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Abstract
Background: Clinical knee MRI protocols require upwards of 15 minutes of scan time.

Purpose/Hypothesis: To compare the imaging appearance of knee abnormalities depicted with
a 5-minute 3D double-echo in steady-state (DESS) sequence with separate echo images, with that
of a routine clinical knee MRI protocol. A secondary goal was to compare the imaging appearance
of knee abnormalities depicted with 5-minute DESS paired with a 2-minute coronal proton-density
fat-saturated (PDFS) sequence.

Study Type: Prospective.
Subjects: Thirty-six consecutive patients (19 male) referred for a routine knee MRI.
Field Strength/Sequences: DESS and PDFS at 3T.

Assessment: Five musculoskeletal radiologists evaluated all images for the presence of internal
knee derangement using DESS, DESS+PDFS, and the conventional imaging protocol, and their
associated diagnostic confidence of the reading.

"Address reprint requests to: A.C., Department of Radiology, Stanford University, Lucas Center for Imaging, 1201 Welch Road P064-
n, Stanford, CA, 94305. akshaysc@stanford.edu.

Disclosure

A.C. has provided consulting services to Skope MR Inc and Subtle Medical. Neither organizations were involved in the design,
execution, data analysis, or the reporting of this study.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chaudhari et al.

Page 2

Statistical Tests: Differences in positive and negative percent agreement (PPA and NPA,
respectively) and 95% confidence intervals (Cls) for DESS and DESS+PDFS compared with the
conventional protocol were calculated and tested using exact McNemar tests. The percentage of
observations where DESS or DESS+PDFS had equivalent confidence ratings to DESS+Conv were
tested with exact symmetry tests. Interreader agreement was calculated using Krippendorff’s
alpha.

Results: DESS had a PPA of 90% (88-92% CI) and NPA of 99% (99-99% CI). DESS+PDFS
had increased PPA of 99% (95-99% CI) and NPA of 100% (99-100% CI) compared with DESS
(both < 0.001). DESS had equivalent diagnostic confidence to DESS+Conv in 94% of findings,
whereas DESS+PDFS had equivalent diagnostic confidence in 99% of findings (both £< 0.001).
All readers had moderate concordance for all three protocols (Krippendorff’s alpha 47-48%).

Data Conclusion: Both 1) 5-minute 3D-DESS with separated echoes and 2) 5-minute 3D-DESS
paired with a 2-minute coronal PDFS sequence depicted knee abnormalities similarly to a routine
clinical knee MRI protocol, which may be a promising technique for abbreviated knee MRI.

There are approximately 1.25 million clinical knee magnetic resonance imaging (MRI)
scans performed annually in the US.12 Most extremity and knee MRI protocols consist
mainly of 2D fast-spin-echo (FSE) sequences with different combinations of contrasts, fat-
suppression, and orientations, requiring ~20 minutes of scan time. 2D FSE sequences
typically employ a high in-plane resolution (0.3-0.6 mm) but acquire thicker slices (>2.5
mm) with gaps between adjacent slices due to limitations of scan time. Apart from modest
parallel imaging accelerations, the use of additional acceleration methods such as
compressed sensing and simultaneous multislice (SMS) do not have widespread clinical
adoption. Consequently, there is interest in faster sequences that provide high in-plane and
through-plane resolution in order to overcome partial volume effects and to allow
visualization of tissues in arbitrary scan planes, especially with the push towards “high-
value” imaging.3

Advancements in parallel imaging and SMS research have shown promising results to
accelerate 2D FSE protocols for knee MRI; however, such methods still preclude oblique
slice reformations due to the acquisition of slices with high section-thickness.*° 3D-FSE
sequences are promising for fast imaging®-8; however, the diagnostic potential of such
sequences may be limited due to image blurring induced by long echo trains. 3D balanced
steady-state free-precession (bSSFP) sequences have also been explored, but bSSFP
produces only singular contrast, which may not be adequate for comprehensive
musculoskeletal imaging, and fat suppression is not always robust.®10 The water-selective
3D double-echo in steady-state (DESS) sequence with separated echoes, on the other hand,
may overcome such limitations, as it produces dual-contrasts without echo-train blurring
along with quantitative T, relaxation time maps.

