial for DL-enhanced acceler-
ated 2DTSE (κ = 0.79) and almost perfect for standard 2DTSE (κ = 0.98) and 3D
SRR Dixon TSE (κ = 0.87). For menisci, the interreader agreement was substan-
tial for 3D SRR Dixon TSE (κ = 0.70–0.80) and substantial to almost perfect for
standard 2D TSE (κ = 0.80–0.99) and DL-enhanced 2D TSE (κ = 0.87–1.00).
Moreover, the total acquisition time was reduced by 44% when using the DL-
enhanced accelerated 2DTSE or 3D SRRDixon TSE protocol instead of the con-
ventional 2D TSE protocol.
Conclusions: The presented DL-enhanced 4-fold accelerated 2D TSE protocol
provides image quality and diagnostic performance similar to the standard 2D
protocol. Moreover, the 3D SRR of DL-enhanced 6-fold accelerated 2D Dixon
TSEMRI is feasible for multicontrast 3D kneeMRI as its diagnostic performance
is comparable to standard 2-fold accelerated 2D kneeMRI. However, reconstruc-
tion and aliasing artifacts need to be further addressed to guarantee a more reli-
able visualization and assessment of cartilage, tendons, and bone. Both the 2D
and 3D SRR DL-enhanced protocols enable a 44% faster examination compared
with conventional 2-fold accelerated routine 2D TSE knee MRI and thus open
new paths for more efficient clinical 2D and 3D knee MRI.

Key Words: deep learning, diagnostic knee MRI, 2-dimensional, 3-dimensional,
parallel imaging, simultaneous multislice, turbo spin echo, Dixon, superresolution
reconstruction

(Invest Radiol 2025;60: 220–233)

T o this day, multicontrast 2-dimensional (2D) turbo spin echo (TSE)
magnetic resonance imaging (MRI) remains the backbone of clinical

kneeMRI due to its excellent tissue contrast.1,2 Standard-of-care 2D TSE
protocols typically consist of fluid-sensitive proton density (PD)–
weighted, intermediate-weighted (IW), and T2-weighted sequences with
or without fat suppression (FS), as well as a fat-sensitive T1-weighted
sequence.3,4 Although these sequences yield high in-plane resolution,
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TABLE 1. Patient Demographics and Clinical Characteristics

Characteristic Value

Sex, n
Female 11
Male 8

Age, y, mean ± SD (range)
All 40 ± 13 (18–57)
Female 41 ± 14 (18–57)
Male 37 ± 12 (18–56)

Laterality, n
Left 13
Right 6

Indication for MRI, n
Acute trauma 6
Chronic pain 11
Postoperative 2

n, number; SD, standard deviation; MRI, magnetic resonance imaging.
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their considerable voxel anisotropy (relatively larger slice thickness)
comeswith disadvantages such as partial volume effects and an increased
total scan time due to separate multiplanar acquisitions.5

To speed up the 2D TSE acquisitions, advanced acceleration tech-
niques such as parallel imaging (PI), simultaneous multislice (SMS) ac-
quisition, and compressed sensing (CS) have been successfully adopted
into the clinic, and their synergies have been exploited.1,6–8 When using
only PI, the acceleration factor is typically limited to 2 or 3 (depending on
the coil characteristics) due to the corresponding loss in signal-to-noise
ratio (SNR).2 However, the combined use of PI and SMS enables clinical
4-fold accelerated acquisitions with preservation of image quality and di-
agnostic performance, leading to comprehensive kneeMRI examinations
that are approximately 50% faster than the conventional PI-only 2-fold
accelerated 2D TSE knee protocols.8,9

Recently, advanced deep learning (DL) image reconstruction
methods based on supervised learning techniques with convolutional
neural networks have been introduced for accelerated 2D TSE MRI by
all major MRI vendors.10–12 In contrast to conventional image recon-
struction methods, these new DL techniques break with the traditional
MRI trade-off among SNR, spatial resolution, and acquisition time and
are thus able to simultaneously enhance the image quality and reduce
the acquisition time.13 Two recent studies investigating the use of DL im-
age reconstruction for 2-fold PI accelerated 2D TSE kneeMRI reported a
total scan time reduction of approximately 50%, either by halving the
number of averages or doubling the acceleration factor (resulting in a
4-fold PI acceleration).14,15 They also recorded better image quality and
preserved diagnostic confidence compared with the standard 2D TSE
protocols. Similar results were obtained in a study investigating the use
of CS together with a DL-based in-plane superresolution reconstruction
(SRR) approach for 2D knee MRI.16 Another study looked into DL
image reconstruction of 4-fold accelerated 2D TSE knee MRI com-
bining PI and SMS and found higher SNR and better spatial resolu-
tion compared with conventionally reconstructed 4-fold accelerated
2D TSE acquisitions.13 Moreover, Kim et al17 found the use of
higher acceleration factors (up to 8-fold) with DL image reconstruc-
tion to be clinically feasible for sagittal 2D TSE with fat-saturated T2-
weighted contrast and claimed this to be applicable to other contrasts
and orientations. The latter may however require the development of
specifically trained and tailored convolutional neural networks.13 Over-
all, DL-reconstructed highly accelerated comprehensive 2D TSE knee
MRI protocols still require further clinical validation to achieve a se-
cure and widespread implementation in clinical practice.

Aviable alternative for 2D TSE knee MRI is 3-dimensional (3D)
TSE imaging, which has undergone a great evolution over the past de-
cade. 3D TSE sequences, such as 3D sampling perfection with applica-
tion optimized contrast using different flip angle evolutions (SPACE)
TSE, have benefited from advanced acceleration techniques such as
PI, 2D controlled aliasing in PI results in higher acceleration (CAIPIRI-
NHA), and CS to provide single-contrast high-resolution isotropic
3D TSE images with diagnostic image quality in a less than
5 minutes.18–21 Consequently, it has become possible to perform com-
prehensive 3D knee MR examinations within 10 minutes time. Despite
the inherent advantages of 3D TSE kneeMRI, such as decreased partial
volume effects and multiplanar reformatting, and their demonstrated in-
terchangeability with standard 2D TSE protocols, 3D TSEMRI has not
yet replaced the current clinical standard protocols as radiologists seem
to prefer the image quality and more familiar contrasts obtained with
2D TSE sequences.5,22,23

An alternative way of obtaining 3D TSE MRI while preserving
2D TSE contrasts is through 3D SRR of 2D TSEMRI.24–26 Previously,
an SRR method based on rotated 2D acquisitions with low through-
plane resolution was found to be technically feasible for high-
resolution isotropic knee MRI.26 However, the relatively long acquisi-
tion time of the presented single-contrast 3D SRR protocol hindered
its clinical validation.
© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
By further accelerating the 2D input data acquisition and incor-
porating a multicontrast technique such as the Dixon method,27 the ac-
quisition time of a 3D SRR TSE knee protocol can be greatly reduced.
Consequently, we hypothesized that 3D SRR of DL-reconstructed
highly accelerated 2D Dixon TSE MRI can generate multicontrast
images with sufficient image quality for comprehensive knee joint evalua-
tion in a competitive acquisition time compared with a state-of-the-art
DL-enhanced accelerated 2D TSE protocol. Therefore, the aim of this
study was 2-fold: (1) to add to the evidence that a comprehensive pro-
tocol consisting of DL-enhanced accelerated 2D TSE sequences is a
suitable option for rapid 2D knee MRI; and (2) to evaluate the feasibil-
ity of a time-competitive 3D SRR DL-enhanced 2D Dixon TSE MRI
protocol for comprehensive knee joint assessment through comparison
to conventional 2D TSE knee MRI.
Materials and Methods

Study Design
This prospective, single-center study was approved by our insti-

tutional ethics committee (registration number B300201627688) and
was conducted according to the principles of the 1964 Declaration of
Helsinki and its later amendments.

