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Abstract

Objective—To evaluate differences in meniscal T1ρ and T2 quantification in patients with acute 

anterior cruciate ligament (ACL) injuries and to determine correlations of these differences with 

MR morphological grading and patient-reported outcomes.

Design—Bilateral knees of 52 patients with acute ACL injury and 20 healthy controls were 

scanned using 3T MRI T1ρ and T2 mapping in this prospective study. Quantitative analysis of the 
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meniscus was performed in anterior and posterior horns of the lateral and medial menisci. 

Morphological meniscal damage was assessed using modified whole-organ MRI scores 

(WORMS). Measurements were compared between injured, uninjured contralateral, and control 

knees using a mixed-effects regression model. Correlations between meniscal T1ρ/T2, WORMS 

and Knee Injury and Osteoarthritis Outcome Scores (KOOS) were examined using partial 

correlation analysis.

Results—Mean meniscal T1ρ and T2 values were significantly higher in ACL-injured knees 

compared to control and contralateral knees. Menisci of ACL-injured knees without tears, 

including those limited to modified meniscal WORMS grade 0, also had significantly higher T1ρ 

and T2 values compared to menisci of uninjured knees. Within ACL-injured knees, T1ρ and T2 

values showed significant positive associations with meniscal WORMS and significant negative 

associations with KOOS.

Conclusion—Acute ACL injuries are associated with significantly increased meniscal T1ρ and 

T2 values in both patients with and without meniscal lesions or tears, suggesting quantitative MRI 

provides more sensitive measures of meniscal differences compared to traditional morphological 

MRI sequences. Correlation between meniscal T1ρ/T2 and KOOS suggest that quantitative MRI is 

reflective of the extent of patients’ clinical symptoms.
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Introduction

Acute anterior cruciate ligament (ACL) injury is a high-risk factor for the development of 

post-traumatic osteoarthritis1-3. Previous studies have shown that even with ACL 

reconstruction surgery, 50 to 70 percent of ACL-injured patients have radiological signs of 

osteoarthritis (OA) within 10-15 years post-injury4, 5. ACL injury often occurs along with 

damage to other internal structures of the knee, including the meniscus, articular cartilage, 

subchondral bone, and other ligaments6. Specifically, studies have found that the most 

frequent injury associated with an ACL tear is the lateral meniscus tear in the posterior 

horn6-9. These concomitant meniscal injuries are associated with increased incidence of OA 

and worse outcomes in ACL-injured patients10, 11.

The meniscal fibrocartilage structure is comprised primarily of type I collagen (98%), 

proteoglycans (<1%), and water (1%)12. As shown in previous studies, meniscal damage is 

linked to biochemical changes in the meniscus as defined by damage to the collagen-

proteoglycan matrix, which is strongly associated with osteoarthritic cartilage loss13-15.

Quantitative magnetic resonance imaging (MRI) techniques have the ability to assess these 

differences in the changing biochemical composition of the meniscus13. Previous studies 

used MR T1ρ and T2 to evaluate the differences between the menisci of healthy controls and 

patients with mild or severe OA and found that meniscal MR quantification can be used to 

differentiate the three groups13, 16. Additionally, Bolbos et al. demonstrated the utility of 
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T1ρ and T2 quantification in indicating significant biochemical changes in the meniscus of 

patients with early OA15.

Quantitative MRI thus provides the opportunity for early detection of compositional 

differences within a damaged meniscus. This non-invasive method is advantageous in its 

utility in detecting biochemical differences in the collagen-proteoglycan matrix prior to the 

prospective occurrence of morphological changes during tissue degeneration17, 18. 

Therefore, quantitative MRI is potentially more sensitive than standard MRI in identifying 

early signs of meniscus deterioration, which thereby allows for earlier evaluation of the risk 

of OA development13. Although cartilage matrix changes in ACL-injured knees have been 

studied previously6, 9, 15, 19-24, prior assessments of quantitative MR evaluation of meniscus 

after acute ACL injuries have not investigated T2 quantification and have also been limited 

to cohorts of less than 20 patients6, 9. Furthermore, no previous studies have looked 

specifically at menisci without lesions or tears to assess whether quantitative MRI can detect 

meniscus differences not reflected by morphological grading. A previous study of meniscal 

T1ρ and T2 in osteoarthritic patients revealed correlations between T1ρ and T2 

measurements and morphological grading scores13, but as of yet, there has been no literature 

regarding such relationships in the context of acute ACL injuries. Additionally, to the best of 

our knowledge, there have been no studies evaluating the relationship between meniscal T1ρ 

and T2 quantification and patient-reported outcomes.