DESS samples two 3D echoes where the first echo (S+) has a T1/T, weighting (similar to a
proton-density [PD] weighting in the knee), while the second echo (S-) has an additional T,
weighting.11-13 While many available DESS methods (most commonly the Siemens product
that is used in the Osteoarthritis Initiative) combine these echoes into a single image; the
DESS sequence in this work reconstructs two individual echo images separately as
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originally proposed.11-13 DESS S + has a gradient-spoiled contrast (fast imaging with
steady-state precession (FISP), fast-field echo (FFE), gradient recall echo (GRE), gradient
recalled acquisition in steady state (GRASS), or Fourier acquired steady state (FAST) on
different scanners), high signal-to-noise ratio (SNR), and reduced sensitivity to motion.
DESS S- has a longer echo time and consequently an additional To-weighting, similar to
PSIF, To-FFE, and CE-FAST methods, which provides higher fluid sensitivity.

DESS with separated echo images has engendered high accuracy for semiquantitative
whole-knee-joint assessment using the MRI Osteoarthritis Knee Score (MOAKS).1415 The
two DESS echoes can also be used to generate accurate and automatic T, measurements of
the articular cartilage and the meniscus using analytical expressions.16:17 The T, relaxation
time has primarily been studied in the context of early osteoarthritis progression in
collagenous tissues.18:19 However, the role of T, mapping has been relatively unexplored
diagnostically, likely due to the challenges in acquiring T, efficiently in clinically feasible
scan durations.

Given the previous benefits of DESS, the purpose of this exploratory study was to compare
the imaging appearance of knee abnormalities depicted with a single 5-minute 3D-DESS
sequence with separate echo images, to that of a routine clinical knee MRI protocol for
assessing bone, cartilage, ligaments, menisci, tendons, and synovium. Additionally, for
studying the utility of abbreviated knee MRI protocols, the secondary goal of this study was
to compare the imaging appearance of knee abnormalities depicted with a 5-minute DESS
scan paired with a 2-minute coronal proton-density fat-saturated (PDFS) scan. Comparisons
to arthroscopic surgery were performed for patients who underwent surgery.

Materials and Methods

Patient Recruitment and MRI Protocol

Thirty-six consecutive patients (19 male, age 45 + 18 years, and 17 female age 41 + 20
years) between October 2016 and November 2016 were scanned with Institutional Review
Board approval, informed consent, and Health Insurance Portability and Accountability Act
compliance for this prospective study. The inclusion criteria included patients referred for a
routine knee MRI by physicians while the exclusion criteria included contraindications to
MRI or excessive motion artifacts in images. All scans were performed on one of two
identical Discovery MR750 3.0T MRI scanners (GE Healthcare, Waukesha, WI) with an 8-
channel transmit-receive knee coil (InVivo, Gainesville, FL).

A water-excitation sagittal 3D-DESS sequence was added to the end of the routine knee
protocol that consisted of a total of five sequences with PD-weighting, T1-weighting, and
To-weighting (scan parameters in Table 1). A 20° flip angle was chosen for DESS in order to
maximize the tissue SNR for morphological imaging as well as accurate T, measurements
for cartilage and meniscus.4 A 3.4 msec spatial-spectral RF pulse consisting of six spatially
selective sub-lobes was used for selective water-only excitation while maintaining a low
repetition time. The sagittal DESS sequence was used to perform multiplanar reformatting
(MPR) of both echo images. Autocalibrating parallel imaging (acPl) reconstruction was
used to accelerate the DESS scan by a factor of 2 in the phase-encode direction (2 x 1 acPl).
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acPl does not require a calibration scan and is thereby less affected by motion between the
calibration and target scans. Additionally, acPI is more robust than sensitivity encoding
(SENSE) when the coil sensitivity map is changing rapidly due to the existence of fine tissue
structures, as is common in knee imaging.2% Image reconstruction for DESS was performed
automatically on the scanner computer. The duration of the conventional protocol, excluding
the localizer/scout scan but including prescanning, a coil sensitivity calibration scan for
parallel imaging, and any repeated scans was recorded.

