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Summary

Objective—To investigate the relationship between meniscus magnetic resonance (MR) 

relaxation parameters and meniscus degradation through quantitative imaging of ex vivo posterior 

horns of menisci from subjects with and without knee osteoarthritis (OA).

Design—We sampled medial and lateral menisci from ten medial compartment knee OA patients 

(mean age 63 years) undergoing total knee replacement and from ten deceased donors (references, 

mean age 51 years). MR relaxation parameters T2*, T2 and T1 of the posterior horn were 

measured at a 9.4 T scanner. Comparisons were made between OA patients and references (with 

adjustment for age) as well as between medial and lateral menisci from the same knees.

Results—Mean values (standard deviation) of mean T2* were 13 (3.8), 6.9 (2.3), 7.2 (1.9) and 

7.2 (1.7) ms for the medial and lateral patient menisci and the medial and lateral reference 

menisci, respectively. Corresponding values were 17 (3.7), 9.0 (2.2), 12 (4) and 9.0 (1.3) ms for T2 

and 1810 (150), 1630 (30), 1580 (90) and 1560 (50) ms for T1. All three relaxation times were 
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significantly longer in medial OA menisci compared to the other groups. Among medial reference 

menisci, relaxation times (mainly T1) tended to increase with age.

Conclusions—MR relaxation times T2*, T2 and T1 in the posterior horn are longer in the 

medial menisci of patients with end-stage medial compartment knee OA compared to the 

corresponding lateral menisci and to reference menisci. The meniscus seems to undergo 

intrasubstance alterations related to both OA and ageing.

Introduction

Meniscal damage is strongly associated with both the development and progression of knee 

osteoarthritis (OA), although its role is not fully elucidated1,2. Meniscal damage most 

frequently occurs in the posterior horn of the medial meniscus3, and although such damage 

can arise from acute knee trauma, it seems more commonly to be the result of slow 

degeneration4,5. There is currently a lack of knowledge of these degenerative processes, 

which likely start long before a meniscus tear becomes apparent5. To gain better 

understanding of early OA pathogenesis, we need imaging techniques that enable detection 

and monitoring of compositional changes early on in the degenerative process. In general, 

magnetic resonance imaging (MRI) is a suitable technique for imaging of soft tissues and for 

detection of meniscal pathologies. Quantitative MRI (qMRI) offers promising tools to also 

monitor early disease processes.

Quantitative MR parameters such as relaxation times (e.g., T1 and T2) are affected by the 

molecular environment in the tissue. During degeneration of meniscus tissue the content of 

proteoglycans and water as well as the organization of collagen fibers may be altered6. 

Molecular and structural changes related to the degeneration process could thus potentially 

affect the relaxation times and it is plausible that estimation of these parameters could reveal 

information about tissue composition not available in ordinary MR images.

In articular cartilage, these MR relaxation parameters have been extensively studied and 

suggested to be related to e.g., glycosaminoglycan, collagen and water content. For example, 

T2 has been reported to depend on glycosaminoglycan and collagen concentration in 

suspensions and in cartilage tissue. In tissue, matrix orientation was also reported to be of 

importance7,8. Promising results have been seen for the use of relaxation times as 

biomarkers for meniscus degeneration and damage. For example, in patients with OA, 

unspecific knee pain or anterior cruciate ligament injury, comparisons of meniscus 

relaxation times have been made in vivo to healthy volunteers and ex vivo with histology 

grading9, 10,11, 12. However, further work is needed to evaluate the possible use of relaxation 

times as indicators of meniscus degeneration related to OA.

In the meniscus, the highly ordered collagen structure results in a very short T2 relaxation 

time. Quantification of T2 in the meniscus is therefore challenging. An ultrashort echo time 

(UTE) pulse sequence enables echo times short enough to capture the rapidly decaying 

signal from short T2 tissues. However, an attempt to measure T2 with this type of sequence 

will instead result in the quantification of T2* that also includes signal decay due to local 

magnetic field inhomogeneity.
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To investigate the potential use of MR relaxation parameters for monitoring early 

degenerative changes in meniscus tissue related to OA, it is important to chart the relaxation 

times in both healthy and diseased meniscus tissue. Thus, in this human ex vivo study our 

aim was to estimate the meniscus MR relaxation parameters T2*, T2 and T1 in the posterior 

horn. Quantitative comparisons were made between both medial and lateral posterior horns 

of menisci from patients with medial compartment knee OA as well as from deceased 

donors without known knee OA.

Methods

Tissue samples

We used human meniscus samples from a local biobank at Skåne University Hospital, 

Region Skåne, Sweden (principal investigator Englund). The biobank includes menisci from 

knee OA patients undergoing total knee joint replacement (TKR) at Trelleborg Hospital, 

Sweden. The biobank also includes menisci from deceased adult donors without known knee 

OA, obtained within 48 h of death at Skåne University Hospital. All samples were frozen 

within 2 h from extraction and stored at −80°C.