Therefore, the goals of our study were (i) to evaluate acute posttraumatic differences in 

meniscal T1ρ and T2 in patients with acute ACL injuries, including those limited to no 

meniscal tears or lesions, and (ii) to correlate these differences with MRI morphological 

grading and patient-reported outcomes in comparison with a healthy control cohort.

Materials and methods

Subjects

Two groups of subjects were recruited for this study: 20 controls – six females, age ranging 

between 19-40 years (average = 30.4 ± 5.4 years) and body mass index (BMI) of 24.4 ± 2.7 

kg/m2; and 52 patients with acute ACL injuries – 22 females, age ranging between 15-50 

years (average = 29.8 ± 8.5 years) and BMI = 24.2 ± 3.1 kg/m2. The controls were without 

clinical symptoms of osteoarthritis or other knee injuries and were recruited to match age 

and BMI of the ACL-injured patients. Only patients scanned within 6 months of ACL injury 

were included in this study. All subjects gave informed consent, and the study was approved 

by and carried out in accordance with the rules and regulations of the Committee for Human 

Research at our institution.

Questionnaires

On the day of MR scan, subjects completed the Knee Injury and Osteoarthritis Outcome 

Score (KOOS) and Marx activity scale surveys25, 26. The KOOS is a validated self-assessed 

questionnaire with five categories: pain, other symptoms, function in sport and recreation, 

function in daily living (ADL), and knee-related quality of life (QOL). The KOOS scoring 

scale ranges from 0-100, with 0 being the worst and 100 being the best. The Marx activity 
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scale is a validated self-administered questionnaire that surveys subjects regarding their 

level of physical activity, specifically inquiring about the frequency of various physical 

actions (running, changing directions while running, decelerating, and pivoting) during the 

subject's healthiest and most active state in the past year. The Marx scoring system was 

defined as follows: 0 = less than one time in a month, 1 = one time in a month, 2 = one time 

in a week, 3 = two or three times in a week, and 4 = four or more times in a week.

Magnetic Resonance Imaging Protocol

MR images of all subject knees were acquired using a 3 Tesla GE MR Scanner (General 

Electric, Milwaukee, WI, USA) with an 8-channel phased array knee coil (Invivo, 

Gainesville, FL, USA). Injured patients were scanned within 6 months of injury (average of 

1.8 months with a standard deviation of 1.2 months) and prior to surgical ACL 

reconstruction. In injured patients, the injured knee was scanned prior to the uninjured 

contralateral knee. Knees had been unloaded for 20-30 minutes prior to scanning by T1ρ and 

T2 sequences.

Imaging protocol included sagittal intermediate-weighted, fluid sensitive, fat-saturated 

three-dimensional (3D) fast spin-echo (CUBE) images [repetition time (TR)/echo time (TE) 

= 1500/25 ms, field of view (FOV) = 16 cm, matrix = 384 × 384, slice thickness = 1 mm, 

echo train length = 50, bandwidth (BW) = 50 kHz, number of excitations (NEX) = 0.5]. The 

CUBE images were used for both meniscus segmentation and clinical assessment of the 

morphological abnormalities related to the ACL injury.

The sagittal multi-slice T1ρ- and T2-weighted sequences were obtained using a previously 

developed 3D sequence based on combined T1ρ and T2 acquisition techniques23. The 

acquisition parameters were: TR/TE = 9 ms/min full, FOV = 14 cm, matrix = 256 × 128, 

slice thickness = 4 mm, views per segment (VPS) = 64, time of recovery = 1.2 s, spin-lock 

frequency = 500 Hz, ARC phase AF = 2, time of spin lock (TSL) = 0/10/40/80 ms for T1ρ, 

and preparation TE = 0/13.7/27.3/54.7 ms for T2.

MR Imaging Analysis

Morphological Analysis—Semi-quantitative gradings of the meniscus were performed 

using the 3D fast spin-echo (CUBE) images by two experienced radiologists with 11 (MK) 

and 8 (LN) years of experience. The radiologists were blinded to subject information and 

meniscal T1ρ and T2 values. Meniscal abnormalities were evaluated using the meniscus 

grading scale from a modified whole-organ magnetic resonance imaging scoring (WORMS) 

method27. The anterior and posterior horns of the lateral and medial menisci were graded 

from 0 to 4 with each score defined as follows: 0 = no lesion, 1 = intrasubstance 

degeneration, 2 = non-displaced tear, 3 = displaced or complex tear without deformity, and 4 

= complete maceration of the meniscus. Meniscal scores 0 and 1 were combined into one 

category to represent subjects without a meniscal tear, whereas meniscal scores 2 through 4 

were combined into another category to represent subjects with a meniscal tear.