T, relaxation times maps were generated automatically on the scanner computer as an
additional imaging series using an analytical expression involving a ratio of the two DESS
echoes, as described previously.1421 MPR of both DESS echoes and T, maps were
submitted immediately to the picture archiving and communication system (PACS). While
the T, relaxation time maps were not explicitly used in the reader study, the T, maps were
retrospectively visualized for commonly indicated abnormalities. The goal for such an
exercise was to understand the appearance of common abnormalities on T, maps to assess
whether the addition of T, maps could be useful in future routine clinical knee MRI
examinations.

Image Analysis

Four board-certified musculoskeletal radiologists (K.S., C.B., E.O., and G.G., with 18, 22,
13, and 18 years of experience, respectively) and one musculoskeletal fellow (J.W. with 1
year of experience), evaluated all images for the presence of 30 common imaging findings in
internal derangements of the knee, subdivided into categories of bone, cartilage, ligaments,
menisci, synovium, and tendons (Table 2). All patient scans were independently reviewed in
a randomized order between the five readers. The readers recorded the presence of all 30
imaging findings (Yes/No) and scored the diagnostic confidence of the sequences used (0 =
No Confidence, 1 = Low Confidence, 2 = Moderate Confidence, and 3 = High Confidence).
Since collateral ligaments and tendons can have a wide spectrum of imaging appearances,
MCL and LCL abnormalities were defined as positive if their imaging appearance was
classified as a Grade 1-3 collateral ligament tear, according to criteria defined previously.22
Tendinosis was defined as positive in instances of elevated intramural signal or tendon
thickening.

All readers first scored the DESS-only scan, and subsequently scored DESS combined with
the conventional protocol (DESS+Conv). In a subset of 20 patients, three of the five readers
scored the DESS scan first, then DESS with an additional coronal PDFS sequence (DESS
+PDFS technique), and finally with DESS+Conv (overall study schematic in Fig. 1).
Clinical information was not made available to the readers to ensure comparisons were made
using imaging findings alone.

Comparison Metrics

The goal of this study was to compare the imaging appearance of knee abnormalities from
the DESS and DESS+PDFS protocol to the conventional 2D imaging protocol.
Consequently, the primary comparisons in findings were made in comparison to DESS
+Conv, as that would provide the maximum amount of potential diagnostic information and
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also because only a limited number of patients at our institution undergo interventional
arthroscopies. Of all the patients scanned with the DESS sequence in this study, only nine
underwent an additional arthroscopy, while only four patients from the DESS+PDFS cohort
underwent surgery. As a result, comparisons with arthroscopy were only made in these
limited cohorts for qualitative purposes. Arthroscopic surgery was used to determine the
incidence of cartilage lesions, meniscal tears, synovitis, and tears of the anterior and
posterior cruciate ligaments (ACL and PCL, respectively). Cartilage degeneration with
arthroscopy was assessed using the Noyes criteria using Grades 1-4.23

Statistical Analysis

Results

Since the primary diagnostic comparisons were being performed with reference to the DESS
+Conv imaging findings, positive percentage agreement (PPA) and negative percentage
agreement (NPA) and their 95% confidence intervals (Cls) for the DESS and DESS+PDFS
techniques for each tissue type were used in lieu of sensitivity and specificity. PPA was
determined when an abnormality was detected both in the reference standard (DESS+Conv)
and the corresponding index test (either DESS or DESS+PDFS). Similarly, NPA was
determined when an abnormality was not detected in the reference standard and either index
test. Differences in the diagnostic accuracy measurements for the DESS and DESS+PDFS
sequences were tested using exact McNemar tests. The percentage of observations where
DESS or DESS+PDFS had equivalent confidence ratings to DESS+Conv were tested with
exact symmetry tests. All diagnostic comparisons and confidence readings were pooled
across patients and readers. Differences between readers in confidence ratings were tested by
Cochran-Mantel-Haenszel tests stratified by patient.

