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Abstract

Background—Biomarkers for assessing osteoarthritis activity necessitate multiple MRI 

sequences with long acquisition times.

Purpose—To perform 5-minute simultaneous morphometry (thickness/volume measurements) 

and T2 relaxometry of both cartilage and meniscus, and semi-quantitative MRI Osteoarthritis Knee 

Scoring (MOAKS).

Study Type—Prospective.

Subjects—15 healthy volunteers for morphometry and T2 measurements, and 15 patients (5 each 

Kellgren-Lawrence grades 0/2/3) for MOAKS assessment.

Field Strength/Sequence—A 5-minute double-echo steady-state (DESS) sequence was being 

evaluated for generating quantitative and semi-quantitative osteoarthritis biomarkers at 3T.

Assessment—Flip angle simulations evaluated tissue signals and sensitivity of T2 

measurements. Morphometry and T2 reproducibility was compared against morphometry-

optimized and relaxometry-optimized sequences. Repeatability was assessed by scanning 5 
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volunteers twice. MOAKS reproducibility was compared to MOAKS derived from a clinical knee 

MRI protocol by two readers.

Statistical Tests—Coefficients-of-variation (CVs), concordance confidence intervals (CCI), and 

Wilcoxon signed-rank tests compared morphometry and relaxometry measurements with their 

reference standards. DESS MOAKS positive percent agreement (PPA), negative percentage 

agreement (NPA), and inter-reader agreement was calculated using the clinical protocol as a 

reference. Biomarker variations between Kellgren-Lawrence groups were evaluated using 

Wilcoxon rank-sum tests.

Results—Cartilage thickness (p=0.65), cartilage T2 (p=0.69), and meniscus T2 (p=0.06) did not 

significantly differ from their reference standard (with a 20° DESS flip angle). DESS slightly 

overestimated meniscus volume (p<0.001). Accuracy and repeatability CVs were <3.3%, except 

the meniscus T2 accuracy (7.6%). DESS MOAKS had substantial inter-reader agreement and high 

PPA/NPA values of 87%/90%. Bone marrow lesions and menisci had slightly lower PPAs. 

Cartilage and meniscus T2, and MOAKS (cartilage surface area, osteophytes, cysts, and total 

score) was higher in Kellgren-Lawrence groups 2 and 3 than group 0 (p<0.05).

Data Conclusion—The 5-minute DESS sequence permits MOAKS assessment for a majority of 

tissues, along with repeatable and reproducible simultaneous cartilage and meniscus T2 

relaxometry and morphometry measurements.
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INTRODUCTION

Knee osteoarthritis (OA) is a multi-factorial whole-joint disease that is one of the leading 

causes of disability in older populations. Knee OA affects approximately 17 million adults in 

the United States and has a global prevalence rate of 4% (1, 2). Radiography, the current 

standard for OA diagnosis, is only sensitive to gross morphological changes that typically 

occur only in late-stage OA and has poor sensitivity for assessing soft-tissues (3, 4). MRI-

based biomarkers such as morphometry (thickness and volume measurements) and T2 

relaxation times on the other hand, are promising methods for sensitive detection of early-

stage OA. Changes in cartilage and meniscus morphology can indicate early OA progression 

(5, 6). Similarly, the tissue T2 is sensitive to underlying changes in the collagen matrix, and 

regional variations of T2 in tissue sub-regions have been used to differentiate between 

healthy subjects in studies and those with OA (7–9). Moreover, the MRI Osteoarthritis Knee 

Score (MOAKS) is a semi-quantitative scoring mechanism for assessing radiological 

features that may be involved in the pathophysiology of OA from a whole-joint perspective 

(10). MOAKS evaluates features involved in OA progression such as cartilage, menisci, 

osteophytes, and bone marrow lesions (BMLs), amongst others, on discrete grading scales. 

Detailed descriptions of MOAKS features and their scoring mechanisms is described by 

Hunter et al (10). Such MRI features can evaluate the onset of early OA, which is 

characterized by cartilage lesions and thickness loss, meniscal tears, and bone marrow 

lesions (11).
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Quantitative and semi-quantitative measures are promising for evaluating early OA 

progression, however acquiring them efficiently, can be challenging. The small volumes of 

the cartilage and menisci necessitate MRI sequences with high in-plane resolution and thin 

slices for accurate morphometry measurements (12). T2 relaxometry, on the other hand, 

requires high signal-to-noise ratios (SNR) for accurate T2 quantification. Performing 

simultaneous relaxometry and morphometry with a single sequence is difficult since high-

resolution and high-SNR are fundamentally at odds with each other. This problem is further 

exacerbated because the short T2 relaxation time of the meniscus makes it challenging to 

image and consequently, most OA studies have only investigated cartilage T2 measurements 

(13, 14). Additionally, semi-quantitative assessment using MOAKS typically requires 

multiple scan planes and potentially different image contrasts for accurate tissue assessment 

(10).

Given the need for multiple lengthy sequences, MRI protocols in OA research are often very 

time consuming. Large clinical studies such as the Osteoarthritis Initiative (OAI) require 

approximately 30 minutes of scan time for semi-quantitative joint assessment and 

acquisition of cartilage morphometry and T2 biomarkers alone. Similar scan times to 

characterize the cartilage and meniscus are reported in other studies (9, 12). Besides patient 

comfort and imaging costs, long scans and multiple sequences engender problems such as 

motion artifacts, the need for image registration, and segmentations of multiple image-sets. 

A single, relatively fast sequence could overcome these problems, potentially leading to 

increased patient throughput and retention during longitudinal clinical studies. The double-

echo in steady-state (DESS) sequence is one potential sequence to achieve such a rapid 

acquisition.

DESS generates two echoes per repetition time (TR) as seen in Fig. 1, separated by a spoiler 

gradient to avoid banding artifacts (15–18). The first DESS echo (S+) has a T1/T2 contrast, 

which is similar to a proton-density (PD) contrast in the knee. The second DESS echo (S−) 

has additional T2 weighting and a controllable diffusion weighting imparted by the spoiler. 

In the OAI, a variation of DESS (widely available on Siemens scanners) is utilized where 

cartilage morphometry is performed with a root-mean-square sum of the two echoes (12). 

However, separating the two echoes can produce two independent diagnostic contrasts and 

can be used for measuring cartilage T2 through either analytical approaches (19–21) or 

dictionary-based iterative procedures (22, 23). Example DESS images can be seen in Fig. 

2a–c. DESS can produce accurate T2 measurements due to its limited T1 and B1 sensitivity 

despite only using two echoes (22, 24). Consequently, the purpose of this study was to 

investigate the feasibility of a using a 5-minute DESS sequence to gather multiple 

quantitative and semi-quantitative OA biomarkers.