Quantitative Assessment—CUBE images were rigidly registered and downsampled in 

the slice thickness direction to match the first TSL image of the T1ρ-weighted sequence. 
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Registration was performed using the VTK CISG Registration Toolkit28. Menisci were 

segmented semi-automatically on the registered CUBE images into four subcompartments: 

anterior horn of the lateral/medial meniscus (AHLAT/AHMED) and posterior horn of the 

lateral/medial meniscus (PHLAT/PHMED) (Figure 1). Each subcompartment was 

segmented on three consecutive slices. Segmentations were completed using an in-house 

developed program with MATLAB (Mathworks, Natick, MA, USA) based on edge 

detection and Bezier splines, which demonstrated excellent scan/rescan reproducibility of 

meniscal T1ρ measurements (coefficient of variation < 5%) in Bolbos et al6, 29.

These regions of interest (ROI) were transferred onto T1ρ and T2 maps, and mean T1ρ and 

T2 values were calculated for each ROI. T1ρ and T2 maps were reconstructed by fitting 

T1ρ-weighted and T2-weighted images pixel-by-pixel to the following respective equations 

below using an in-house developed Levenberg-Marquardt mono-exponential fitting 

algorithm:

Prior to fitting, VTK CISG registration was applied on the second and third TSL/TE images 

to align them onto the first image. The T1ρ and T2 sequences were originally optimized to 

look at cartilage, in which average T1ρ relaxation time is 35-40 ms, and average T2 

relaxation time is 25-30 ms6, 13, 22. In meniscus, average T1ρ relaxation time is 16-20 ms, 

and average T2 relaxation time is 11-13 ms6, 13. Therefore, only the first three echo images 

(TSL = 0, 10, 40 ms; TE = 0, 13.7, 27.3 ms) were used for calculated meniscal T1ρ and T2 

values, because the last image had a very low signal-to-noise ratio in the meniscus.

Statistical Analysis

Mean and standard deviation of T1ρ and T2 values were calculated from the three 

segmented slices of each meniscus subcompartment in all control, injured, and contralateral 

knees. These values were initially adjusted for age, gender, BMI, level of physical activity, 

and time to injury for each subject, using a mixed-effects restricted maximum likelihood 

(REML) regression, which accounts for any correlations in the outcome data (T1ρ and T2 

values). Since time to injury was not significantly associated with meniscal T1ρ and T2 

values, we removed it from the final model. The regression analysis was generated 

separately by subcompartment, and pairwise comparisons were made within T1ρ, T2, and 

WORMS data sets. Pairwise comparisons included ACL-injured vs. control, ACL-injured 

vs. contralateral, ACL-injured without meniscal tears vs. control, ACL-injured without 

meniscal tears vs. contralateral, ACL-injured with modified WORMS = 0 vs. control with 

modified WORMS = 0, and ACL-injured with modified WORMS = 0 vs. contralateral with 

modified WORMS = 0. To reduce the effect of small number bias, all anterior 

subcompartments with meniscal tears (control: n = 2; contralateral: n = 0, ACL-injured: n = 

1) and posterior subcompartments of control and contralateral knees with meniscal tears 

(control: n = 1; contralateral: n = 8) were not included. Pearson partial correlation 

coefficients were calculated between meniscal T1ρ/T2 values and WORMS/KOOS, after 

Wang et al. Page 5

Osteoarthritis Cartilage. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



adjustment for the variables mentioned above. To avoid false positives, the Bonferroni 

correction was applied as a multiple comparison adjustment for the four subcompartments, 

which may not be independent of one another within the same subject. Dividing the standard 

0.05 by the four subcompartments (0.05/4=0.0125), an alpha of less than 0.0125 was 

considered significant.