The study included 19 adult patients with clinical indications for
knee MRI and without general contraindications for MRI. Patients who
previously underwent arthroscopic knee surgery (ie, partial meniscectomy)
were not excluded from the study. All participants were recruited be-
tween February 2023 and March 2023 and provided written informed
consent for study inclusion and prospective data collection. An over-
view of the patients' demographics and their clinical characteristics is
provided in Table 1.

First, a preliminary studywas conducted including data collected
from 3 participants to familiarize the radiologists with all research pro-
tocols and refine the evaluation criteria. Subsequently, 16 participants
were included in themain study (6men, 10women;mean age± standard
deviation [SD], 40.2 ± 12.7 years; age range, 18–57 years; mean body
mass index ± SD, 27.2 ± 4.5 kg/m2; body mass index range,
20.3–34.4 kg/m2; right knee, n = 6). All patients, in both the preliminary
and main studies, were scanned with the sameMRI protocols: a clinical
2D protocol, which served as a standard-of-reference, and 2D and 3D
research protocols. This resulted in a total of 228 knee MRI scans com-
prising 21,204 acquired images. The full MR knee examination of each
www.investigativeradiology.com 221
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patient, including the clinical and research protocols, was carried out in
a single scan session. Three readers evaluated all pseudonymized and
randomized images twice. The outcome variables were qualitative ob-
servations of image quality, visibility of anatomical structures, and di-
agnostic confidence to assess normal and abnormal knee structures.
The findings from the preliminary study were not considered for the
statistical analysis of the main study.

A flow diagram illustrating the study design is shown in Figure 1.

MRI Acquisition Protocols
MRI examinations were performed on a commercially available,

clinical whole-body 3 T MRI scanner (MAGNETOM Vida XTwith a
maximum gradient amplitude of 60 mT/m and a maximum slew rate
of 200 T/m/s, software version XA31A; Siemens Healthineers, Er-
langen, Germany) with an 18-channel transmit/receive knee coil.

All subjects were imaged with a clinical standard 2D TSE-based
protocol, including axial and coronal IW FS, coronal T1-weighted, and
sagittal PD-weighted and T2-weighted FS acquisitions with a total ac-
quisition time of 11 minutes 23 seconds. This clinical protocol incorpo-
rated 2-fold in-plane PI acceleration (ie, PAT 2) combined with the com-
mercially released Deep Resolve techniques Gain and Sharp, that is, a
denoising method based on iterative localized denoising using noise
maps and a DL-based in-plane SRR technique, respectively.28–31 Rep-
resentative images are shown in Figure 2.

In addition to the clinical protocol, subjects were scanned with a
research software package from Siemens Healthineers (reference ID:
1062_iTSE), hereafter referred to as “WIP” sequence, enabling DL-
reconstructed 4-fold accelerated 2D TSE imaging (ie, PAT 2 � SMS
2 with DL-based denoising and a DL-based in-plane SRR, together fur-
ther denoted as DL-enhanced) for all required contrasts and orientations
in a scan time of 6 minutes 24 seconds.8,10,17

For the accelerated 3D SRR research protocol, the Dixon func-
tionality of the WIP sequence was enabled to generate multiple con-
trasts with a single acquisition. From the 2 acquired contrasts (ie, in-
phase and out-of-phase) and 2 in-line reconstructed contrasts (ie,
water-only and fat-only), in-phase and water-only images were retained
for subsequent through-plane SRR, as shown in Figure 3, to allow for a
direct comparison with the clinical 2D contrasts. SRR in the through-plane
FIGURE 1. Flow diagram of the study design.
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dimension was performed using 6 rotated DL-enhanced accelerated 2D
IW Dixon TSE acquisitions (each acquired with PAT 3 � SMS 2, DL-
based denoising and DL-based in-plane SRR), resulting in a total scan
time of 6 minutes 24 seconds that matched the 2D research protocol du-
ration. Subsequent repetitions only differed by rotational increments of
30 degrees (ie, 180°/N degrees, with N = 6, the number of rotated acqui-
sitions) around the phase encoding axis. A previously published SRR
method using total variation regularization and joint rigid interscan mo-
tion estimation/correction26,32 was used to reconstruct the in-phase and
water-only images with a voxel size of 0.35� 0.35� 2 mm3 to an isotro-
pic voxel grid of 0.35 � 0.35 � 0.35 m3 as illustrated in Figure 3.

The main imaging parameters of the clinical and research proto-
cols are listed in Table 2. The 3 protocols were applied in varying order
across all participants to reduce negative bias due to risk of motion.

Image Evaluation
All MRI data from each patient were pseudonymized and sepa-

rated into 3 individual examinations. The randomly organized 2D and
3D SRR examinations from all patients (ie, total of 48 datasets in the
main study) were independently evaluated by 2 musculoskeletal
(MSK) radiologists with 21 years (P.V.D., reader A) and 2 years (F.B.,
reader B) of experience in MSK imaging. Blinded to the subjects' clin-
ical information, they assessed all data in terms of image quality, ana-
tomic visibility, and diagnostic confidence. Additionally, a biomedical
engineer with 5 years of experience inMSKMRI (C.S., reader C) inde-
pendently evaluated the image quality. Every reader performed the eval-
uation twice with a minimum of 4 weeks between repeated readings.
Readings were performed on PACS monitors with 5-megapixel resolu-
tion (Barco, Kortrijk, Belgium) in a standardized fashion. Readers were
allowed to use their preferred window and level settings, as well as mag-
nification and multiplanar reconstruction mode where preferred.