For the purpose of this study, both medial and lateral menisci were sampled from ten 

patients with medial compartment knee OA undergoing bilateral TKR. We used the 

surgeon's Outerbridge classification of joint cartilage13 and required a medial grade of IV 

and a lateral grade of 0 or I for inclusion in the study. Further, the surgeon's sketch of 

menisci should indicate that some of the posterior horns remained. We further required that 

after thawing, upon final visual inspection, the menisci needed to have at least two thirds of 

the substance of the posterior horn remaining (the inner one third was typically missing). 

One knee from each of five male and five female patients, aged 50–75 years, were selected. 

We also sampled medial and lateral menisci from the right knee of ten deceased human 

donors (five men and five women, aged 18–77 years), without known knee OA, to be used as 

references. The donor menisci were visually inspected and were required to be 

macroscopically intact (some minor calcification was allowed). Two of the lateral donor 

menisci were excluded because of a horizontal cleavage tear. The individual patients' and 

donors' characteristics are detailed in Table I.

We will refer to these four groups of menisci as medial and lateral “OA menisci” (i.e., 

menisci from TKR due to medial compartment OA) and medial and lateral “reference 

menisci” (i.e., menisci from deceased donors without known knee OA).

The menisci were thawed in phosphate buffered saline (PBS) and then divided into two 

parts. The part that we used in this experiment was the posterior horn, with some part of the 

body remaining. A hole, 3 mm in diameter, was punched through the meniscus sample to be 

able to thread it onto a thin plastic straw which was fixated inside a 50 ml plastic tube. The 

tube (containing the meniscus sample) was then filled with PBS (Fig. 1). In the scanner, the 

tube was positioned to ensure that the orientation of the meniscus with respect to the main 

magnetic field was as similar as possible to what would be expected in an in vivo knee MRI 

examination.

Olsson et al. Page 3

Osteoarthritis Cartilage. Author manuscript; available in PMC 2021 April 26.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



MRI measurements

MRI measurements were made using a 9.4 T preclinical scanner, an Agilent magnet 

(Agilent, Santa Clara, USA) equipped with Bruker BioSpec AVIII electronics (Bruker, 

Ettlingen, Germany), and a 1H quadrature volume coil (Bruker, Ettlingen, Germany).

For mapping of T2*, we used a single echo 2D radial UTE sequence. Eight measurements 

were made with echo times (TEs) of 0.5, 1, 2, 4, 6, 8, 10 and 12 ms. Other imaging 

parameters were: repetition time (TR) = 17.5 ms, flip angle = 10°, bandwidth (BW) = 391 

Hz/pixel, field of view (FOV) = 58 × 58 mm2, number of slices = 7 and voxel size = 0.23 × 

0.23 × 1 mm3. T2 mapping was made using 7 acquisitions with a single echo 2D Rapid 

Acquisition with Relaxation Enhancement (RARE) sequence with TE = 4.7, 7, 9, 11, 13, 15 

and 17 ms, TR = 1500 ms, flip angle = 90°, BW = 385 Hz/pixel, FOV = 35 × 35 mm2, 

number of slices = 7 or 12, voxel size = 0.14 × 0.14 × 0.12 mm3 and echo train length (ETL) 

= 4. Mapping of T1 was made with a RARE Variable TR (RAREVTR) sequence with TR = 

6000, 3000, 1500, 800, 400 and 200 ms, TE = 6 ms, flip angle = 90°, BW = 637 Hz/pixel, 

FOV = 58 × 58 mm2, number of slices = 7, voxel size = 0.45 × 0.45 × 2 mm3 and ETL = 2.

Using the UTE sequence, we also acquired a T2*-weighted image with higher spatial 

resolution (voxel size = 0.11 × 0.11 × 1 mm3, FOV = 58 × 58 mm2, BW = 195 Hz/pixel, TE 

= 3 ms and TR = 12 ms).

Data analysis

The calculation of T2* and T2 was done using an in-house developed Matlab script 

(MATLAB R2016a, Mathworks, Natick, USA) fitting the signal S at different TEs to the 

equation S=S0⋅e−TE/T2(*). T1 was calculated at the MR scanner using a built-in algorithm 

from the vendor. The calculations of relaxation times were made voxel by voxel and a mean 

value was calculated for all voxels within a region of interest (ROI).

For each meniscus, one observer (EO) manually drew ROIs in one centrally positioned slice 

of the sample as free as possible from imaging artifacts (e.g., susceptibility artifacts from air 

bubbles and calcifications). For T2* the observer used the 4 ms TE image as reference when 

drawing the ROIs. For T2 the corresponding reference was the 4.7 ms TE image and for T1 

the 6000 ms TR image (with guidance from the high resolution UTE image and from the 

UTE images with longer TEs). For the medial OA menisci, the ROI covered the entire cross-

section except for a small margin towards the PBS. Small air bubbles and calcifications, if 

present, were avoided. For the lateral OA and reference menisci the observer drew three 

ROIs in the selected slice of each meniscus, each covering approximately one third of the 

meniscus width (i.e., the red zone, the red-white zone, and the white zone, approximately 

corresponding to the variation in vascularization for healthy menisci). The ROIs were 

summed together to cover either the whole meniscus width or only the red and the red-white 

zones (i.e., the outer two-thirds). The ROIs covering only two-thirds of the meniscus width 

were used for comparisons with the medial OA menisci, where most of the inner third (white 

zone) was typically missing. The reason for this was to ensure that the comparison would be 

made as much as possible between the same type of tissue across samples. An example 
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image of the ROIs drawn in a reference meniscus and in a medial OA meniscus can be found 

in the supplemental material (Supplemental material Fig. 1).