Results

Clinical Findings

Table 1 illustrates the distribution of modified meniscal WORMS grades by subject group 

and subcompartment. Among 52 ACL-injured knees, 29 (56%) had at least one lateral 

meniscal lesion (modified meniscal WORMS ≥ 1), 25 (48%) had at least one medial 

meniscal lesion, 17 (32%) had both lateral and medial meniscal lesions, and 37 (71%) had at 

least one meniscal lesion of either type. Twenty (38%) ACL-injured knees had at least one 

lateral meniscal tear (modified meniscal WORMS ≥ 2), 20 (38%) had at least one medial 

meniscal tear, 10 (19%) had both lateral and medial meniscal tears, and 30 (58%) had at 

least one meniscal tear of either type. The most common types of meniscal lesions and tears 

in ACL-injured knees included contusion (morphous intrameniscal signal abutting an 

articular surface but without a linear component to suggest a tear, n = 13), horizontal tear 

(horizontally oriented line of increased intrameniscal signal that extends to the superior or 

inferior surface of the meniscus near the free edge, n = 13), and complex tear (extends in 

more than one plane creating separate flaps of meniscus and extensive distortion, n = 13)30. 

Of the 52 contralateral knees, there were 12 (23%) with lesions and 6 (12%) with tears, 

whereas of the 40 control knees, there were 7 (18%) with lesions and 2 (5%) with tears. 

Both modified WORMS grades and frequency of lesions and tears were significantly higher 

in ACL-injured knees compared to control and contralateral knees (p < 0.0001) (Figure 2).

Survey Results

Table 2 summarizes the KOOS and Marx survey data reported by both the control and ACL-

injured groups. Compared to control subjects, ACL-injured patients had significantly lower 

KOOS scores in all five categories. In response to the Marx questionnaire, ACL-injured 

patients reported significantly higher levels of physical activity involving cutting, 

decelerating, and pivoting compared to the control group, whereas differences in running 

were not significant (p = 0.075).

There was a significant negative correlation between age and KOOS symptoms (p = 0.011). 

No relationships were found between KOOS and gender, BMI, or time to injury (Table 3).

MR T1ρ and T2 Values

Table 4 summarizes the adjusted mean T1ρ and T2 values for each group and 

subcompartment.

Table 5 provides a summary of the T1ρ and T2 pairwise comparison results generated by the 

regression analysis. Mean T1ρ and T2 values were significantly higher in ACL-injured 
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knees compared to both control and contralateral knees in the PHLAT (p < 0.0005) and 

PHMED (p < 0.0005) (Table 5).

ACL-injured knees without meniscal tears (modified meniscal WORMS = 0 or 1) had 

significantly higher T1ρ values in the PHLAT compared to those of control knees (p = 

0.006) and contralateral knees (p = 0.002) (Table 5). Mean T2 values were significantly 

higher in ACL-injured knees without meniscal tears compared to control knees in the 

PHLAT (p = 0.001).

Among ACL-injured, control, and contralateral knees with modified meniscal WORMS = 0, 

ACL-injured knees had significantly higher T1ρ values in the PHLAT compared to control 

knees (p = 0.006) and contralateral knees (p = 0.001) (Table 5). Mean T2 values were also 

significantly higher in ACL-injured knees with modified meniscal WORMS = 0 compared 

to control knees in the PHLAT (p = 0.002).

Compared to control knees, mean T1ρ values in the AHMED were significantly lower in 

ACL-injured knees without meniscal tears (p = 0.006) and ACL-injured knees with modified 

meniscal WORMS = 0 (p = 0.001) (Table 5).

There were significant positive correlations between modified meniscal WORMS and mean 

T1ρ values of ACL-injured knees in the PHLAT (p < 0.0001) and PHMED (p < 0.0001) as 

well as between modified meniscal WORMS and mean T2 values of ACL-injured knees in 

the PHLAT (p = 0.0079) and PHMED (p < 0.0001) (Table 6). No significant relationships 

with modified meniscal WORMS were observed in the AHLAT or AHMED.

Significant negative associations were found between MR quantification values and KOOS 

in the AHLAT between T1ρ and symptoms (p = 0.011), ADL (p = 0.0049), and QOL (p = 

0.011) and between T2 and all five categories (symptoms: p < 0.0001; pain: p = 0.0079; 

ADL: p = 0.0003; sports: p = 0.0006; QOL: p = 0.0099) (Table 6). A significant negative 

association was also found in the PHLAT between T1ρ and QOL (p = 0.0063). However, no 

significant relationships with KOOS were evident in the AHMED or PHMED.