Krippendorff’s alpha (KA) coefficients were used to evaluate interobserver agreement.24
Random-effects models accounting for multiple measurements within patients and readers
were used to: 1) estimate the intraclass correlation (ICC) among readers for each outcome
and method combination; 2) estimate the ICC between pairs of methods for each outcome;
and 3) estimate the probability of a disagreement between pairs of methods, and test if they
are different.

For the limited arthroscopic comparisons, sensitivity and specificity and their 95% Cls were
calculated. Although the sample size of patients was limited and the prevalence of
abnormalities was low, differences in the diagnostic accuracy measurements between DESS,
DESS+PDFS, and DESS+Conv, compared with arthroscopy were tested using Cochran-
Mantel-Haenszel tests stratified by protocol (accounting for unequal sample sizes per
group). All statistical analyses were performed using Stata Release 14.2 (StataCorp, College
Station, TX) with a significance level of 0.05.

One patient was excluded due to excessive motion artifacts in the DESS scan. The
conventional protocol required an average duration of 19 + 3 minutes (two instances of
repeated scans). The DESS scan by itself had a PPA of 90% (88-92% CI) and NPA of 99%
(99-99% ClI) in assessing the 30 abnormalities (Table 3). DESS had high PPA for
diagnosing abnormalities of cartilage, menisci, tendons, and synovium; however, the PPA
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was lower for ligament injuries. DESS+PDFS significantly increased PPA to 99% (95-99%
ClI) and the NPA to 100% (99-100% CI) compared with DESS alone (both £< 0.001).

DESS had equivalent diagnostic confidence to DESS+Conv in 94% of findings (Table 4),
whereas DESS+PDFS had equivalent diagnostic confidence in 99% of findings
(significantly higher than DESS alone, A< 0.001). There was a small, but significant,
difference between reader agreement for diagnostic confidence scores for the DESS and
DESS+PDFS techniques (both £< 0.001), but not the DESS+Conv sequences (£ = 0.16). In
comparison to arthroscopy, there were small, but statistically significant (< 0.01),
variations between the overall sensitivities (38%, 32%, and 41%, respectively, for DESS,
DESS+PDFS, and the conventional protocol) and specificities (88%, 94%, 89%,
respectively) between the three protocols (Table 5), indicating adequate interreader
agreement across the protocols.

The observed agreement between readers (80-85%) for all three techniques was
significantly higher than chance alone (~75%) (P < 0.001). KA values (47-48%) for all three
techniques (Table 4) among all five of the readers indicated moderate interreader agreement.
The ICC values for all readers for DESS, DESS+PDFS, and DESS+Conv were 0.78 (0.72—
0.82), 0.77 (0.72-0.82), and 0.76 (0.71-0.81), respectively. ICC values between pairs of
methods for each outcome were as follows: DESS+Conv vs. DESS: 0.74 (0.68-0.79); DESS
+Conv vs. DESS+PDFS: 0.76 (0.70-0.81); DESS vs. DESS+PDFS: 0.85 (0.81-0.88). The
probability of disagreement for the same pairs were 1.8% (1.4%-2.2%), 0.3% (0.2-0.5%),
and 1.7% (1.3-2.1%), respectively, with a significant difference (< 0.001) compared
between DESS+Conv vs. DESS.

Derangement Examples

An arthroscopically confirmed full thickness ACL tear appeared similarly on both the DESS
S- image and the T,-weighted FS sequence, with disruption of fibers in the mid-portion of
the ligament (Fig. 2a,b). While the T, relaxation times of healthy cartilage and a healthy
ACL are ~30-35 msec and 10 msec, respectively, the corresponding T, values in the injured
ACL were similar to those of the surrounding cartilage (Fig. 2¢).18:25 The high fluid-
sensitivity of DESS was useful for diagnosing joint effusion, where the size and texture of
joint effusion (dotted arrows Fig. 2a) was comparable to that of the To-weighted sequence
(dotted arrows Fig. 2b), which helped in synovitis assessment. DESS, however, did
underestimate the size of a bone marrow lesion (BML) adjacent to the ACL tear, compared
with a conventional T,-weighted scan (Fig. 2d—f).