MATERIALS AND METHODS

Simulations

Extended phase graphs (EPG) simulated the impact of flip angles ranging from 1–40° on the 

5-minute experimental DESS (DESS-EXP) S+ and S− signal levels for cartilage, meniscus, 

tendon, muscle, and synovial fluid (25). The full protocol for sequences parameters in this 

study is listed in Table 1. These simulations were performed to compromise between 
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adequate SNR for T2 relaxometry of meniscus and cartilage, low B1 sensitivity, and 

sufficient contrast for segmentation. Reference T1 and T2 values for the simulated tissues 

were obtained from previously established results (21, 26). The simulations were performed 

with numerical computations using a matrix representation of the EPG formalism with six 

transverse magnetization states according to methods described previously (20). The T2 

values were calculated using the following analytical expression derived previously (where 

α is the flip angle) (20):

S −
S + = e

− 2(TR − TE)
T2 sin2 α

2
1 + e

( − TR
T1

)

1 − cos (α) e
−(TR

T1
)

The sensitivity of cartilage (nominal T1=1200ms, T2=40ms) and meniscus (nominal 

T1=1000ms, T2=10ms) T2 measurements to ±5% variations in flip angle were evaluated in 

order to simulate typical B1 transmit inhomogeneities in the knee. The percent error between 

the nominal T2 values and the T2 estimates calculated with the B1 inhomogeneities was 

evaluated. Additionally, for a flip angle of 20°, the percent error of the T2 calculation when 

the true tissue T1 was different than the assumed tissue T1 (1200ms and 1000ms for cartilage 

and meniscus respectively) was simulated. Synovial fluid signals in both DESS echoes were 

used to calculate a weighting factor (β) to perform a dual-echo weighted subtraction for 

creating fluid-nulled images of the form S+ - (β)S−.

In-vivo Study

The human experiments in this study were divided into two parts. In the first part, the 

reproducibility and repeatability of the 5-minute DESS-EXP quantitative morphometry and 

T2 relaxometry measurements of the cartilage and meniscus were assessed in 15 healthy 

volunteers (seven male, age 27±3; eight female, age 29±3). This cohort included the 

morphometry-optimized and relaxometry-optimized sequences for comparisons, as 

described below. In five instances, the volunteers were repositioned mid-protocol and the 

DESS-EXP scan was repeated to assess intra-subject repeatability. Intra-reader segmentation 

variability was assessed by measuring the coefficient of variation percentage (CV%) for 

cartilage and meniscus segmented three times in one volunteer with the DESS-MS sequence 

on three separate days. CV% was calculated as 100 times the standard deviation of the 

measurements to the mean.

In the second part of the human study, the 5-minute DESS-EXP MOAKS reproducibility 

and repeatability was evaluated in OA patients, along with its feasibility in differentiating 

OA subgroups. The sequence was implemented clinically at our institution and used to scan 

15 patients referred for a knee MRI (eight male, age 49±21; seven female, age 42±22), 5 

each with Kellgren-Lawrence grades (KLG) OA of 0, 2, and 3 as assessed through 

radiography. This cohort included the routine clinical knee MRI protocol at our institution 

for comparisons, as described below. Semi-quantitative MOAKS scoring (with DESS-EXP 

and the conventional knee MRI protocol) along with quantitative morphometry and T2 

relaxometry measurements in the cartilage and meniscus (with only DESS-EXP) were 
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performed in this cohort. MOAKS analysis was only attempted in the clinical cohort as 

numerous MOAKS features would be absent in healthy volunteers.

Institutional review board approval and informed consent was obtained for all 30 

participants in this study. All scans were performed on identical Discovery MR750 3.0T 

MRI scanners (GE Healthcare, Waukesha, WI). Healthy volunteers were scanned with a 

flexible 16-channel receive-only knee coil array (Neocoil, Pewaukee, WI) on a research 

scanner while clinical scans were performed on a clinical scanner with an 8-channel 

transmit-receive knee coil (InVivo, Gainesville, Florida), according to institutional 

guidelines.

Morphometry

Cartilage thickness and meniscal volume and locations are morphological parameters 

sensitive to changes in early-OA, and consequently, were analyzed in this study (6, 27). 

Average cartilage thickness over the total area of subchondral bone on the tibial plateau in 

the medial femorotibial compartment was measured using a manual, quality-controlled 

segmentation using custom software (Chondrometrics GmbH, Ainring, Germany). Meniscus 

volume measurements in the posterior horn of the medial meniscus were performed 

manually using Amira FEI (Hillsboro, Oregon, USA). Cartilage and meniscus segmentation 

was performed using the DESS S+ echo. Cartilage thickness was computed from the 3D 

reconstructions of the cartilage surfaces while meniscus volume was computed as the total 

volume of the segmented voxels.

DESS-EXP was accelerated using 2x1 parallel imaging and by zero-filling the outer 

elliptical edges of k-space to reach a scan time of 5 minutes (28). Reference morphometry 

measurements to evaluate DESS-EXP reproducibility were obtained from a 14-minute 

DESS-MS sequence (scan parameters in Table 1). DESS-MS had no acceleration in order to 

decouple imaging acceleration (parallel imaging and corner cutting) artifacts from 

physiological artifacts. It also had a higher in-plane resolution than the OAI DESS in order 

to assist in separating the femoral and patellar cartilage, which has been shown to be 

challenging (12, 29). Both acquisitions (DESS-MS and DESS-EXP) of one knee were 

analyzed in parallel but with blinding to the acquisition type or the MRI sequence 

parameters. To qualitatively assess image quality, one reader (S.M.) with 13 years of 

experience in cartilage segmentation, compared the overall appearance of the two 

morphometry scans for segmentation purposes.

T2 Relaxometry

The T2 relaxation times in the medial femoral cartilage and the posterior horn of the medial 

meniscus were calculated in the most medial slice in the medial femoral condyle, where the 

anterior and posterior horns of the meniscus were separated triangles in the anterior/

posterior direction (Fig. 2f). DESS fluid-nulled images were used to help guide 

segmentation in regions with large synovial fluid signal. Reference T2 measurements to 

evaluate DESS-EXP reproducibility were obtained from a previously-optimized Cartesian 

DESS sequence (scan parameters in Table 1) achieving high SNR through thick slices, low 

in-plane resolution, and a low sampling bandwidth (21). DESS-EXP images were 
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downsampled to a 0.6×0.6×3.0mm3 resolution to increase SNR and to match the DESS-T2S 

resolution. Reference T1 values for cartilage were 1.2s and for the meniscus were 1.0s (21). 