Discussion

In this cross-sectional study, quantitative MRI was used to investigate the effects of acute 

ACL injury on T1ρ and T2 measurements in the meniscus and their relationship with 

morphological grading methods and patient-reported outcomes. To our best knowledge, this 

is the first study to document not only an overall trend of higher meniscal T1ρ and T2 values 

in ACL-injured knees, but also, more notably, the significant elevation in meniscal T1ρ and 

T2 values in ACL-injured knees without meniscal tears and with modified meniscal 

WORMS grade of 0. Correlation data demonstrate positive association between 

quantification values and modified WORMS grading and negative association between 

quantification values and KOOS scores.

Clinical Findings

In regards to meniscal tears in the anterior and posterior horns, our observation of a 58% 

incidence among ACL-injured knees, 12% incidence among contralateral knees, and 5% 
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incidence among control knees is comparable to previous reports of meniscal tears found in 

ACL-reconstructed, ACL-deficient, as well as osteoarthritic knees13, 31, 32. The slightly 

lower incidence of meniscal tears within our control group compared to other studies is 

likely due to our focus on a younger subject population (average age of control group = 30 

vs. 39 years), as incidence of meniscal tears increases with age33, 34. The marginally higher 

incidence of meniscal tears among contralateral knees compared to control knees can 

possibly be attributed to the ACL-injured group's greater levels of physical activity as 

defined by the Marx activity scale, since evidence has demonstrated the significance of 

sporting activities involving knee torsion in acute meniscal tears35.

Consistent with previous findings, we observed a higher occurrence of meniscal 

abnormalities in the posterior horn of both the lateral and medial menisci compared to the 

anterior horn13, 33, 34, 36. Additionally, as supported by previous studies, the number of 

meniscal lesions and tears associated with acute ACL injury was higher in the PHLAT 

compared to the PHMED37, 38. This is in contrast with OA and chronic ACL-injured 

patients, who experience a higher frequency of lesions and tears in the medial 

meniscus13, 36. It is likely that this discrepancy is dependent on time since injury; whereas 

the lateral compartment suffers the most direct damage at the time of acute ACL injury7, the 

medial compartment experiences the highest weight-bearing pressure and thus becomes 

increasingly susceptible to gradual damage with the progression of time13. Given that this 

study is based on knee condition at 1.8 ± 1.2 months after injury and prior to ACL 

reconstruction, it is probable that degeneration in the medial meniscus had not yet 

manifested to a degree comparable to that of OA knees13. This question requires further 

investigation in our ongoing longitudinal study.

T1ρ and T2 Quantification

The results of this study demonstrate that acute ACL-injured knees display increased 

meniscal T1ρ and T2 values compared to uninjured knees, which is in alignment with 

previous findings on meniscal T1ρ and T2 quantification6, 9, 13. It should be noted that 

increases in T2 values were more consistent throughout all four subcompartments, also in 

agreement with previous reports16, 39, suggesting that T2 quantification is potentially more 

effective at detecting biochemical differences in the meniscus. Histological studies have 

shown that the meniscal degeneration process constitutes deterioration of the collagen 

network and decline in proteoglycan content40, 41. Given that T1ρ is more sensitive to 

proteoglycan whereas T2 is more sensitive to collagen, such a decline in proteoglycan 

content, in conjunction with the naturally low concentration of proteoglycan in the meniscus 

(< 1%) relative to that in hyaline cartilage (3-10%), can potentially explain why T2 is more 

reliable than T1ρ in detecting differences in the meniscal matrix12, 15, 42. Interestingly, a 

previous study using delayed gadolinium-enhanced MRI of the meniscus (dGEMRIM) 

showed a trend towards lower T1GD, indicative of proteoglycan loss, in degenerated 

menisci43. However, since T1ρ quantification nevertheless demonstrates considerable and 

comparable levels of significance, this trend must be further evaluated in our longitudinal 

studies and confirmed by large-scale studies.
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We observed a particularly significant association between meniscal damage and elevated 

T1ρ and T2 measurements in the PHLAT, which further suggests that acute ACL injuries 

affect the PHLAT of the meniscus to a greater extent than the other subcompartments. This 

quantitative data is consistent with our qualitative observation that the PHLAT has the 

highest frequency of meniscal lesions and tears, and is also supported by previous studies 

presenting the significance of acute ACL injury on the PHLAT in particular7, 44. 

Conversely, we observed significantly lower T1ρ measurements in the AHMED of ACL-

injured knees in comparison to control knees. Based on modified meniscal WORMS 

grading, no lesions were found in this subcompartment among all ACL-injured knees, 

suggesting that the AHMED sustains minimal injury during ACL rupture, which could 

explain our observation. A larger cohort is necessary to evaluate this trend.