An arthroscopically confirmed tear of the medial meniscus appeared similarly in the DESS S
- image and the PD-weighted image, with increased signal in the posterior horn of the
medial meniscus extending to the tibial articular surface (Fig. 3a,b). The corresponding
DESS T, maps (Fig. 3c) also demonstrated higher T, values in the location of the tear.
Similarly, the coronal reformation of the DESS image data and T, map (Fig. 3d,e), and the
coronal PDFS sequence (Fig. 3f), showed high contrast for the tear. A region of Grade 3
cartilage degeneration in the femoral condyle was also well depicted by the DESS images
and T, map.
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The sagittal DESS images and the corresponding MPRs depicted examples of small
arthroscopically confirmed cartilage lesions in the femoral trochlea (boxes Fig. 4a,b). The
low-signal-intensity lesions appeared similarly on the DESS S- echo (Fig. 4a) and the T»,-
weighted FS scan (Fig. 4b). The lesions were also highlighted using the focal and
heterogeneous DESS T, relaxation values (Fig. 4c). Axial reformations of the lesion also
indicated good conspicuity of the lesion in the DESS S + image and T, map, as compared
with the conventional PD-weighted sequence (Fig. 4d—f). In an example of a patient with a
signal arthroscopically confirmed abnormalities of the patellar and femoral cartilage, it could
be seen that the abnormality was identified similarly on the second echo of DESS (Fig. 5a),
the DESS T, map (Fig. 5d), and the To-weighted sequence (Fig. 5b). However, the signal
variation was more challenging to identify on the first echo (S+) of DESS (Fig. 5c), which
suggests that separating the two DESS echoes and creating T, maps may have higher
diagnostic value than using a single combined image. Additionally, DESS was able to
produce coronal oblique and axial reformations to better depict the region of low signal
intensity in the patellar cartilage (Fig. 5e,f).

Discussion

In this study, a 5-minute 3D-DESS scan with separate echo images provided a similar
imaging appearance for knee abnormalities as a conventional knee MRI protocol for
diagnosing 30 internal knee abnormalities. The multicontrast DESS images with multiplanar
reformations provided complementary diagnostic information sensitive to morphology and
fluid signals. Many of the abnormalities were visualized well in the second (S-) echo, which
had a higher T, weighting than the first (S+) echo. DESS did not require specialized
reconstruction packages or hardware, making it clinically feasible. The abbreviated protocol
consisting of an additional 2-minute PDFS sequence addressed the drawbacks of DESS, and
produced high agreement with the conventional imaging protocol.

Chondral abnormalities were well visualized with DESS, which was expected since DESS
has been used extensively for imaging cartilage and since the DESS sequence used in this
study included fat-saturation, high-resolution, and high signal intensities.1%2¢ Cartilage
lesions were detected as regions of heterogeneous signal, whereas regions of fissuring and
fibrillation were visualized due to the high resolution of the sequence. There have been
previous studies reporting that chondral abnormalities are challenging to visualize with
DESS, but these only included a single combined DESS echo.2” The second echo of DESS
has an increased T,-weighting that lowers the sensitivity to susceptibility artifacts, which
was useful in assessing cartilage fibrillation. In instances where the two DESS echo images
are combined into a single composite image, the composite image contrast is dominated by
the first echo (S+) image due its considerably higher SNR, compared with the second echo
(S-) image. As a result, since composite images may have a lower influence on To-
weighting and higher sensitivity to susceptibility artifacts, chondral lesions may be missed,
as was demonstrated in this study. This may also explain the lower sensitivity of previous
studies in detecting chondral lesions.2” The impact of such an occurrence was mitigated in
this study by simply separating the DESS echo images rather than combining them to form a
composite image. This results in a higher overall To-weighting for the second echo of DESS.
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Most subregions of the cartilage could be assessed in the sagittal plane; however, the axial
reformations were useful for assessing the patellar and femoral trochlear cartilage. Most
cartilage abnormalities had increased T, values and high signal intensity on the DESS S-
echo, possibly indicative of fiber disorganization and water infiltration into the collagen.28
However, some lesions had lower T, values, possibly due to collagenase-induced collagen
cleavage leading to additional interacting sites between collagen and water.28:29
Additionally, cartilage fibrillation has been thought to decrease the T, of adsorbed surface
water and the adjacent mobile water protons through chemical exchange, resulting in regions
of hypointense signal.39 Combining routine T, measurements with morphological imaging
may thus identify regions of cartilage damage, and potentially highlight regions with early
degenerative changes.