The reported T2 values were averages of all pixel T2 values in the entire segmented region of 

interest. The T2 measurements were also qualitatively compared to T2 measured using a 

monoexponential fit from a multi-echo fast-spin-echo sequence (ME-FSE) due to its 

pervasive use, especially in the OAI. However, since ME-FSE is prone to over-estimating T2 

due to stimulated echoes, statistical comparisons for T2 measurements were only performed 

in relation to DESS-T2S (24, 30).

Coil-combination for T2 measurement sequences was performed using R=1 sensitivity 

encoding (SENSE) due to its reduced sensitivity to noise biases, compared to sum-of-

squares (21, 31). SENSE allows noise from different channels to cancel, and the use of coil 

sensitivities attenuates noise contributions in regions of limited coil sensitivity. Coil-

sensitivity maps were approximated by low-pass filtering the lowest TE image according to 

methods described previously (21). Since DESS T2 fits are sensitive to the S− SNR, this 

SNR was estimated using the average signal from the segmented tissues and the standard 

deviation of the background signal from the first slice of the acquisition in order to minimize 

structured anatomical noise and possible aliasing. The DESS-EXP readout bandwidth 

(±42kHz, 4.6ms readout) was higher than the bandwidth of DESS-T2S (±31kHz, 4.1ms 

readout) to reduce the readout duration while simultaneously achieving a higher resolution. 

Similarly, DESS-EXP had 384×512 samples (in the readout and phase encode directions 

respectively) to maintain a short TE and TR in order to achieve high SNR for T2 

measurements, while simultaneously generating high in-plane resolution images.

MOAKS

Semi-quantitative assessment of the knee using MOAKS was performed independently by 

two readers, one an experienced radiologist with 13 years of experience (E.O.) and the other 

an orthopedic surgeon with 1 year of experience in MOAKS scoring (S.E.). Reference 

MOAKS measurements were obtained using the clinical knee MRI protocol at our 

institution (detailed parameters listed in Supplementary Table 1). As MOAKS assesses 182 

features, not all of which that can be evaluated through an invasive gold-standard reference 

such as arthroscopy, the conventional imaging protocol was used as a reference standard. 

Moreover, the MOAKS method has been designed and validated using MR imaging 

methodologies (10). Consequently, the metrics of positive percentage agreement (PPA) and 

negative percentage agreement (NPA) for DESS-EXP MOAKS were used as surrogates for 

the more-typical sensitivity and specificity calculations.

The readers performed the MOAKS scoring first using the 5-minute DESS-EXP sequence 

(with S+ and S− multiplanar reformatting) and subsequently, using the routine clinical knee 

MRI protocol, which served as the comparison metric. The MOAKS scoring was sub-

divided into fifteen different joint features (listed in Table 3) as described in detail in 

previous guidelines (32). Sagittal DESS slices were reviewed with a slice thickness of 

2.4mm while the axial and coronal reformations were reviewed with slice thicknesses of 

2.5mm. The number of occasions where DESS-EXP underestimated BML size was 
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calculated. Following the independent readings, a consensus review was performed amongst 

the two readers to assess reader discrepancies.

Statistical Analysis

Accuracy CV% for DESS-EXP in cartilage and meniscus was calculated for the 

morphometry and relaxometry measurements by comparing to DESS-MS and DESS-T2S 

respectively. Precision CV% was calculated for the quantitative morphometry and T2 

relaxometry measurements in the meniscus and cartilage within the two repeated scans in 

five volunteers. Statistical significance between accuracy and repeatability values was 

assessed with Wilcoxon signed-rank tests. Bland-Altman plots were used to evaluate the 

agreement between DESS-EXP and the comparison sequences, as well as the repeatability 

of the measurements. Bland-Altman plots with 95% limits of agreement (LOA) were 

computed by calculating the average difference between the two measurements and ±1.96 

times the standard deviation of the differences (33). Concordance correlation coefficients 

(CCC) and their confidence intervals (CCC-CI) were also calculated to assess agreement and 

repeatability (34). Differences in S− cartilage and meniscus SNR between the DESS-T2S 

sequence and DESS-EXP were assessed with Wilcoxon signed-rank tests.

The PPA and NPA of DESS-EXP MOAKS, prior to and following the consensus review was 

calculated (35). Inter-reader reliability and the corresponding 95% confidence intervals (CI) 

for DESS-EXP MOAKS scores were calculated using Cohen’s unweighted Kappa 

percentage (κ%). Statistical differences in morphometry, T2 relaxometry, and semi-

quantitative MOAKS measurements (averaged between both readers) between Kellgren-

Lawrence (KL) groups were assessed using Wilcoxon rank-sum tests for the unpaired 

observations. Non-parametric analysis was chosen for this study due to the small sample size 

and the positive skew of patient data, which violates the assumption of a normal distribution. 

All statistical significance was assessed at a significance level of p<0.05.

RESULTS

Simulations

Given the tradeoffs between SNR, contrast, and B1 sensitivity, a flip angle of 20° was chosen 

for this study (dashed vertical line in Fig. 3a–c). The maximum signal for cartilage and 

meniscus in the S− echo occurred closer to 20° (Fig. 3a–b). At flip angles closer to 20° there 

was a considerable S+ signal difference between cartilage and the surrounding tissues such 

as the meniscus, muscle, and synovial fluid, which provided adequate contrast for cartilage 

and meniscus segmentation. Due to the limited B1 sensitivity at a flip angle of 20°, ±5% B1 

variations induced a minimal ±7% change in cartilage T2 and a ±2% change in meniscus T2 

values (Fig. 3c). Similarly, the error propagation in T2 values due to ±10% variation in 

cartilage and meniscus T1 values from assumed values was only <3%. DESS images 

acquired with a 20° flip angle, along with overlaid cartilage and meniscus segmentations and 

T2 maps show that the S− image (Fig. 2b) had lower signal in the deep layer of cartilage 

(solid arrow) and lower meniscus-ligament contrast (dotted arrow). Consequently, the S+ 

image was used for segmentation (Fig. 2c). A β of 1.2 was used to create fluid-nulled 

images (Fig. 2d).
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Morphometry

The accuracy CVs under 3.3% showed high agreement with the DESS-MS scan while the 

precision CVs under 2.8% showed excellent repeatability of DESS-EXP (Table 2). The 

intra-reader variability CVs for the three repeated segmentations were 1.1% and 2.6% for the 

cartilage and meniscus respectively. There was no statistically significant difference 

(p=0.65) in cartilage thickness measurements between DESS-MS (1.72 ± 0.22mm) and 

DESS-EXP (1.72 ± 0.21mm). Although there was a slight meniscus volume overestimation 

with DESS-EXP (727 ± 203mm3) compared to DESS-MS (698 ± 208mm3), the 3% 

accuracy CV suggests that this variation was minimal. The morphometry concordance 

measurements over 94% showed excellent agreement with the comparison standards and a 

high repeatability (Table 2). In all fifteen scans, the reader ranked the 14-minute DESS-MS 

scan worse in terms of image quality than the DESS-EXP scan due to slight motion artifacts.