Interestingly, significantly elevated T1ρ and T2 values were found in the PHLAT of ACL-

injured knees without meniscal tears, and, furthermore, in the PHLAT of ACL-injured knees 

with modified meniscal WORMS grade 0, indicating that quantitative MR imaging is more 

sensitive than morphological imaging in detecting compositional damage in the meniscus. A 

recent study also witnessed elevated MR quantification values in clinically intact meniscus 

of ACL-injured patients, albeit using T2* measurements8. This particular longitudinal study 

found that elevations in meniscal T2* measurements observed prior to ACL reconstruction 

surgery returned to lower values similar to those found in uninjured controls, suggesting that 

healing had occurred8. Temporarily elevated T1ρ and T2 values can be explained in the 

context of posttraumatic meniscal contusions rather than degeneration, with possible causes 

including edemas and micro-ruptures of the collagen network45. Since contusions are often 

reversible, the predictive value of T1ρ and T2 measurements for the onset of a structural 

lesion remains unclear45. Whether such trends exist in meniscal T1ρ and T2 values must be 

investigated in the next steps of our longitudinal study. However, regardless of whether the 

increased T1ρ and T2 values we observed are short- or long-term, its implications regarding 

MR quantification's ability to detect biochemical differences within the meniscus earlier 

than currently used morphological grading methods serve as one of the most significant and 

novel findings in our study.

Relationships to Modified WORMS and KOOS

To our knowledge, this is the first study to evaluate the correlation between WORMS 

grading and meniscal T1ρ and T2 measurements in ACL-injured patients. Consistent with 

previous studies involving patients who had already developed OA, we report a significant 

positive correlation between WORMS grading and meniscal T1ρ and T2 values in posterior 

horns of the lateral and medial menisci13, 16. Significant associations were not observed in 

anterior horns, likely due to their low prevalence of morphological abnormalities as reflected 

by modified meniscal WORMS grades of 0 in 138 of 144 AHLAT and 143 of 144 AHMED 

subcompartments reviewed.

Using unadjusted data, KOOS was tested for correlations with gender, age, BMI, and time to 

injury. The only association found was between age and KOOS symptoms, characterized by 

decreasing KOOS scores at increasing ages. This finding is consistent with previous studies 

demonstrating negative associations between KOOS and age46, 47. Contrary to our findings, 
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a large-scale clinical study (n = 10164) with a comparable age profile (27.0 ± 9.8 years) 

observed worse KOOS scores in women both before and after ACL reconstruction48. It is 

possible that this discrepancy between genders is not observed in our study due to relatively 

small sample size (n = 52).

In the context of acute ACL injuries, there has been little to no investigation of the 

correlation between KOOS and meniscal T1ρ and T2 measurements11, 49. Our finding of a 

negative association between both meniscal T1ρ and T2 values and KOOS suggests a weak 

but notable relationship between meniscal damage and patient outcomes after acute injuries. 

According to previous longitudinal studies, concomitant meniscal damage during ACL-

injury is a predictor of lower KOOS scores two to six years after ACL reconstruction11, 49. 

This finding signifies that MR quantification is not only capable of detecting biochemical 

differences within the meniscus but also reflective of the extent of physical symptoms 

experienced by patients.

Limitations

Due to this being a cross-sectional study, one of the limitations is that we were unable to 

distinguish between meniscal contusions and meniscal degeneration, making it unclear 

whether elevated T1ρ and T2 values were due to contusions or early degeneration. We are 

currently following up on longitudinal data that may help determine whether contusions or 

degeneration had a greater role in the elevated baseline T1ρ and T2 values. Another 

limitation is the relatively small sample size; longitudinal studies with a larger cohort are 

necessary to confirm these findings.

Conclusion

Quantitative MR imaging can be valuable in ongoing evaluation of meniscal condition and 

possible early detection of meniscal degeneration. Most significantly, because T1ρ and 

especially T2 measurements are more sensitive to compositional differences within the 

meniscus, this data may be used to diagnose and track the early stages of meniscal change 

and potential degeneration prior to the possibility of diagnosis by a morphological grading 

system.
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Figure 1. 
Segmentation of the four meniscal subcompartments: (a) lateral anterior horn (AHLAT), (b) 
lateral posterior horn (PHLAT), (c) medial anterior horn (AHMED), and (d) medial 

posterior horn (PHMED).
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Figure 2. 
MR images showing the posterior horn of the lateral meniscus in an ACL-injured patient 

with modified meniscal WORMS grade of 0 (A, B, C) and an ACL-injured patient with 

modified meniscal WORMS grade of 1 (D, E, F). The CUBE (A and D), T1ρ (B and E), and 

T2 (C and F) images illustrate the discrepancies between subjects with modified meniscal 

WORMS grades of 0 and 1. The color bar indicates the relaxation measure gradient.