Image quality variables and the visibility of specific anatomical
structures were graded using a 5-point Likert scale14 (1 = nondiagnos-
tic/complete obscuration of anatomy; 2 = poor quality/severe artifacts
present that interfere with the relevant clinical question; 3 = adequate
quality/some artifacts present that may interfere with the relevant clini-
cal question; 4 = good quality/minimal artifacts present that do not in-
terfere with the relevant clinical question; 5 = excellent quality/no
© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 2. Overview of the clinical and research protocols, illustrated for a right knee of a 25-year-old female patient volunteer with sustained knee pain.
No lesions were detected on MRI. The MRI protocols for comprehensive knee examination used in this study were: standard 2D TSE (PAT 2, A–E), DL-
enhanced 2D TSE (PAT 2� SMS 2, F–J), and a 3D SRR protocol based on DL-enhanced 2DDixon TSE data (PAT 3� SMS 2, K–O).Motion artifacts can be
observed in J (black arrows), whereas SRR images (eg, K, M, and N) show aliasing artifacts (white arrows) in the phase-encoding (ie, head to feet)
direction, which in turn did not hamper the clinical decision making. SAG, sagittal; COR, coronal; AX, axial; PD, proton density–weighted; IW,
intermediate-weighted; T1, T1-weighted; T2, T2-weighted; FS, fat suppressed; WO, water-only; IP, in-phase.

FIGURE 3. DL-enhanced 2DDixon TSE and 3D SRRDixon TSE images of a right knee of a 31-year-oldmale patient volunteer referred for clinical kneeMRI
due to sustained knee pain and swelling after sports. The DL-enhanced 2D Dixon TSE technique allows to acquire 2 contrasts, that is, in-phase and
opposed-phase images, during a single acquisition. From these acquired contrasts, the water-only and fat-only images can be reconstructed. In this study,
the 2D in-phase andwater-only imageswere used as input for the SRR algorithm. Three representative slices of the sagittal 2D acquisitions (defined as 0°
rotation around the phase-encoding axis) are shown in the sagittal, coronal, and axial orientations, next to their corresponding superresolution
reconstructed versions.

Investigative Radiology • Volume 60, Number 3, March 2025 DL-Accelerated 2D TSE and 3D SR Dixon TSE Knee MRI
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artifacts present). The following image characteristics were assessed:
overall image quality, subjective SNR, homogeneity of FS, fluid bright-
ness, presence of various artifacts33 (artifacts related to the image recon-
struction process excluding aliasing [ie, reconstruction artifacts], mo-
tion, aliasing, chemical shift, and pulsation artifacts), edge sharpness,
contrast resolution, and partial volume effects. The anatomical struc-
tures considered for the visibility assessment were medial meniscus
(MM) and lateral meniscus (LM), patellofemoral and femorotibial artic-
ular cartilage, anterior cruciate ligament (ACL) and posterior cruciate
ligament (PCL), medial and lateral collateral ligament, tendons of the
extensor apparatus, medial quadriceps and gastrocnemius muscles,
and bone (femur, tibia, fibula, patella). The presence and location of in-
ternal knee derangements, including high-grade cartilage defects (ie,
grades 3 and 4 according to the Outerbridge Classification),34 meniscal
tears,35–37 tears of ligaments,38 tendons or muscles, and bone injuries,
were recorded by the MSK radiologists (readers A and B).39 Moreover,
they assigned a confidence level to their diagnoses by means of an ad-
ditional 5-point Likert scale26 (1 = definitely normal; 2 = probably nor-
mal; 3 = equivocal; 4 = probably abnormal; 5 = definitely abnormal). In
the presence of multiple cartilage defects at different locations, only the
dominant high-grade lesion was considered. Ligamentous and
musculotendinous tears were recorded if fiber discontinuity was more
than 50%. Furthermore, a single occurrence or multiple/combined oc-
currences of bone marrow edema, cortical fractures, and subchondral
fractures were defined as a bone injury.

Upon completion of all readings, the MSK radiologists orga-
nized a consensus reading with all available MRI data (including the
clinical 2D TSE as standard-of-reference) and patients' clinical find-
ings. This consensus reading served as a reference standard for the
MR evaluation of structural abnormalities.12,17 For the sole 2 patients
that underwent knee arthroscopy, the arthroscopic reports were used
as reference standard.

Statistical Analysis
All statistical analyses were performed using R (version 4.2.3, R

Foundation for Statistical Computing, Vienna, Austria). Statistical sig-
nificance was defined for P values <0.05. The second readings of the
readers were used for data presentation.

The Likert scores for the image quality variables and anatomical
visibility of structures were summarized using descriptive statistics (mean,
median, and interquartile range) and analyzed with the nonparametric
Friedman test. A positive Friedman test (overall P value <0.05) was
followed by post hoc testing using the pairwise Wilcoxon signed rank test
with Holm correction to identify significant differences in image quality
and anatomical visibility between the standard 2D protocol and each re-
search protocol (ie, DL-enhanced accelerated 2D and 3D SRR Dixon).

For the analysis of the diagnostic confidence, scores were dichoto-
mized into definite (1 and 5) and probable (2, 3 and 4) scores to calculate
the readers' degree of certainty. Subsequently, repeatedMcNemar testswith
Holm correction were used to compare the degrees of certainty of the stan-
dard 2D protocol versus each research protocol for both readers.

Interreader and intrareader agreement were assessed bymeans of
the weighted Fleiss-Cohen kappa (κ) statistic with 95% confidence in-
tervals. κ values were interpretated according to the ranges defined by
Landis andKoch40: 0–0.20, poor; 0.21–0.40, fair; 0.41–0.60, moderate;
0.61–0.80, substantial; and 0.81–1.00, almost perfect agreement.
Results
Representative images of a comprehensive knee examination il-

lustrating the image quality of the 3 different protocols used in this
study are shown in Figure 2. Compared with the original 2D Dixon
data, the 3D SRR Dixon images with in-phase and water-only contrasts
display a clear improvement of the through-plane resolution on coronal
and axial views as shown in Figure 3.
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The standard 2D TSE protocol (PAT 2), the DL-enhanced accel-
erated 2D TSE protocol (PAT 2� SMS 2), and the accelerated 3D SRR
DL-enhanced 2D Dixon TSE protocol (PAT 3� SMS 2) were success-
fully applied to all patients, without the need for repeatedmeasurements
due to major artifacts. The accelerated 2D and 3D DL-enhanced proto-
cols were 44% faster than the clinical standard 2D TSE protocol (ie,
6 minutes 24 seconds versus 11 minutes 23 seconds).