T2 Relaxometry

There were no significant differences between cartilage T2 (p=0.69) and meniscus T2 

(p=0.06) measurements obtained with DESS-EXP (36.2 ± 2.1ms and 11.5 ± 1.0ms 

respectively) compared with DESS-T2S (37.2 ± 2.8ms and 10.6 ± 1.0ms respectively). 

Cartilage and meniscus T2 values for DESS-EXP were highly repeatable, as seen through a 

concordance of over 83% and repeatability CV% of under 3% (Table 2). DESS-T2S SNR 

for cartilage and meniscus (50±9 and 14±2 respectively) was significantly higher (p<0.01) 

than DESS-EXP SNR (32±8 and 11±2 respectively). Analogously, the T2 concordances with 

DESS-T2S were higher for cartilage than for meniscus. The ME-FSE T2 values for cartilage 

and meniscus (39.6 ± 4.4ms and 11.6 ± 1.4ms respectively) were 8% and 10% higher, 

respectively, than those from DESS-T2S.

Bland-Altman Analysis

The Bland-Altman accuracy measurements (Fig. 4) showed that all measurements lay within 

the 95% LOA. The distribution of the values was randomly oriented around the zero-

difference line, except for the meniscus, where DESS-EXP slightly overestimated meniscal 

volume. Similarly, Bland-Altman precision measurements (Fig. 5) show that the mean 

difference between the repeated scans was very close to the zero-difference line and that the 

spread of values was symmetric around this line, within the 95% LOA.

MOAKS

The average MOAKS PPA and NPA for both readers were 87% (83–91% CI) and 99% (99–

99% CI) respectively (detailed breakdown in Table 3). Following consensus review, PPA 

increased slightly 88% (83–91% CI) but the near-perfect NPA remained the same. The PPA 

was lowest in assessing meniscus signal and tears, however, this was also driven by the low 

prevalence rate. There was substantial concordance amongst the two readers with a κ of 76% 

(CI of 72–81%). In comparison to sagittal T2-weighted and PD-weighted sequences, the 

DESS-EXP echoes enabled visualization of several features scored with MOAKS (Fig. 6). 

Cartilage loss, osteophytes, meniscal maceration, and synovitis were visualized equivalently 

between the two protocols, however, the femoral BML (dotted arrow) appeared with a 

diminished size with DESS-EXP. Overall, DESS-EXP underestimated BML sizes in 11 out 
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of 60 (18%) of instances. There were 12 instances of false-negatives for evaluating increased 

meniscus signal with DESS-EXP.

OA Subgroup Discrimination

Despite being a small pilot study, the 5-minute DESS-EXP accurately differentiated between 

patients with no OA and those with KLG2 and KLG3 OA (Table 4). Cartilage and meniscus 

T2 varied significantly in KLG2 and KLG3 patients, as compared to baseline KLG0 patients 

(p<0.02). KLG2 and KLG3 cohorts varied significantly for MOAKS features of surface area 

of cartilage loss, osteophytes, cysts, and total MOAKS score compared to KLG0 (p<0.05). 

In addition, KLG3 also had significantly different MOAKS features of cartilage thickness 

loss and number of BML subregions (p<0.05). There were no instances where significant 

differences compared to KLG0 were demonstrated with DESS-EXP but not the conventional 

protocol, and vice-versa.

DISCUSSION

In this study, DESS-EXP provided accurate and repeatable quantitative morphometry and T2 

relaxometry measurements of cartilage and meniscus, along with semi-quantitative MOAKS 

assessment for the whole knee, using a single 5-minute 3D DESS acquisition. The 

morphometry measurements of cartilage and meniscus with DESS-EXP showed no 

significant differences to the morphometry measured with the gold-standard DESS-MS 

sequence. The morphometry repeatability was high and the inter-sequence variability was 

similar to the intra-reader variability. The T2 relaxation times generated by DESS-EXP 

showed high precision and high accuracy based on comparisons with a lower-resolution 

DESS-T2S scan in the cartilage and meniscus, enabled by adequate SNR in the S− echo. 

The MOAKS measurements performed with DESS-EXP compared well with the 

measurements performed with the conventional clinical protocol in several tissues. Despite 

being a small pilot study, the DESS-EXP quantitative and semi-quantitative measurements 

could differentiate between clinical OA subgroups.

For steady-state sequences such as DESS, the signal intensity in the two echoes is sensitive 

to flip angle. By simulating the DESS-EXP signal for common musculoskeletal tissues, a 

20° flip angle balanced the need for high SNR, adequate contrast, and limited B1 sensitivity. 

While the maximum S+ signal expectedly occurred close to the Ernst angles for cartilage 

and meniscus (approximately 10–12°), such flip angles produced lower S− signal, which is 

known to affect T2 quantification (22). Moreover, smaller flip angles also had considerably 

lower cartilage-muscle and cartilage-fluid contrast, which would make cartilage 

segmentation challenging. Additionally, smaller flip angles created higher B1 sensitivity for 

the S−/S+ signal ratio. With a flip angle of 20°, there was a limited sensitivity to B1 

variations, suggesting that higher flip angles may be more robust for T2 relaxometry and 

may obviate the need for a B1 mapping sequence. Similarly, the T2 measurements for 

cartilage and meniscus assumed certain T1 values based on previous measurements, 

however, due to the limited T1 sensitivity of DESS, even considerable deviations in the 

actual T1 only cause a minimal T2 change.
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DESS-EXP had excellent accuracy and precision as seen through CVs under 3.3%, 

especially compared to the intra-reader repeatability of 3%. Although there was no 

significant difference between DESS-MS and DESS-EXP for cartilage thickness 

quantification, DESS-EXP had higher measured meniscus volumes. One possible 

explanation for this might an underestimation of meniscal volume in DESS-MS induced by 

subject motion. Since DESS-MS was a 14-minute scan, some amount of motion was 

expected, as was corroborated in the qualitative assessment of image quality. As the 

meniscus is primarily bordered by cartilage, any motion in the superior-inferior or anterior-

posterior direction would blur the cartilage-meniscus boundaries and lead to meniscus 

volume underestimation in DESS-MS. Despite this variation, the extent of this 

overestimation produced a systematic accuracy CV of only 3%. This minimal systematic 

bias and the high precision suggests that the faster DESS-EXP sequence could be 

successfully used for monitoring longitudinal morphometry variations.