Wang et al. Page 15

Osteoarthritis Cartilage. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 16

Table 1

Modified Meniscal WORMS by Group and Subcompartment

ACL-Injured Knees (n=52)

Grade = 0 Grade = 1 Grade = 2 Grade = 3 Grade = 4

AHLAT 48 3 1 0 0

PHLAT 25 8 15 4 0

AHMED 52 0 0 0 0

PHMED 27 5 13 6 1

Contralateral Knees (n=52)

Grade = 0 Grade = 1 Grade = 2 Grade = 3 Grade = 4

AHLAT 52 0 0 0 0

PHLAT 45 5 2 0 0

AHMED 51 1 0 0 0

PHMED 43 3 4 2 0

Control Knees (n=40)

Grade = 0 Grade = 1 Grade = 2 Grade = 3 Grade = 4

AHLAT 38 0 2 0 0

PHLAT 37 2 1 0 0

AHMED 40 0 0 0 0

PHMED 35 5 0 0 0

Legend:

AHLAT = anterior horn of lateral meniscus; PHLAT = posterior horn of lateral meniscus; AHMED = anterior horn of medial meniscus; PHMED = 
posterior horn of medial meniscus
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Table 2

KOOS and MARX Survey Results

KOOS Questionnaire

Control (n = 18*) ACL-Injured (n = 50*) t-test

Symptoms 97.62 ± 3.46 69.14 ± 19.33 < 0.0001

Pain 99.69 ± 0.90 75.50 ± 17.17 < 0.0001

ADL 100 ± 0 83.09 ± 17.19 < 0.0001

Sports 99.44 ± 2.36 55.00 ± 27.72 < 0.0001

QOL 96.18 ± 8.34 44.13 ± 24.37 < 0.0001

Marx Activity Scale

Control (n = 18*) ACL-Injured (n = 50*) t-test

Running 2.56 ± 1.50 3.10 ± 0.91 0.075

Cutting 1.39 ± 1.50 2.72 ± 1.18 0.00030

Decelerating 1.56 ± 1.50 2.82 ± 1.16 0.00049

Pivoting 0.67 ± 0.97 2.74 ± 1.26 < 0.0001

Legend:

KOOS = Knee Injury and Osteoarthritis Outcome Score; ADL = function in daily living; QOL = quality of life

*Note: Survey data was available for only 18 of 20 control subjects and 50 of 52 ACL-injured patients.
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Table 4

Adjusted T1ρ and T2 Values

Knee Group Subgroup Subcompartment Sample Size T1ρ (ms) T2 (ms)