Image quality
Scores from the image quality assessment are summarized in

Table 3. The overall image quality of the standard 2D and DL-
enhanced 2D protocols was good to excellent according to all 3 readers.
Only for reader B, the standard 2D showed significantly better image
quality than the DL-enhanced 2D protocol (P < 0.01). The overall im-
age quality of the 3D SRRDixon protocolwas good according to reader
A, adequate according to reader B, and poor to adequate for reader C.
The standard 2D protocol had significantly better image quality com-
pared with the 3D SRR Dixon protocol for readers B and C
(P < 0.001 and P < 0.01, respectively). Edge sharpness was generally
evaluated in the same way as the overall image quality by all readers.
The subjective SNR was commonly found to be good for all protocols.
Only for reader C, the DL-enhanced 2D images showed a significant
improvement in SNR compared with the standard 2D images
(P < 0.01). Contrast resolution, fluid brightness, and the homogeneity
of FS were scored good to excellent by all readers for all protocols.
However, for reader A, the Dixon method resulted in a better FS than
the fat saturation method used in the standard 2D protocol (P < 0.05).
In terms of artifacts, distortions due to motion were minimally present
or absent for 2D protocols as observed by all readers. Motion artifacts
were not directly scored for 3D SRRDixon images as they were consid-
ered under reconstruction artifacts (given that SRR with integrated mo-
tion estimation was used). Although little to no reconstruction or
aliasing artifacts were recorded for the 2D protocols, all readers ob-
served such artifacts in the 3D SRR Dixon images (Fig. 4). This led
to significant differences between the standard 2D and 3D SRR Dixon
protocols in terms of the perceived image reconstruction quality
(P < 0.01 for reader A and P < 0.001 for readers B and C) and the pres-
ence of aliasing artifacts (P < 0.001 for all readers). There was also a
significant difference in the reconstruction quality between the two
2D protocols for reader B (P < 0.001). According to all readers, banding
artifacts were absent and chemical shift effects were minimal for all pro-
tocols. Pulsation artifacts and partial volume effects were only mildly
present in both 2D protocols andmore absent in the 3D SRR images ac-
cording to all readers. This artifact reduction was significant for 3D
SRR Dixon compared with the standard 2D protocol for readers B
and C (P < 0.001 and P < 0.01, respectively).

Anatomical Visibility of Knee Structures
The visibility of all knee structures was good with no significant

differences between protocols for reader A. Reader B observed excel-
lent visualization of ligaments, tendons, muscle, and bone and near ex-
cellent visualization of menisci and cartilage with standard 2D and DL-
enhanced 2D protocols. In addition, reader B graded the visualization of
menisci, ligaments, and muscle as near excellent for the 3D SRRDixon
protocol, whereas cartilage was significantly better visible on standard
2D than on 3D SRR Dixon images according to this reader
(P < 0.001). Tendons and bone showed adequate to good visibility on
3D SRR Dixon images for reader B differing significantly from the
standard 2D protocol (P < 0.001). The scores of the anatomical visibil-
ity evaluation are summarized in Table 4.

Diagnostic Confidence
In general, readers A and B felt equally confident assessing nor-

mal and abnormal knee structures with any of the 3 study protocols.
However, for the evaluation of cartilage and tendons, reader B recorded
© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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TABLE 2. MRI Parameters of the Clinical and DL-Enhanced Accelerated 2D TSE-Based Protocols

Axial IW FS Coronal IW FS Coronal T1

Parameter Standard Accelerated Standard Accelerated Standard Accelerated

Repetition time, ms 5060 3030 3560 3900 597 500
Echo time, ms 35 36 36 35 18 6.7
Fat suppression FatSat SPAIR FatSat SPAIR
PAT acceleration
factor

2 2 2 2 3 2

SMS acceleration
factor

2 2 2

Field of view
shift factor

2 4 4

Echo train length 7 9 7 11 3 4
Receiver bandwidth,
Hz/pixel

148 200 179 301 260 355

Flip angle, ° 180 125 150 125 150 121
Averages 1 1 1 1 1 1
Concatenations 1 1 1 1 2 1
Field of view, mm2 140 � 140 140 � 140 140 � 140 140 � 140 140 � 140 140 � 140
Matrix size 384 � 288 320 � 240 416 � 333 272 � 204 480 � 336 256 � 173
Slice thickness/gap,
mm

2.50/0.25 3.00/0.30 3.00/0.30 3.00/0.30 3.00/0.30 3.50/0.35

No. slices 42 38 30 36 30 26
Phase encoding
direction

R >> L R >> L R >> L R >> L R >> L R >> L

Phase
oversampling, %

20 100 60 95 50 140

Enhancement
technique

Iter-Den + IP-SR DL-Den + IP-SR Iter-Den + IP-SR DL-Den + IP-SR Iter-Den + IP-SR DL-Den + IP-SR

No. repetitions 1 1 1 1 1 1
Angles of rotation, °
Reconstructed voxel
size, mm3

0.18 � 0.18 � 2.50 0.22 � 0.22 � 3.00 0.17 � 0.17 � 3.00 0.26 � 0.26 � 3.00 0.15 � 0.15 � 3.00 0.27 � 0.27 � 3.50

Total acquisition
time, min:s

02:28 01:37 02:31 01:26 01:17 00:34

PAT, parallel acquisition technique; SMS, simultaneous multislice; IW, intermediate-weighted; PD, proton density–weighted; T1, T1-weighted; T2, T2-weighted; FS,
fat suppressed; SRR, superresolution reconstruction; FatSat, fat saturation; SPAIR, spectral attenuated inversion recovery; Iter-Den, iterative denoising; DL-Den, deep
learning–based denoising; IP-SR, in-plane superresolution; TP-SR, through-plane superresolution.
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a lower percentage of definite diagnoses when using 3D SRR Dixon
data instead of the standard 2D protocol. This only reached significance
for the evaluation of tendons (P < 0.01). An overview of the readers' de-
gree of certainty based on the diagnostic confidence scores for all pro-
tocols is provided in Table 5.

Among the 16 patients enrolled in the main study, the occurrence
of structural abnormalities compliant with the study's lesion inclusion
criteria was as follows: 11 cartilage lesions (medial femoral condyle,
n = 2; medial tibial plateau, n = 1; lateral tibial plateau, n = 2; trochlea,
n = 2; patella, n = 4), 9 meniscus lesions (medial meniscus, n = 4; lateral
meniscus, n = 5), 6 ACL lesions, and 11 bone injuries (femoral, n = 4;
tibial, n = 5; patellar, n = 2).

Based on the consensus reading, all bone injuries and ligamen-
tous lesions (ACL derangements) were correctly identified with the
highest degree of certainty by both readers with all protocols. Only
for 1 patient, reader A did not report a femoral subchondral fracture
with the 3D SRRDixon protocol. An example of a subchondral fracture
with surrounding bone marrow edema is shown in Figure 5. In addition,
2 representative ACL injuries following acute knee trauma are shown in
Figure 6, in which all 2D FS and 3D SRR water-only images nicely de-
pict the discontinuity of ACL fibers, whereas the reformatted
© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
parasagittal and paracoronal 3D SRR images allow for an improved vi-
sualization of lesion location and extension.