Besides the higher resolution, the separation of the two DESS-EXP echoes offered an 

additional advantage over the OAI DESS sequence, wherein the dual-echoes are combined. 

The deeper layers of cartilage have higher attenuation in the S− echo, so a root-mean-square 

sum of the two echoes may obfuscate the boundary of the deep cartilage and the subchondral 

bone, leading to cartilage thickness underestimations. Similarly, the S− echo has minimal 

contrast between the meniscus and the surrounding ligamentous structures, which makes 

delineating the posterior boundary of the meniscus challenging. Thus, only using the higher-

SNR and contrast of the S+ signal makes cartilage and meniscus segmentation easier. In 

future studies, using a linear combination of the two echoes could also be explored for 

segmentation.

The accuracy and concordance of the DESS-EXP sequence for meniscus T2 values were 

lower than those for cartilage. Since the TE and TR of DESS-EXP were higher than those of 

DESS-T2S it is not unreasonable to expect some noise-induced T2 overestimation, even with 

DESS-EXP. However, while the DESS-EXP meniscus T2 measurements were approaching 

significance, they were not statistically significantly higher than those from DESS-T2S 

(p=0.06). Moreover, due to the short-T2 nature of the meniscus, even small variations in 

measured T2 values result in larger CV measurements, compared to cartilage. Overall, the 

relaxometry accuracy in this study compares very well with previous studies (9, 21, 36) and 

also has a comparable repeatability (13, 21). The ME-FSE T2 comparisons were included in 

this study as a qualitative reference due to the use of the sequence in the OAI. The resultant 

T2 estimations for both cartilage and menisci seemed to be overestimations, which agrees 

with previous studies (24, 30).

DESS-EXP had good overall PPA for MOAKS features, and near-perfect NPA. The contrast, 

resolution, and SNR offered by DESS for assessing these tissues helped maintain similar 

MOAKS scoring as compared to the clinical protocol. The ability to create multi-planar 

reformations for both echoes of DESS-EXP was especially useful in assessing the multitude 

of features associated with MOAKS. Of all the features assessed, DESS had high diagnostic 

accuracy for scoring cartilage and osteophytes, as well as fluid-sensitive features such as 

cysts, synovitis, and bursitis. The overall Cohen’s κ percentage showed substantial 

agreement between the two readers and is promising for future semi-quantitative scoring.
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There was slightly lower MOAKS accuracy for BMLs and meniscal degeneration. It has 

been reported that DESS underestimates the size of BMLs due to T2* susceptibility effects, 

however, separating the two DESS echoes may help minimize this effect (12). By lowering 

the TE, the duration for susceptibility accrual decreases and the S+ echo can be more 

sensitive to BMLs. PPA for Hoffa’s synovitis was also somewhat low, however, it is often 

challenging to resolve without gadolinium-enhanced MRI, although a DESS acquisition 

with high-diffusion weighting has shown promising results (37, 38). On the other hand, the 

decreased PPA for meniscal degeneration was not intrinsic to the sequence and could 

potentially be improved in future studies. Meniscal tear and signal discrepancies were 

associated with increased signal in the tissue that likely occurred due to the TE of DESS-

EXP, which was kept low to generate accurate meniscus T2 values.

For future studies, the readers could be calibrated using pairwise comparisons between 

DESS and the clinical protocol to evaluate if the increased meniscal signal is due to 

sequence effects or physiological effects. Overall however, the lower PPA for MOAKS 

meniscus signal is not a concern because the MOAKS measurements relies entirely on a 

binary (yes/no) qualitative observation. The availability of quantitative pixel-by-pixel 

meniscus T2 measurements afforded by DESS-EXP will enable readers to ascertain the 

cause of the increased meniscal signal and may help characterize meniscus tears as well as 

subtle meniscal degeneration.

Even if the BML and meniscal limitations with DESS cannot be improved and explicit semi-

quantitative MOAKS measurements are required, DESS-EXP can be paired with a single 

additional coronal PD-weighted fat-saturated (PDFS) sequence. In this pairing, DESS will 

be able to generate the quantitative T2 and morphometry parameters, as well as MOAKS 

features relating to cartilage, osteophytes, synovitis, bursas, and cysts, while the coronal 

PDFS method could be used to generate MOAKS features relating to BMLs and the 

menisci. Such a two-sequence quantitative and semi-quantitative protocol would only 

require 7–8 minutes of scan time and would still be able to considerably increase the 

efficiency of current OA research protocols. Future studies could evaluate the performance 

of such a paired-protocol in order to evaluate overall MOAKS performance.

The inclusion of the DESS-EXP clinically showcases its robustness for multi-site clinical 

studies as there was no need for trained researchers conducting the scans or custom 

reconstruction methods. Despite the small number of sub-groups of KL patients used in this 

study, there were still significant differences in the quantitative measurements and several 

MOAKS features. As has been shown previously, the cartilage and meniscus T2 

measurements differentiated OA patients with different KL grades (14). The morphometry 

measurements were not significantly different between subgroups, however, morphometry is 

generally associated with longitudinal changes rather than cross-sectional changes due to 

large inter-subject physical variability. The MOAKS findings from this study were also able 

to differentiate between OA subgroups based on hallmark OA features such as cartilage loss, 

osteophyte formation, and presence of BMLs (10). While beyond the scope of this work, 

further studies with larger subgroups will be essential to evaluate the physiological validity 

of all the potential biomarkers measured in this study. Additionally, future studies could also 

Chaudhari et al. Page 11

J Magn Reson Imaging. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



assess the strengths and weaknesses of 3D-FSE methods for quantitative and semi-

quantitative imaging.

The experimental 5-minute DESS-EXP sequence may help mitigate some of the problems 

faced in clinical studies such as the OAI. For example, there is no additional need for image 

registration between the echoes for correlating relaxometry and morphometry variations and 

there is no need for segmentation of multiple image sets. While the sequence in this study 

was currently not perfect for evaluating BMLs and menisci, DESS-EXP could easily be 

paired with PDFS sequences to still enable rapid quantitative protocols for OA studies. By 

consolidating the scan time required to generate the quantitative and semi-quantitative 

parameters listed in this study, the DESS-EXP method makes it possible to reduce total 

protocol duration or to augment the protocols with sequences that can probe into additional 

promising biomarkers. Overall, the speed, accuracy, precision, and ease-of-use of this 

method is encouraging for its use in clinical research studies in order to gain insights into 

large clinical populations.

Some of the limitations of this study were the small sample sizes used to compare the 

DESS-EXP quantitative and semi-quantitative parameters to their corresponding standards. 