The DESS echo images with varied contrasts were particularly useful in assessing
abnormalities of the menisci, ligaments, and tendons—commonly injured tissues in the
knee. The short echo time (TE) of the S + echo provided moderate SNR for visualizing the
morphology of these tissues, while the lower SNR and fluid sensitivity of the S— echo was
particularly useful in diagnosing meniscal and ligament tears. Healthy tissues had minimal S
- signal, but tears caused fluid leakage into these tissues, which was well identified with the
contrast, resolution, and T, measures provided by DESS. These results correspond with
previous studies that demonstrate the benefit of T,-weighted imaging for detecting lesions of
the menisci and ligaments due to elevated signals in the lesion.31 Even very subtle myxoid
degeneration of the menisci and ligaments, which is usually indicated with an elevated
signal, was well detected by DESS. The MPR capability generated additional perspectives to
confirm the presence of such abnormalities in multiple scan orientations. Similar to menisci
and ligaments, healthy tendons had moderate S + signal and minimal S— signal. However,
the presence of any visible S— signal was more suggestive either of tendinosis or possibly a
tendon rupture. The fluid sensitivity of the DESS S- echo also helped identify synovial
abnormalities as well as cysts and cystic changes in the bone.

To date, there are few studies that have evaluated the utility of T, measurements in
diagnostic clinical imaging, and such studies typically only assessed cartilage lesions.28:32:33
While T, measurements in this study helped indicate cartilage lesions, they were also
helpful in visualizing injuries to the menisci, ligaments, and tendons. The DESS S + TE (6
msec) was not short enough to accurately characterize the true T, values of healthy tendons
and ligaments; however, it was adequate in assessing the substantially higher T, of injured
tissues. If future studies require more accurate short-T, assessments, the ultrashort TE DESS
sequence can produce TEs under 50 ps with isotropic resolution.2> Overall, T, relaxation
time mapping could provide complementary information to morphological imaging, aiding
in the diagnosis of internal derangement, especially because no additional scan time or pulse
sequences are required to generate this novel information.

In addition to evaluating the diagnostic utility of DESS with separated echoes, the second
goal of this study was to evaluate the diagnostic potential of a fast high-resolution 3D
sequence combined with one sequence from the conventional protocol. For this secondary
goal, DESS was paired with the coronal PDFS sequence. One drawback of DESS was MPR-
induced blurring due to the anisotropic voxel acquisition, which obscured the visualization
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of the thin collateral ligaments. An additional drawback was that DESS underestimated the
size of bone marrow lesions (BMLs) due to trabecular T5 susceptibility effects and

complicated relationships of the T,/T; ratios of the lesions, which affect the steady-state
signal.19:34 With these drawbacks in mind, the FSE coronal PDFS sequence was ideal for
assessing the collateral ligaments and BMLs. A combination of the high-resolution of
sagittal DESS and coronal PDFS thereby enabled accurate assessment of all abnormalities
evaluated in this study. Future studies could lower the in-plane resolution of DESS to match
that of the 2D FSE sequences (~0.5 x 0.5 mm) to enable scanning 2x thinner slices without a
loss in SNR based on voxel volume. Additional methods could also include DESS with 3D
radial sampling for acquiring images with isotropic resolutions or use deep learning to
enhance through-plane resolution without biasing quantitative T, accuracy.2%:3%:36 The
current study also utilized an 8-channel transmit/receive coil for imaging due to its pervasive
use in knee imaging; however, higher element knee coils exist, which could be used to
further enhance scans based on improved coil-sensitivity and g-factor conditioning.