Looking at the meniscal injuries, 7 out of 9 lesions confirmed by
consensus were recorded by both readers with all protocols. An exam-
ple of an MM tear that was subsequently arthroscopically confirmed is
shown in Figure 7A. One small radial LM tear was missed in all images
by both readers during the second reading but observed with the stan-
dard 2D protocol (scored as probably abnormal by reader B) and 3D
SRR Dixon protocol (scored as definitely abnormal by readers A and
B) during the first reading. Another subtle radial LM lesion was fully
missed by reader A, whereas it was observed with all protocols by the
other reader. Besides the meniscal lesions confirmed by consensus, 4
clinically suspected cases of MM injury, only seen on 3D SRR Dixon
images, were documented. In 3 of these 4 cases, only 1 reader identified
a lesion (once reader A, and twice reader B), whereas in the other case,
both readers identified an abnormality with the 3D SRR Dixon proto-
col. Two suspicious MM lesions, equivocal on 3D SRR Dixon MRI,
could not be confirmed on the 2D reference images, 1 case was caused
by meniscal flounce,37 and 1 MM lesion appeared equivocal on the ref-
erence 2D while showing as a definite grade 3 tear on 3D SRR Dixon
images. The latter case is displayed in Figure 7B.
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TABLE 2. MRI Parameters of the Clinical and DL-Enhanced Accelerated 2D TSE-Based Protocols, Continued

Sagittal PD Sagittal T2 FS Sagittal IW Dixon

Parameter Standard Accelerated Standard Accelerated Accelerated 3D SRR

Repetition time, ms 2990 3000 4070 3480 4190
Echo time, ms 19 15 64 53 40
Fat suppression FatSat SPAIR Dixon
PAT acceleration
factor

2 2 2 2 3

SMS acceleration
factor

2 2 2

Field of view shift
factor

4 4 4

Echo train length 7 11 11 11 16
Receiver bandwidth,
Hz/pixel

222 354 252 201 606

Flip angle, ° 180 125 180 125 120
Averages 1 1 2 1 1
Concatenations 1 1 1 1 1
Field of view, mm2 140 � 140 140 � 140 140 � 140 140 � 140 136 � 136
Matrix size 512 � 384 336 � 252 336 � 252 304 � 228 192 � 192
Slice thickness/gap,
mm

2.50/0.25 3.00/0.30 2.50/0.25 3.00/0.30 2.00/0

No. slices 35 38 35 38 62
Phase encoding
direction

H >> F H >> F H >> F H >> F H >> F

Phase
oversampling, %

70 100 50 100 50

Enhancement
technique

Iter-Den + IP-SR DL-Den + IP-SR Iter-Den + IP-SR DL-Den + IP-SR DL-Den + IP-SR + TP-SR

No. repetitions 1 1 1 1 6
Angles of rotation, ° 0, 30, 60, 90, 120, 150
Reconstructed voxel
size, mm3

0.14 � 0.14 � 2.50 0.21 � 0.21 � 3.00 0.21 � 0.21 � 2.50 0.23 � 0.23 � 3.00 0.35 � 0.35 � 0.35

Total acquisition
time, min:s

02:31 01:21 02:36 01:26 06:24

PAT, parallel acquisition technique; SMS, simultaneous multislice; IW, intermediate-weighted; PD, proton density–weighted; T1, T1-weighted; T2, T2-weighted; FS,
fat suppressed; SRR, superresolution reconstruction; FatSat, fat saturation; SPAIR, spectral attenuated inversion recovery; Iter-Den, iterative denoising; DL-Den, deep
learning–based denoising; IP-SR, in-plane superresolution; TP-SR, through-plane superresolution.

Smekens et al Investigative Radiology • Volume 60, Number 3, March 2025
Despite the wider range of confidence scores for the evaluation
of cartilage (ie, 56.2%–100%, Table 5), 8 out of 11 cartilage lesions
were identified by all readers with all protocols. Two examples of artic-
ular cartilage defects well depicted with all protocols are shown in
Figure 8. The cases with disagreement included 2 lesions confirmed
by consensus that were fully missed by reader B but recorded by reader
A on standard 2D and DL-enhanced 2D images, respectively. A third
lesion was not documented by reader A, whereas it was detected by
reader B using each protocol.

Interreader and Intrareader Agreement
In general, the interreader and intrareader agreement for the as-

sessment of internal knee derangements using any of the 3 protocols
was substantial to almost perfect with κ values ranging between 0.67
and 1.00.

Regarding the assessment of cartilage, interreader agreement
was substantial for DL-enhanced 2D and almost perfect for standard
2D and 3D SRR Dixon protocols (κ values of 0.79, 0.98, and 0.87, re-
spectively). The intrareader agreement of both readers for cartilage as-
sessment was almost perfect for all protocols (κ values of 0.89–0.94
for reader A and 0.90–0.99 for reader B). For the evaluation of menisci,
226 www.investigativeradiology.com
interreader agreement was substantial for 3D SRR Dixon (κ values of
0.70–0.80) and for the LM on standard 2D images (κ value of 0.80).
It was almost perfect for the MM on standard 2D images (κ value of
0.99) and the DL-enhanced 2D protocol (κ values of 0.87–1.00).
Intrareader agreement on menisci assessment was higher for both 2D
protocols but remained substantial to almost perfect for the 3D SRR
Dixon protocol (κ values of 0.80–0.89 for reader A, and κ values of
0.67–0.75 for reader B). No reader differences were found for the as-
sessment of the ACL resulting in an overall κ value of 1.00. Finally,
interreader agreement on bone injuries was almost perfect for all proto-
cols (0.86–1.00), whereas the intrareader agreement of reader A (κ
values of 0.73–0.86) was overall lower than the intrareader agreement
of reader B (κ values of 0.99–1.00).

The weighted Fleiss-Cohen κ values for the interreader and
intrareader agreement are provided in Table 6.

Discussion
In this study, we investigated the use of a DL-enhanced 4-fold

accelerated 2D TSE protocol for rapid 2D knee MRI and the feasibility
of a novel 3D SRR Dixon TSE protocol for accelerated comprehensive
3D knee MRI, by comparing their image quality characteristics and
© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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TABLE 3. Image Quality Scores

Protocol Overall Image Quality Edge Sharpness Subjective SNR Contrast Fluid Brightness Fat Suppression

Reader A Standard 2D 3,94 [4 (4–4)] 3,88 [4 (4–4)] 3,94 [4 (4–4)] 4 [4 (4–4)] 4,06 [4 (4–4)] 4 [4 (4–4)]
DL-enhanced 2D 3,94 [4 (4–4)] 3,94 [4 (4–4)] 3,94 [4 (4–4)] 4 [4 (4–4)] 4 [4 (4–4)] 4 [4 (4–4)]
3D SRR Dixon 3,81 [4 (4–4)] 3,81 [4 (3–4)] 3,75 [4 (3,75–4)] 4,25 [4 (4–4,25)] 4,38 [4 (4–5)] 4,38 [4 (4–5)]*