It should be noted that despite not being entirely accurate due to the use of multi-channel 

coils, the background-ROI method for estimating SNR serves as a useful comparison metric 

for signal quality, especially for intra-subject comparisons and in a limited spatial region 

such as the meniscus (39). This study also only analyzed cartilage thickness in the medial 

tibial compartment however, cartilage thickness measurements in femoral and patellar sub-

regions along within different tissue layers could be measured, since different regions of the 

tissue have varied sensitivities to changes in OA (40). The MOAKS readers in this study 

could not be blinded to the two protocols offered due to the inherent contrasts and the 

number of image sets provided. Additionally, since arthroscopy cannot assess all MOAKS 

features, it was not utilized as validation metric, however, there may have been instances of 

errors generated by the routine clinical protocol.

In conclusion, we have demonstrated the feasibility of a 5-minute MRI method to 

simultaneously assess a majority of MOAKS features, along with accurate and repeatable 

quantitative morphometry and T2 relaxometry measurements in both cartilage and meniscus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A spatial-spectral radiofrequency pulse is used for 3D double-echo steady-state (DESS) with 

water-only excitation (not shown explicitly) which is followed by the sampling of the first 

echo (S+). The S+ magnetization that is dephased due to the spoiler gradient is rephased by 

the spoiler in subsequent repetitions and sampled in the S− readout. As a result, the TE2 for 

the S− echo is defined as 2(TR) – TE1. Spoiler gradients for all DESS sequences were 

applied in the slice direction. The gradients in red are the readout gradients, in green are the 

dephasers/rephasers, in blue are the phase encodes, and in purple are the slice-select 

gradients. All disparate gradients with the same polarity are combined in the actual 

implementation of the sequence, however, they are separated in this figure for clarity.
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Figure 2. 
DESS images with a flip angle of 20° have high signal intensity in the cartilage and 

meniscus in the S+ echo (a) and adequate contrast between cartilage and the surrounding 

tissues. The deep layer of cartilage (solid arrow) has higher signal attenuation (b) wherein a 

combination of the two echoes may underestimate cartilage volume. The posterior end of 

meniscus is challenging to delineate in the S− echo (dashed arrow) than the S+ echo due to 

low signal in the surrounding ligamentous structures. Sample T2 maps (c) and fluid nulled 

images (d) is additional information DESS can generate. The segmented medial tibial 

cartilage (green) and the medial posterior horn of the meniscus (blue) can be seen in (e) and 

the T2 maps in the medial femoral cartilage (red) and medial meniscus generated can be seen 

in (f).
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Figure 3. 
Simulating the DESS sequence for different musculoskeletal tissue shows that a flip angle of 

20° can maintain high signal levels in both the S+ and S− echoes (a–b) while maintaining an 

adequate contrast between the cartilage, meniscus, and other surrounding tissues (a). At 

higher flip angles, T2 measurements are less sensitive to B1 variations (c). Increasing flip 

angles have lower sensitivity to B1 variations and errors in T2 fits. For the T2 calculation in 

this study, a T1 of 1200ms and 1000ms was assumed for cartilage and meniscus (vertical 

dashed lines in panel D). The impact of true T1 values being different from those assumed 

show that ±10% T1 variations only engender <±3% variations in T2 values (d). The T1 

values used for simulating the cartilage, meniscus, tendon, muscle, and synovial fluid were 

1.2s, 1.0s, 1.1s, 1.4s, and 2.5s respectively while the T2 values were 40ms, 10ms, 5ms, 

30ms, and 600ms, respectively.
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Figure 4. 
Bland-Altman plots showing the accuracy of the morphometry and T2 measurements for the 

DESS-EXP sequence. Bland-Altman differences were computed by subtracting the DESS-

EXP measurements from their corresponding standard measurements (i.e. DESS-MS or 

DESS-T2S). The dashed red line indicates the mean of the differences while the dotted black 

lines represent the upper and lower limits of agreement (LOA). All of the measurements 

were contained within the 95% LOA lines, which suggested comparable results between 

DESS-EXP and the standard sequences. The meniscus had a minimal overestimation of 

volume in DESS-EXP.
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Figure 5. 
Bland-Altman plots for evaluating repeatability metrics for the DESS-EXP sequence. The 

plots showed the difference between the repeated DESS-EXP measurements, against an 

average of the two measurements. The dashed red line indicates the mean of the differences 

while the dotted black lines represent the upper and lower limits of agreement (LOA). The 

mean value of the differences was close to zero and the measurements were scattered above 

and below the zero-difference line. There was no systematic error observed, suggesting that 

repeated iterations of the DESS-EXP sequence can provide comparable quantitative 

measurements.
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Figure 6. 
Comparing fast-spin-echo acquisitions and the DESS-EXP acquisition shows that DESS-

EXP was successful in visualizing several MOAKS features. The contrast of DESS S+ was 

useful in identifying femoral osteophytes (solid arrows), large effusion synovitis (black star), 

and mild Hoffa’s synovitis (white star). The S− echo was especially helpful in identifying 

extrusion of the anterior horn of the medial meniscus (solid triangle), and increased signal 

and partial maceration of the posterior horn of the medial meniscus (white box). Bone 

marrow lesions (dashed arrow) as well as associated cysts were identified in both the 

femoral and tibial compartment. DESS did however, underestimate the bone marrow lesion 

grade in the central femoral compartment.
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Table 1

The DESS-MS sequence served as the morphometry reference sequences while the DESS-T2S served as the 

relaxometry reference sequence. A multi-echo fast-spin-echo sequence with eight echoes was also used for T2 

comparisons (*meniscus T2 measurements utilized TEs of 6ms, 13ms, 19ms, and 26ms while cartilage T2 

mapping utilized additional TEs of 32ms, 38ms, 45ms, and 51ms). All DESS sequences had a spoiler gradient 

area of 31.3 mT1m−1ms1 (1.33 cycles of dephasing/mm) and the minimum achievable TE and TR for the 

specified resolution and bandwidth. Note that for the clinical implementation of DESS-EXP, a readout of 416 

samples and a slice thickness of 1.6mm was used to automatically reconstructed 512x512 images and to 

interpolate 0.8mm thick slices to 2.4mm thicknesses. Abbreviations: RO = readout, PE = phase encodes.