The arthroscopic correlations in the small subset of patients showed relatively comparable
accuracy with previous studies, albeit with slightly lower sensitivities.3”-38 This was
promising, because the goal of this study was not to compare the DESS and DESS+PDFS
findings with arthroscopy. Consequently, the readers were not provided with patient history,
reason for referral, and previous imaging and surgical findings. The specificities of
diagnosing injuries of the meniscus, ligaments, and tendons were high, whereas the
sensitivities of diagnosing such lesions were lower (especially in cartilage), which has been
chronicled in previous studies.37-38 Of the two ACL tears observed in the nine patients, one
was correctly identified by all readers, while a subtle tear was missed by all readers, leading
to the lower 50% sensitivity. The overall results of the arthroscopic comparisons remained
consistent among all three protocols, demonstrating that there was likely no consistent bias
induced by any single protocol.

Regarding study design, DESS+Conv was chosen as the reference standard over arthroscopy,
as diagnostic arthroscopies are not performed in all patients, especially after unremarkable
MRIs. Additionally, even with arthroscopy, it is challenging to evaluate all the abnormalities
analyzed in this study and there can exist considerable interreader variability for assessing
chondral lesions.3? Interpreting all scans starting with the DESS sequence would produce
the most conservative accuracy estimates and reduce the false-finding rates, in case DESS
provided diagnostic information not contained in the conventional protocol. Moreover, using
DESS+Conv as the reference standard would provide radiologists with the maximum
imaging information possible and allow for head-to-head sequence comparisons, justifying
its usage as the reference standard for evaluating agreement for the rapid sequences.

Compared with similar previous studies, this study had a larger number of abnormalities
being assessed in order to evaluate true utility for whole-joint diagnostic imaging.6:89 It also
had considerably more readers in order to ensure sequence robustness by collating responses
from multiple readers with varying experience levels, expertise, and methodologies for
making clinical diagnoses. Three readers were trained in the US (C.B., G.G., and J.W.),
while two were trained in Europe (K.S. and E.O.). At the time of the study, one practices in
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Europe (E.O.) and one was a clinical fellow (J.W.), which depicts the heterogeneity of the
readers involved. Despite this breadth of experience, there existed consistency among the
readers and among the sequences, as indicated by the high ICC values and low probabilities
for disagreement between protocols.

This study also had certain limitations. The readers for this study could not be blinded to the
sequences being used due to the inherent image contrasts. Despite the promising preliminary
results presented here, additional subjects will be required in future studies for more robust
statistical outcomes. Having arthroscopic comparisons in all patients will also provide an
additional metric for the accuracy of the DESS scans. While analyzing all three protocols in
succession may produce the most diagnostic information for the reference standard, it may
also introduce a memory-related reader bias. Future studies could include washout durations
between protocols in order to minimize memory bias. The study protocol utilized in this
article did not contain a nonfat-saturated sequence, which may limit the sensitivity to
osseous abnormalities. Consequently, subsequent work could explore implementing a
Dixon-based proton-density-weighted sequence to generate fat, water, in-phase, and out-of-
phase image contrasts.40 Future work could also explore mitigating the MPR-induced
blurring by evaluating the tradeoffs between in-plane and slice resolution. Additionally, the
T, relaxation time maps were retrospectively correlated with the abnormalities described by
the reader. However, given the potential benefits of incorporating T, measurements into
routine diagnostic imaging, future studies could be performed for prospectively using the T,
measurements. Furthermore, optimization of the protocols of pulse sequences used in this
study for 1.5T scanners may also be beneficial, given the widespread use of 1.5T for
extremity MRI.

In conclusion, we have demonstrated that 1) a single 5-minute 3D-DESS sequence with
separated echoes depicted knee abnormalities similarly to a clinical knee MRI protocol, and
2) a 5-minute DESS sequence with separated echoes paired with a 2-minute coronal PDFS
sequence may be one potential path towards an abbreviated knee MRI protocol.
Consequently, the results from this study support further evaluation of the utility of the two
techniques in larger studies, especially with the incorporation of T, relaxation time
measurements.
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FIGURE 1