Reader B Standard 2D 4,56 [5 (4–5)] 4,63 [5 (4–5)] 4 [4 (4–4)] 5 [5 (5–5)] 5 [5 (5–5)] 4,94 [5 (5–5)]
DL-enhanced 2D 4 [4 (4–4)]** 4 [4 (4–4)]** 4 [4 (4–4)] 5 [5 (5–5)] 5 [5 (5–5)] 5 [5 (5–5)]
3D SRR Dixon 2,88 [3 (3–3)]*** 2,94 [3 (3–3)]*** 4 [4 (4–4)] 5 [5 (5–5)] 5 [5 (5–5)] 5 [5 (5–5)]

Reader C Standard 2D 4,06 [4 (3,75–5)] 4,06 [4 (3–5)] 3,5 [3 (3–4)] 4,25 [4 (4–5)] 5 [5 (5–5)] 4,19 [4 (4–4)]
DL-enhanced 2D 4,56 [5 (4–5)] 4,56 [5 (4–5)] 4,69 [5 (4–5)]** 4,69 [5 (4–5)] 5 [5 (5–5)] 4,06 [4 (4–4)]
3D SRR Dixon 2,5 [2,5 (2–3)]** 2,63 [3 (2–3)]** 3,81 [4 (3,75–4)] 4,5 [4,5 (4–5)] 5 [5 (5–5)] 4,38 [4 (4–5)]

Likert scores of the image quality variables reported as mean [median (interquartile range)]. Statistically significant P values are defined as follows: *P < 0.05,
**P < 0.01, ***P < 0.001. Motion artifacts were not scored for 3D SRR Dixon images as an SRR method with integrated motion estimation was used.

SRR, superresolution reconstruction; SNR, signal-to-noise ratio.
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diagnostic performance to conventional 2-fold accelerated 2D TSE
knee MRI. Overall, the evaluated research protocols performed simi-
larly to the conventional 2D TSE protocolwhile enabling a considerable
reduction in scan time. To the best of our knowledge, this is the first
study to evaluate the feasibility of comprehensive multicontrast DL-
enhanced (ie, DL-based denoising and in-plane SRR) PI and SMS ac-
celerated 2D TSE and 3D SRRDixon knee protocols, and the first time
a DL-enhanced PI and SMS accelerated TSE sequence with Dixon
functionality is used to this end. The 3D SRR technique was included
in the comparison as it mimics the familiar 2D TSE contrasts more
closely than commercially available direct 3D MRI sequences.23,41

The presented 3D SRR Dixon TSE protocol deals with the lim-
itations of the previously reported 3D SRR acquisition protocol for
knee MRI by exploiting the acceleration potential of the WIP 2D TSE
sequence (ie, SRR input) that allows for the combined use of PI and
SMS accelerations with DL-reconstruction and Dixon FS.23Where pre-
viously only a single (IW) contrast could be obtained in a total scan time
of 13 minutes 25 seconds, the novel SRR protocol can provide up to 4
different contrasts in less than half of this reported time. Although only
in-phase and water-only images were retained for subsequent through-
plane SRR in this study, fat-only images that are an alternative for the
T1-weighted contrast can also be used as input for the SRR. Although
not required for the intended evaluation,1,42 3D SRR fat-only images
should be included in future validation studies for the detection of frac-
tures and bone marrow infiltration processes (eg, infection or tumor).

Another limitation of the previous 3D SRR knee MRI protocol,
that is, lower image contrast and fluid brightness compared with con-
ventional 3D SPACE acquisitions, was addressed in the novel 3D
SRR protocol by using optimized DL-enhanced 2D Dixon IW TSE ac-
quisitions as input data, achieving good to excellent contrast resolution
and fluid brightness comparable to standard 2D TSE MRI.

Moreover, the synergy of the offline through-plane SRR and the
inline DL-based in-plane SRR resulted in a higher spatial resolution
than previously reported (ie, 0.35 � 0.35 � 0.35 mm3 compared with
0.50 � 0.50 � 0.50 mm3). The resolution increase in the slice-
encoding direction was achieved with an SRRmethod based on a rotated
acquisition scheme instead of a shifted one as it was previously demon-
strated that rotated schemes lead to higher accuracy and precision of
the SRR.43 The number of rotated 2D IW Dixon TSE slice stacks used
in this study was heuristically set to 6 as this provided a good trade-off
between the total acquisition time and image quality. However, as this
number is lower than the optimal number of rotations to effectively cover
the k-space (ie, 9 rotations),44 the effective through-plane resolution of
the 3D SRR data may be lower than 0.35 mm. Furthermore, as the 3D
SRR images were compared with standard 2D TSE data with overall
© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
higher in-plane resolution, edge sharpness was evaluated significantly
lower for the 3D SRR Dixon TSE protocol. Nevertheless, the recon-
structed voxel volume of the 3D SRR data was 1.15 and 3 times smaller
compared with the smallest voxel volume acquired with the 2D standard
and DL-enhanced accelerated 2D TSE protocol respectively, without any
differences in subjective SNR. The 3D SRR voxel volume is also smaller
than commonly reported voxel volumes acquired with accelerated 3D
knee MRI sequences.21,23,45

Despite the aforementioned improvements, the 3D SRR Dixon
TSE datasets exhibited noticeable aliasing and reconstruction artifacts.

The DL-enhanced 6-fold accelerated 2D IWDixon TSE acquisi-
tions, used as input for the through-plane SRR, displayed aliasing arti-
facts because of the parameter configuration, and in particular the
higher acceleration factors, used to match the acquisition time of the
DL-enhanced 4-fold accelerated 2D protocol (Fig. 4). Consequently,
aliasing artifacts were significantly more present in bone on the 3D
SRRDixon TSE images, as observed by all readers (Table 3). Although
these artifacts were not markedly present when setting up the 3D SRR
Dixon TSE protocol in a test volunteer, they were present in most of
the 3D SRR images in this study but did not affect the diagnostic con-
fidence or performance further on.

Aliasing artifacts in the accelerated 2D IW Dixon TSE acquisi-
tions could be fully avoided by increasing the oversampling in the
phase-encoding direction. This would result in a slightly prolonged ac-
quisition (approximately 1 minute extra) but would still provide a sig-
nificant time gain compared with standard 2D TSE knee MRI.

The 3D SRR data also suffered from reconstruction artifacts due
to the limited number of rotated slice stacks used. These artifacts, ob-
served by all readers (Table 3), mainly manifested as parallel streaks
at the periphery of the knee joint (Fig. 4), impacting the visibility and
diagnostic confidence for the assessment of the extensor tendons and
patellofemoral cartilage. These artifacts can be mitigated by acquiring
additional slice-rotated 2D Dixon IW TSE input volumes and/or per-
forming the SRR to a high-resolution grid with lower through-plane
resolution (eg, 0.53 mm).