# 1 2 3 4

Sequence DESS DESS ME-FSE DESS

Purpose Morphometry Standard T2 Standard T2 Comparison Test Experimental

Shorthand Name DESS - MS DESS - T2S ME-FSE DESS - EXP

Matrix (RO × PE) 512×512 256×256 128×128 384×512

Resolution (mm2) 0.31×0.31 0.62×0.62 1.25×1.25 0.42×0.31

Slice Thickness (mm) 1.5 3 3 1.5

Number of Slices 80 40 20 80

TE S+ (ms) 6.5 5.1 N/A* 5.7

TE S− (ms) 35.5 25.5 N/A* 30.1

Number of Echoes 2 2 8 2

TR (ms) 21 15.3 1650 17.9

Flip Angle (°) 20 20 90 20

Bandwidth (± kHz) 42 31 31 42

Parallel Imaging None None None 2x1

% Corners Cut 0 0 0 25

Scan Time (mm:ss) 14:20 2:37 2:30 4:48

J Magn Reson Imaging. Author manuscript; available in PMC 2019 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chaudhari et al. Page 22

Ta
b

le
 2

St
at

is
tic

al
 r

es
ul

ts
 a

nd
 c

on
co

rd
an

ce
 c

or
re

la
tio

n 
co

ef
fi

ci
en

t (
C

C
C

) 
an

d 
th

e 
co

rr
es

po
nd

in
g 

co
nf

id
en

ce
 in

te
rv

al
 (

C
C

C
-C

I)
 f

ro
m

 th
e 

co
m

pa
ri

so
ns

 p
er

fo
rm

ed
 

be
tw

ee
n 

m
or

ph
om

et
ry

 a
nd

 T
2 

m
ea

su
re

m
en

ts
 p

er
fo

rm
ed

 w
ith

 th
e 

di
ff

er
en

t D
E

SS
 s

eq
ue

nc
es

. P
-v

al
ue

s 
in

 b
ol

d 
re

fe
r 

to
 th

e 
re

je
ct

io
n 

of
 th

e 
nu

ll 
hy

po
th

es
is

 

th
at

 m
ed

ia
n 

of
 th

e 
di

ff
er

en
ce

s 
of

 th
e 

tw
o 

co
m

pa
ri

so
n 

qu
an

tit
ie

s 
is

 z
er

o.
 A

cc
ur

ac
y 

co
ef

fi
ci

en
t o

f 
va

ri
at

io
n 

pe
rc

en
ta

ge
 (

C
V

%
) 

fo
r 

m
or

ph
om

et
ry

 w
as

 

de
te

rm
in

ed
 b

y 
co

m
pa

ri
ng

 c
ar

til
ag

e 
th

ic
kn

es
s 

an
d 

m
en

is
cu

s 
vo

lu
m

e 
w

ith
 th

e 
m

ea
su

re
m

en
ts

 o
bt

ai
ne

d 
fr

om
 D

E
SS

-M
S.

 A
cc

ur
ac

y 
C

V
%

 f
or

 T
2 

re
la

xo
m

et
ry

 

w
as

 d
et

er
m

in
ed

 b
y 

co
m

pa
ri

ng
 th

e 
T

2 
va

lu
es

 to
 th

os
e 

ob
ta

in
ed

 f
ro

m
 D

E
SS

-T
2S

. P
re

ci
si

on
 C

V
%

 w
as

 c
al

cu
la

te
d 

us
in

g 
th

e 
m

or
ph

om
et

ry
 a

nd
 r

el
ax

om
et

ry
 

m
ea

su
re

m
en

ts
 o

bt
ai

ne
d 

fr
om

 th
e 

tw
o 

pa
ir

s 
of

 r
ep

ea
te

d 
sc

an
s 

in
 f

iv
e 

vo
lu

nt
ee

rs
. A

bb
re

vi
at

io
ns

: C
om

p.
 =

 C
om

pa
ri

so
n.

P
ar

am
et

er
T

is
su

e
C

om
p.

 1
C

om
p.

 2
C

V
%

C
C

C
C

C
C

-C
I

P
-V

al
ue

A
cc

ur
ac

y

T
hi

ck
ne

ss
C

ar
til

ag
e

D
E

SS
-M

S
D

E
SS

-E
X

P
1.

5
98

%
94

–9
9%

0.
65

V
ol

um
e

M
en

is
cu

s
D

E
SS

-M
S

D
E

SS
-E

X
P

3.
3

99
%

97
–9

9%
<0

.0
01

T
2

C
ar

til
ag

e
D

E
SS

-T
2S

D
E

SS
-E

X
P

3.
3

84
%

63
–9

4%
0.

69

T
2

M
en

is
cu

s
D

E
SS

-T
2S

D
E

SS
-E

X
P

7.
6

46
%

11
–7

0%
0.

06

P
re

ci
si

on

T
hi

ck
ne

ss
C

ar
til

ag
e

Sc
an

 1
Sc

an
 2

0.
7

99
%

95
–1

00
%

1.
00

V
ol

um
e

M
en

is
cu

s
Sc

an
 1

Sc
an

 2
2.

8
94

%
56

–9
9%

0.
82

T
2

C
ar

til
ag

e
Sc

an
 1

Sc
an

 2
1.

8
86

%
13

–9
8%

0.
61

T
2

M
en

is
cu

s
Sc

an
 1

Sc
an

 2
2.

1
83

%
20

–9
7%

1.
00

J Magn Reson Imaging. Author manuscript; available in PMC 2019 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chaudhari et al. Page 23

Ta
b

le
 3

St
at

is
tic

al
 a

na
ly

si
s 

of
 th

e 
M

O
A

K
S 

as
se

ss
m

en
t c

om
pa

ri
ng

 th
e 

D
E

SS
-E

X
P 

on
ly

 s
ca

n 
to

 th
at

 o
f 

th
e 

co
nv

en
tio

na
l c

lin
ic

al
 p

ro
to

co
l. 

T
he

 n
um

be
r 

of
 f

in
di

ng
s 

(p
ri

or
 to

 th
e 

co
ns

en
su

s 
re

vi
ew

) 
fo

r 
bo

th
 th

e 
D

E
SS

-E
X

P 
an

d 
co

nv
en

tio
na

l p
ro

to
co

ls
, t

he
 to

ta
l n

um
be

r 
of

 in
st

an
ce

s 
sc

or
ed

, a
nd

 th
e 

pr
ev

al
en

ce
 r

at
e 

ca
n 

be
 

se
en

 in
 th

e 
ta

bl
e.