ACL-Injured

All

AHLAT n = 52 19.2 ± 0.4 13.2 ± 0.3

PHLAT n = 52 19.0 ± 0.5 13.4 ± 0.4

AHMED n = 52 17.7 ± 0.3 12.4 ± 0.2

PHMED n = 52 18.3 ± 0.5 12.9 ± 0.3

Without meniscal tears

AHLAT n = 51 19.0 ± 0.4 13.1 ± 0.3

PHLAT n = 33 18.6 ± 0.4 13.0 ± 0.3

AHMED n = 52 17.7 ± 0.3 12.4 ± 0.2

PHMED n = 32 16.8 ± 0.4 12.1 ± 0.3

WORMS = 0

AHLAT n = 48 19.0 ± 0.4 13.0 ± 0.3

PHLAT n = 25 18.6 ± 0.4 13.0 ± 0.3

AHMED n = 52 17.7 ± 0.3 12.3 ± 0.2

PHMED n = 27 16.7 ± 0.4 11.9 ± 0.2

Contralateral

Without meniscal tears

AHLAT n = 52 18.7 ± 0.4 12.3 ± 0.3

PHLAT n = 50 16.9 ± 0.3 12.3 ± 0.3

AHMED n = 52 17.7 ± 0.3 12.0 ± 0.2

PHMED n = 46 17.4 ± 0.4 11.6 ± 0.2

WORMS = 0

AHLAT n = 52 18.7 ± 0.4 12.3 ± 0.3

PHLAT n = 45 16.7 ± 0.3 12.2 ± 0.3

AHMED n = 51 17.7 ± 0.3 12.0 ± 0.2

PHMED n = 43 17.4 ± 0.3 11.4 ± 0.2

Control

Without meniscal tears

AHLAT n = 38 19.3 ± 0.6 12.4 ± 0.4

PHLAT n = 39 17.0 ± 0.4 11.5 ± 0.3

AHMED n = 40 19.4 ± 0.5 12.0 ± 0.3

PHMED n = 40 18.0 ± 0.5 11.4 ± 0.3

WORMS = 0

AHLAT n = 38 19.4 ± 0.5 12.4 ± 0.4

PHLAT n = 37 17.0 ± 0.4 11.5 ± 0.3

AHMED n = 40 19.4 ± 0.5 12.0 ± 0.3

PHMED n = 35 17.9 ± 0.4 11.3 ± 0.2

Legend:

AHLAT = anterior horn of lateral meniscus; PHLAT = posterior horn of lateral meniscus; AHMED = anterior horn of medial meniscus; PHMED = 
posterior horn of medial meniscus; WORMS = whole-organ magnetic resonance imaging score
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Table 5

p-Values of T1ρ and T2 Comparisons

ACL-Injured vs. Uninjured Knees

T1ρ T2

Injured vs. control Injured vs. contralateral Injured vs. control Injured vs. contralateral

AHLAT 0.035 0.016 0.048 0.044

PHLAT < 0.0005 < 0.0005 < 0.0005 < 0.0005

AHMED 0.006* 0.92 0.23 0.058

PHMED < 0.0005 < 0.0005 < 0.0005 < 0.0005

ACL-Injured Knees without Meniscal Tears vs. Uninjured Knees

T1ρ T2

Injured (no tear) vs. 
control

Injured (no tear) vs. 
contralateral

Injured (no tear) vs. 
control

Injured (no tear) vs. 
contralateral

AHLAT 0.73 0.33 0.13 0.019

PHLAT 0.006 0.002 0.001 0.053

AHMED 0.006* 0.92 0.23 0.058

PHMED 0.064 0.26 0.057 0.070

ACL-Injured Knees with WORMS = 0 vs. Uninjured Knees with WORMS = 0

T1ρ T2

[WORMS = 0] Injured vs. 
control

[WORMS = 0] Injured vs. 
contralateral

[WORMS = 0] Injured vs. 
control

[WORMS = 0] Injured vs. 
contralateral

AHLAT 0.59 0.31 0.19 0.028

PHLAT 0.006 0.001 0.002 0.056

AHMED 0.001* 0.85 0.38 0.038

PHMED 0.026 0.15 0.048 0.030

Legend:

AHLAT = anterior horn of lateral meniscus; PHLAT = posterior horn of lateral meniscus; AHMED = anterior horn of medial meniscus; PHMED = 
posterior horn of medial meniscus; WORMS = whole-organ magnetic resonance imaging score

Bold =ACL-injured values significantly higher than control/contralateral values.

*ACL-injured values significantly lower than control values.
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Table 6

Correlations of T1ρ and T2 with Modified WORMS and KOOS

T1ρ T2

Pearson's r p-value Pearson's r p-value

Modified WORMS

AHLAT 0.182 0.041 0.147 0.10

PHLAT 0.352 < 0.0001 0.235 0.0079

AHMED −0.012 0.89 0.112 0.21

PHMED 0.459 < 0.0001 0.558 < 0.0001

KOOS Categories

Symptoms AHLAT −0.225 0.011 −0.342 < 0.0001

PHLAT −0.088 0.33 −0.222 0.012

Pain AHLAT −0.139 0.12 −0.236 0.0079

PHLAT −0.124 0.17 −0.218 0.014

ADL AHLAT −0.249 0.0049 −0.319 0.0003

PHLAT −0.115 0.20 −0.183 0.040

Sports AHLAT −0.219 0.014 −0.300 0.0006

PHLAT −0.127 0.16 −0.189 0.034

QOL AHLAT −0.226 0.011 −0.229 0.0099

PHLAT −0.242 0.0063 −0.205 0.021

Legend:

AHLAT = anterior horn of lateral meniscus; PHLAT = posterior horn of lateral meniscus; PHMED = posterior horn of medial meniscus; WORMS 
= Whole-Organ Resonance Magnetic Imaging Score; ADL = function in daily living; QOL = quality of life
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