Despite the substantial to almost perfect interreader agreement for
the assessment of internal knee derangements by the 2 radiologists, there
was a marked difference between the scores of reader A and the scores
of readers B and C (which displayed similar trends) for multiple image
quality variables, particularly for the assessment of the 3D SRR Dixon
TSE protocol (Table 3). This divergence in assessment could be explained
by the greater experience of the senior radiologist (reader A) with 3DMRI
and 3D SRR MRI, the more recent introduction of reader B to 3D tech-
niques and the different, more technical background of reader C. Neverthe-
less, the lower overall image quality perceived by reader B for the 3D SRR
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TABLE 3. Image Quality Scores, Continued

Motion Reconstruction Aliasing Banding Chemical Shift Pulsation Partial Volume Effect

3,81 [4 (4–4)] 4 [4 (4–4)] 5 [5 (5–5)] 5 [5 (5–5)] 4 [4 (4–4)] 4 [4 (4–4)] 4 [4 (4–4)]
3,88 [4 (4–4)] 3,94 [4 (4–4)] 5 [5 (5–5)] 5 [5 (5–5)] 4 [4 (4–4)] 3,81 [4 (4–4)] 4 [4 (4–4)]

3,25 [3 (3–3,25)]** 3,88 [4 (4–4)]*** 5 [5 (5–5)] 4 [4 (4–4)] 4 [4 (4–4)] 4,19 [4 (4–4)]
4,56 [5 (4–5)] 5 [5 (5–5)] 5 [5 (5–5)] 5 [5 (5–5)] 4 [4 (4–4)] 4 [4 (4–4)] 4,06 [4 (4–4)]
4,5 [4,5 (4–5)] 4,13 [4 (4–4)]*** 5 [5 (5–5)] 5 [5 (5–5)] 4 [4 (4–4)] 4 [4 (4–4)] 4,06 [4 (4–4)]

2,75 [3 (2,75–3)]*** 3,31 [3 (3–4)]*** 5 [5 (5–5)] 4 [4 (4–4)] 5 [5 (5–5)]*** 5 [5 (5–5)]***
4,38 [5 (3,75–5)] 4,63 [5 (4–5)] 5 [5 (5–5)] 5 [5 (5–5)] 4 [4 (4–4)] 3,81 [4 (4–4)] 3,94 [4 (4–4)]
4,63 [5 (4–5)] 4,75 [5 (4,75–5)] 4,94 [5 (5–5)] 5 [5 (5–5)] 4 [4 (4–4)] 3,81 [4 (4–4)] 3,88 [4 (4–4)]

2,25 [2 (2–2,25)]*** 3,19 [3 (3–3)]*** 5 [5 (5–5)] 4 [4 (4–4)] 4,63 [5 (4–5)]** 4,75 [5 (5–5)]**

Likert scores of the image quality variables reported as mean [median (interquartile range)]. Statistically significant P values are defined as follows: *P < 0.05,
**P < 0.01, ***P < 0.001. Motion artifacts were not scored for 3D SRR Dixon images as an SRR method with integrated motion estimation was used.

SRR, superresolution reconstruction; SNR, signal-to-noise ratio.
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protocol was not reflected in the diagnostic confidence scores for the eval-
uation of knee structures, except for cartilage and tendon.

The anatomical visibility of menisci was good to excellent for all
2D and 3D protocols. Yet, the degree of diagnostic certainty for both
readers was slightly (but not significantly) lower for evaluating MM
on 3D SRR Dixon TSE images, also leading to a lower interreader
agreement and intrareader agreement for reader B compared with the
2D protocols. These results are related to the 4 clinically suspected
cases of MM lesions, which could only be well observed with the 3D
SRRDixon protocol but could not be strictly confirmed during the con-
sensus reading. Despite the pronounced pathological appearance of
FIGURE 4. Left knee of a 44-year-old male patient presented with knee locking
display patellar and trochlear chondral defects (small black arrows). Aliasing arti
3D SRR Dixon TSE images due to insufficient phase-oversampling (white arrow
were found to not affect the data's clinical usability. DL-enhanced 2D TSE ima
oversamplingwas used. Line artifacts, denoted as reconstruction artifacts, acros
images (large black arrows). In addition, the extensor tendon region has a blur
diagnostic confidence for 1 reader.
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some of these medial menisci on 3D SRR images (eg, Fig. 7B), a more
elaborate investigation with arthroscopic correlation in a larger patient
cohort is needed to evaluate the sensitivity of the 3D SRR Dixon proto-
col to MM lesions.

In addition, and even though the accelerated 2D protocol ob-
tained almost perfect agreement for LM lesions, the relatively lower κ
values both for the interreader and intrareader evaluations indicate that
LM lesions are in general more difficult to read consistently than MM
lesions (Table 6).46

Both the anatomic visibility and the diagnostic confidence
scores of cartilage were generally lower when compared with the other
. 2D T2-weighted FS, 2Dwater-only, and 3D SRR water-only sagittal views
facts can be observed for DL-enhanced 2DDixon TSE (ie, SRR input) and
s). These artifacts are especially visible in 3D SRR water-only images but
ges generally did not suffer from aliasing artifacts as more phase
s the patellar and quadriceps tendons can be observed on 3D SRR in-phase
rier appearance on 3D SRR Dixon TSE images, which resulted in a lower

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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TABLE 4. Anatomical Visibility Scores

Protocol Cartilage Menisci Ligaments Tendons Muscle Bone

Reader A Standard 2D 3,94 [4 (4–4)] 3,88 [4 (4–4)] 4 [4 (4–4)] 4 [4 (4–4)] 4 [4 (4–4)] 4 [4 (4–4)]
DL-enhanced 2D 3,94 [4 (4–4)] 4 [4 (4–4)] 4 [4 (4–4)] 4 [4 (4–4)] 4 [4 (4–4)] 4 [4 (4–4)]
3D SRR Dixon 3,88 [4 (3,75–4)] 4,19 [4 (4–4,25)] 4,13 [4 (4–4)] 4,13 [4 (4–4)] 4,13 [4 (4–4)] 4,13 [4 (4–4)]

Reader B Standard 2D 4,88 [5 (5–5)] 4,94 [5 (5–5)] 5 [5 (5–5)] 5 [5 (5–5)] 5 [5 (5–5)] 5 [5 (5–5)]
DL-enhanced 2D 4,94 [5 (5–5)] 5 [5 (5–5)] 5 [5 (5–5)] 5 [5 (5–5)] 5 [5 (5–5)] 5 [5 (5–5)]
3D SRR Dixon 2,56 [3 (2–3)]*** 4,94 [5 (5–5)] 4,94 [5 (5–5)] 3,69 [4 (3–4)]*** 5 [5 (5–5)] 3,88 [4 (4–4)]***

Likert scores of the anatomical visibility assessment reported as mean [median (interquartile range)]. Statistically significant P value is defined as ***P < 0.001.