 I
n 

ad
di

tio
n,

 p
os

iti
ve

 p
er

ce
nt

ag
e 

ag
re

em
en

t (
PP

A
) 

an
d 

ne
ga

tiv
e 

pe
rc

en
ta

ge
 a

gr
ee

m
en

t (
N

PA
) 

fo
r 

bo
th

 r
ea

de
rs

 (
se

pa
ra

te
d 

by
 c

om
m

as
),

 a
nd

 

th
e 

co
rr

es
po

nd
in

g 
in

te
r-

re
ad

er
 C

oh
en

’s
 κ

 p
er

ce
nt

ag
e 

(w
ith

 a
 9

5%
 c

on
fi

de
nc

e 
in

te
rv

al
) 

ca
n 

al
so

 b
e 

se
en

. T
he

 ‘
C

ys
ts

’ 
ca

te
go

ry
 in

cl
ud

es
 b

on
e 

m
ar

ro
w

 le
si

on
 

cy
st

s,
 B

ak
er

 c
ys

ts
, a

nd
 g

an
gl

io
n 

cy
st

s.
 T

he
 ‘

O
th

er
’ 

ca
te

go
ry

 in
cl

ud
es

 th
e 

fe
at

ur
es

 o
f 

th
e 

pa
te

lla
r 

te
nd

on
, i

lio
tib

ia
l b

an
d,

 a
nd

 lo
os

e 
bo

di
es

. A
bb

re
vi

at
io

ns
: 

C
on

v.
 =

 C
on

ve
nt

io
na

l c
lin

ic
al

 p
ro

to
co

l, 
C

ar
til

ag
e 

SA
 =

 c
ar

til
ag

e 
su

rf
ac

e 
ar

ea
, B

M
L

 =
 b

on
e 

m
ar

ro
w

 le
si

on
.

M
O

A
K

S 
F

ea
tu

re
P

os
it

iv
e 

F
in

ds
To

ta
l R

ea
ds

P
os

it
iv

e 
%

P
PA

N
PA

C
oh

en
’s

 κ
 %

C
ar

til
ag

e 
T

hi
ck

ne
ss

35
42

0
8.

3
10

0,
 9

4
10

0,
 1

00
85

 (
78

–9
9)

C
ar

til
ag

e 
SA

50
42

0
11

.9
96

, 9
6

10
0,

 1
00

85
 (

74
–9

7)

O
st

eo
ph

yt
es

16
4

36
0

45
.6

96
, 9

7
99

, 9
9

65
 (

54
–7

6)

M
en

is
cu

s 
Te

ar
s

5
10

80
0.

5
67

, 5
0

10
0,

 1
00

0 
(−

99
–9

9)

M
en

is
cu

s 
Si

gn
al

23
72

0
3.

2
33

, 5
7

99
, 9

7
63

 (
39

–8
7)

M
en

is
cu

s 
E

xt
ru

si
on

14
12

0
11

.7
10

0,
 8

8
10

0,
 1

00
81

 (
56

–9
9)

B
M

L
 S

ub
re

gi
on

s
82

45
0

18
.2

88
, 7

9
10

0,
 1

00
72

 (
58

–8
5)

B
M

L
 S

iz
es

N
/A

N
/A

N
/A

73
, 7

9
10

0,
 1

00
80

 (
69

–9
1)

H
of

fa
 S

yn
ov

iti
s

10
30

33
.3

67
, 5

0
89

, 1
00

19
 (

−
49

–8
7)

E
ff

us
io

n 
Sy

no
vi

tis
14

30
46

.7
10

0,
 1

00
10

0,
 1

00
86

 (
61

–9
9)

B
ur

sa
2

90
2.

2
10

0,
 1

00
10

0,
 1

00
99

 (
99

–9
9)

C
ys

ts
57

57
0

10
.0

92
, 9

4
99

, 1
00

74
 (

60
–8

8)

L
ig

am
en

ts
3

18
0

1.
7

10
0,

 1
00

10
0,

 1
00

66
 (

0–
99

)

O
th

er
4

90
4.

4
0,

 1
00

10
0,

 1
00

0 
(−

99
–9

9)

To
ta

l
54

5
50

10
10

.9
88

, 8
8

99
, 9

9
76

 (
72

–8
1)

J Magn Reson Imaging. Author manuscript; available in PMC 2019 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chaudhari et al. Page 24

Table 4

A comparison of the quantitative DESS-EXP morphometry and T2 relaxometry measurements and the semi-

quantitative MOAKS measurements for patients with osteoarthritis of Kellgren-Lawrence grades (KLG) of 0, 

2, and 3. Entries in bold represent a significant difference as compared to the KLG0 cohort.

KL Grade

Quantitative Parameters

0 2 3

Cartilage Thickness (mm) 2.09 ± 0.24 1.83 ± 0.23 (p = 0.31) 1.74 ± 0.32 (p = 0.69)

Meniscus Volume (mm3) 562 ± 105 842 ± 405 (p = 0.31) 642 ± 279 (p = 0.69)

Cartilage T2 (ms) 33.8 ± 2.7 41.8 ± 5.7 (p = 0.02) 46.5 ± 6.4 (p < 0.01)

Meniscus T2 (ms) 12.7 ± 1.0 16.6 ± 3.1 (p = 0.02) 16.8 ± 4.0 (p < 0.01)

KL Grade

Semi-Quantitative MOAKS Parameters

0 2 3

Cartilage Thickness 0 ± 0 1.5 ± 1.7 (p = 0.17) 5.2 ± 3.9 (p = 0.04)

Cartilage SA 0.2 ± 0.4 2.4 ± 1.5 (p = 0.04) 6.8 ± 4.1 (p = 0.04)

Osteophytes 0 ± 0 11.8 ± 15.4 (p = 0.01) 20.1 ± 7.6 (p = 0.01)

Meniscus Tears 0 ± 0 0 ± 0 (p = 1.00) 0.3 ± 0.7 (p = 1.00)

Meniscus Signal 0.3 ± 0.7 1.2 ± 2.2 (p = 0.72) 1.0 ± 1.3 (p = 0.40)

Meniscus Extrusion 0 ± 0 0.5 ± 0.5 (p = 0.17) 0.9 ± 0.9 (p = 0.17)

BML Subregions 1.2 ± 0.8 2.4 ± 1.5 (p = 0.20) 8.3 ± 3.8 (p = 0.01)

BML Sizes 2.0 ± 2.2 1.7 ± 0.8 (p = 0.79) 4.7 ± 2.0 (p = 0.07)

Hoffa Synovitis 0.3 ± 0.4 0.1 ± 0.2 (p = 0.72) 0.5 ± 0.7 (p = 0.84)

Effusion Synovitis 0.8 ± 1.3 0 ± 0 (p = 0.44) 2.1 ± 1.0 (p = 0.14)

Bursa 0 ± 0 0 ± 0 (p = 1.00) 0.2 ± 0.4 (p = 1.00)

Cysts 0.4 ± 0.4 1.5 ± 0.5 (p = 0.02) 3.6± 1.7 (p = 0.02)

Ligaments 0.1 ± 0.2 0 ± 0 (p = 1.00) 0.2 ± 0.4 (p = 1.00)

Other 0 ± 0 0 ± 0 (p = 1.00) 0.3 ± 0.3 (p = 0.17)

Total 5.0 ± 4.8 17.3 ± 8.9 (p = 0.03) 55.0 ± 20.7 (p < 0.01)
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