Schematic for the proposed study utilizing the double-echo in steady-state (DESS) pulse
sequence with separated echoes with and without pairing a coronal proton-density-weighted
fat-saturated (PDFS) sequence. Imaging findings from DESS combined with the
conventional imaging protocol (DESS+Conv) were used as the comparison standard.
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(@) DESS S- (b)  T2-Weighted () DESST2Map (ms)

d  DESS S+

FIGURE 2:
A 19-year-old female presenting discontinuity of the anterior cruciate ligament (ACL) fibers,

compatible with a complete tear (solid arrow) and mild joint effusion (dotted arrow). (a) A
sagittal water-excitation DESS S— image demonstrates increased signal in the ACL and
discontinuity of the ligament fibers as well high fluid contrast for the joint effusion. (b) A
sagittal To-weighted fat-saturated scan similarly demonstrates a full thickness tear of the
ACL and increased signal intensity for the synovial fluid. (c) An instantly generated DESS
T, relaxation time map shows elevated T, values of the ACL (similar to that of adjacent
cartilage) and focal regions of fluid signals. (d) A bone marrow lesion (BML) in the same
patient (dotted arrows) in the posterior tibial condyle is underestimated in volume by the
DESS S + image. (e) A T,-weighted scan depicts the actual size of the BML. (f) The DESS
T, map shows the T, of the BML with the same volume as the S + image.

J Magn Reson Imaging. Author manuscript; available in PMC 2021 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chaudhari et al.

Sagittal
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Page 15

DESS S-

FIGURE 3:
A 74-year-old male presenting with an arthroscopically confirmed tear of the posterior horn

of the medial meniscus and Grade 3 cartilage degeneration in the femoral condyle. (a) A
sagittal water-excitation DESS S— image demonstrates increased signal in the meniscus
extending to the tibial articular surface (solid arrow) and a focal region of cartilage damage
in the femoral condyle (dotted arrow). (b) A sagittal proton-density-weighted scan from the
conventional protocol demonstrates the meniscal tear. () A DESS T relaxation time map
shows elevated T, values of the meniscus tear and a region of hypointense cartilage T,
values in the femoral condyle. (d) A coronal reformation of the water-excitation DESS S—
also demonstrates increased signal in the meniscus, compatible with a meniscal tear and a
region of cartilage signal heterogeneity in the femoral condyle. (€) A coronal proton-density-
weighted fat-saturated scan depicts similar contrast for the meniscal tear. (f) A quantitative
coronal DESS T, map reformation highlights the meniscal tear and cartilage degeneration
abnormalities.
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FIGURE 4:
A 65-year-old female presenting chondral lesions in the femoral trochlea (solid arrow). (a) A

sagittal water-excitation DESS S— image shows focal hypointense regions in the femoral
trochlear cartilage. (b) A sagittal To-weighted fat-saturated scan similarly demonstrates the
hypointense regions of cartilage with similar size and intensity. () An instantly generated
DESS T, relaxation time map shows lowered T, of the chondral lesion compared with that
of the surrounding cartilage. (d) Axial reformations of the DESS sequence help characterize
the size and location of the lesions. (€) A proton-density (PD)-weighted image depicts the
lesion with similar conspicuity as the DESS image. (f) The DESS T, map also highlights the
location of the lesion with high contrast.
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FIGURE 5:
A 26-year-old male presenting with a patellar cartilage (dotted arrow) and femoral cartilage

(solid arrow) signal abnormality with two regions of hypointense signal. (a) A sagittal water-
excitation DESS S- image shows the hypointense signal in the two cartilage regions. (b) A
sagittal To-weighted fat-saturated scan also shows the hypointense signals in the region of
the patellar and femoral trochlear cartilage. (c) A sagittal DESS S + image shows
hypointense signals, but not as clearly as the DESS S- image. (d) The quantitative DESS T,
map exhibits regions of lower T, values in the regions corresponding to the signal
heterogeneity in the To-weighted and DESS S— image. (€) The DESS S- image can be used
to create coronal oblique reformations to better view the patellar cartilage surface. (f) An
axial reformation of the DESS S- image also depicts regions of hypointense cartilage signal
for allowing a three-planar analysis of the signal abnormality.
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