SRR, superresolution reconstruction.
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structures. Interestingly, reader A felt more confident evaluating carti-
lage on the 3D SRR Dixon images and less confident on the DL-
enhanced accelerated 2D images, whereas the opposite was observed
for reader B. These differences were captured by a reduced interreader
agreement for the DL-enhanced 2D protocol, which has also been noted
in a previous study.14

Furthermore, reader B assigned significantly lower anatomical
visibility scores to bone (due to aliasing artifacts) and to tendon (due
to reconstruction artifacts at the extensor tendons) for the 3D SRR im-
ages. However, the aliasing did not affect the diagnostic confidence
scores of bone for reader B, whereas the reconstruction artifacts did lead
to a reduced confidence for tendon assessment (Table 5). In addition,
despite assigning excellent confidence to the assessment of bone with
all protocols, reader A missed 1 bone lesion on 3D SRR Dixon despite
recording this lesion during the first reading.

There were several limitations to this study. First, the evaluated
protocols had different in- and through-plane resolutions. These resolu-
tion differenceswere due to the diverse origins of the protocols; the con-
ventional 2D TSE protocol was the unmodified in-house protocol for
routine knee examination, the DL-enhanced accelerated 2D TSE proto-
col was configured according to Fritz et al and Del Grande et al,2,8 and
the 3D SRR Dixon TSE protocol was tuned to match the acquisition
time of the DL-enhanced 2D protocol. In addition, all protocols used
a different FS technique.

The aforementioned differences, partly inherent to the subject of
our investigation, may have allowed the readers to recognize the type of
TABLE 5. Diagnostic Confidence Scores

Reader A

% Certainty

Structure Standard 2D DL-Enhanced 2D 3D SRR Dix

Cartilage 75 68.75 93.75
MM 93.75 100 81.25
LM 93.75 93.75 93.75
MCL 100 100 100
LCL 100 100 100
ACL 100 100 100
PCL 100 100 100
Tendons 100 100 100
Muscle 100 100 100
Bone 100 100 100

Readers A and B assigned a confidence level to their diagnoses with a 5-point Liker
and 4) scores to calculate the percentage of definite diagnoses, that is, the percentage

SRR, superresolution reconstruction; MM, medial meniscus; LM, lateral meniscus
cruciate ligament; PCL, posterior cruciate ligament.
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image protocol, potentially introducing a recognition bias in their as-
sessments due to personal preferences.

A second limitation of the study is the lack of an arthroscopic
reference to confirm the identified findings. There were only 2 patients
with available arthroscopic data, obtained outside of the current study.
These data were used to confirm a clear definite MM lesion and a car-
tilage lesion. However, previous studies have shown that a radiologists'
consensus reading, as carried out in this study, is a valuable alternative
golden standard for the diagnostic evaluations.12,17

Third, the study's sample size was relatively small, and conse-
quently, the pathological findings were recorded in a limited number
of knee structures. Nevertheless, it was possible to observe significant
differences in the outcome variables and to illustrate the diagnostic po-
tential of the accelerated research protocols.

Finally, the 3D SRRDixon TSE protocol was not compared with
other commercially available accelerated 3D sequences such as 3D
CAIPIRINHA SPACE and 3D CS TSE MRI23,41 as these are not as
widely adopted as accelerated 2D TSE protocols for knee MRI in the
clinical routine.22,45 Moreover, scan time constraints to guarantee pa-
tient comfort limited the number of protocols included in the study.

Given the advantages of 3DMRI compared with 2D acquisitions
and the ongoing developments of 3D knee MRI regarding acceleration
and image quality enhancement by means of DL algorithms,45,47 future
work should assess the diagnostic performance of an optimized 3D
SRR Dixon TSE protocol and other DL-enhanced accelerated 3D pro-
tocols with arthroscopic correlation in a large patient cohort.
Reader B

% Certainty

on Standard 2D DL-Enhanced 2D 3D SRR Dixon

87.5 100 56.25
100 100 87.5
100 93.75 100
100 100 100
100 100 100
100 100 100
100 100 100
100 100 56.25**
100 100 100
100 100 100

t scale. These scores were dichotomized into definite (1 and 5) and probable (2, 3,
certainty. Statistically significant P value is defined as follows: **P < 0.01.

; MCL, medial collateral ligament; LCL, lateral collateral ligament; ACL, anterior
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FIGURE 6. A, Left knee of a 57-year-old female patient and B, Left knee of a 41-year-old female patient (both skiing traumas). 2D sagittal T2-weighted FS
and 3DSRRwater-only images of patient A showadistal ACL injury (black arrows). Images of patient B display a proximal ACL tear (white arrows), which
is better visualized on the reformatted parasagittal and paracoronal 3D SRRwater-only images (bottom row) than on the sagittal and coronal standard 2D
and DL-enhanced 2D images. 2D and 3D SRR axial images depict the tear equally well (white arrows).

FIGURE 5. Left knee of 18-year-old male patient who suffered a skiing trauma. A nondisplaced subchondral fracture with surrounding bone marrow
edema at the lateral tibial plateau can be well observed on all 2D T1-weighted and 3D SRR in-phase coronal views, and on 2D IW FS and 3D SRR water-
only images. The latter display comparable contrasts despite the different fat suppression techniques used.
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FIGURE 8. A, Left knee of a 51-year-old female patient and B, Right knee of a 31-year-old male patient, both presenting with chronic knee pain. Sagittal
images of patient A show cartilage delamination at the posterior aspect of the lateral femoral condyle. This is equally well distinguishable on 2D (DL-
enhanced) T2-weighted FS images as on 3D SRR water-only images. For patient B, a shouldered trochlear cartilage defect can be well observed on both
2D IW FS and 3D SRR water-only axial images.

FIGURE 7. A, Left knee of a 50-year-old female patient with chronic knee pain. B, Left knee of a 57-year-old female patient with a recent ski-related knee
injury. 2D coronal and axial IW FS and 3D SRR water-only images of patient A show a tear of the medial meniscus extending near the meniscal root
(black arrows). This lesion was arthroscopically confirmed. For patient B, 3D SRR water-only images show signs of a definite grade 3medial meniscus tear
(thin white arrows), whereas this is equivocal on 2D sagittal T2-weighted FS and 2D coronal IW FS images (thick white arrows). Moreover, 3D SRR
coronal images excellently depict the posteromedial meniscal root insertion (white asterisk).
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In conclusion, the presented DL-enhanced 4-fold accelerated 2D
TSE protocol provides image quality and diagnostic performance simi-
lar to the standard 2D protocol. In addition, 3D SRR of DL-enhanced 6-
fold accelerated 2DDixon TSEMRI is feasible for multicontrast 3D knee
MRI as it provides comparable diagnostic performance to standard 2-fold
accelerated 2D knee MRI. However, reconstruction and aliasing artifacts
need to be further addressed to guarantee a reliable visualization of carti-
lage, tendons, and bone. Both the 2D and 3D SRR DL-enhanced proto-
cols enable a 44% faster examination compared with conventional 2-fold
accelerated routine 2D TSE kneeMRI and thus open new paths for more
efficient clinical 2D and 3D knee MRI.
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