Statistical analysis

Descriptive data for continuous variables are given as means and standard deviations (SD).

Potential associations of age, sex and body mass index (BMI) with relaxation times were 

investigated within the medial reference group using simple linear regression.

For the unpaired data (comparisons of OA menisci with references), the difference in means 

with 95 % confidence intervals (CI) were estimated both with and without adjustment for 

age using multiple linear regression. The normality and homoscedasticity of regression 

residuals were checked using residual plots.

For comparison of medial and lateral menisci within the same knee we calculated the mean 

of within-person differences with its 95 % CI (i.e., mean and CIs corresponding to a paired 

Student's t-test) without the need for adjustment. For the reference menisci, to be able to do 

a paired analysis, the two medial menisci corresponding to the excluded damaged lateral 

menisci were also excluded for this comparison.

Results

The mean values and SD of mean T2* were 13 (4) ms, 6.9 (2.3) ms, 7.2 (1.9) ms and 7.2 

(1.7) ms for the posterior horn of medial OA, lateral OA and the medial and lateral reference 

menisci, respectively (Fig. 2). These values were calculated for ROIs covering the whole 

meniscus cross-section for the degenerated medial OA menisci and the outer two-thirds of 

the intact menisci (lateral OA and reference menisci). Corresponding values for T2 were 17 

(4) ms, 9.0 (2.2) ms, 12 (4) ms and 9.0 (1.3) ms and for T1, 1810 (150) ms, 1630 (30) ms, 

1580 (90) ms and 1560 (50) ms, respectively. An example of a high resolution UTE image, 

as well as a T2*, a T2 and a T1 map for one of the medial reference menisci is presented in 

Fig. 3.

Within the medial reference group, the estimated difference in relaxation times per year of 

age with 95% CI was 0.069 (−0.0032, 0.14) ms/year for T2*, 0.093 (−0.065, 0.25) ms/year 

for T2 and 3.3 (0.0, 6.5) ms/year for T1, indicating that higher age could be associated with 

longer relaxation times in the medial meniscus. However, the same tendency is not seen 

among lateral reference menisci (Fig. 4). Sex and BMI of the donor did not substantially 

associate with the relaxation parameters among reference menisci. The mean difference in 

relaxation times between the posterior horn of female and male medial menisci was 0.96 

(−2.0, 4.0) ms for T2*, 1.1 (−4.7, 7.0) ms for T2 and 62 (−71.8, 196) ms for T1. For BMI, 

the mean differences in T2*, T2 and T1 per kg m−2 were −0.055 (−0.26, 0.16) ms kg−1m2, 

0.058 (−0.35, 0.46) ms kg−1m2 and -4.9 (−14, 4.1) ms kg−1m2, respectively.

Visual inspection of the parameter maps generally indicated longer relaxation times in the 

posterior horn of medial OA menisci than in the other three groups (example T2* maps in 

Fig. 5). For T2* the difference in mean with 95 % CI was 5.8 (3.0, 8.6) ms when comparing 

medial OA menisci with medial reference menisci. The mean difference was about the same 
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when comparing T2* values of medial menisci with lateral menisci from the same knees 

(6.1 (2.9, 9.3) ms). The mean difference in relaxation time was very small when comparing 

medial and lateral menisci from references, 0.74 (−2.34, 0.86) ms for T2*. Similar results 

were seen for T2 and T1 (Table II).

The relaxation times of the posterior horn from lateral OA menisci and references were more 

similar compared to each other than compared to the medial OA menisci, especially for T2*, 

where the difference in mean was very small and the 95 % CI was almost symmetric around 

zero. The results remained essentially the same after adjustment for age (Table II).

The comparison of mean relaxation times between the red, the red-white and the white zones 

of the reference menisci suggested no obvious relationships between relaxation values and 

zone (Fig. 6). Mean (SD) T2* values for the red, the red-white and the white zone in medial 

reference menisci were 8.0 (1.9) ms, 5.9 (2.1) ms and 7.4 (3.4) ms, respectively. The 

corresponding T2 values were 13 (5) ms, 8.9 (2.5) ms and 10 (4) ms, and the T1 values were 

1590 (100) ms, 1560 (100) ms and 1660 (190) ms, respectively. Similar results were found 

for the lateral OA and lateral reference menisci (see Supplemental material Table 1).

Discussion

We evaluated MR relaxation parameters in the posterior horn of ex vivo human menisci 

using an ultra-high field MRI system. In general, we found longer relaxation times in medial 

menisci from medial compartment knee OA patients compared to reference medial menisci 

as well as to the contralateral (lateral) menisci from the same OA knees. We also noted a 

tendency of increasing relaxation times with increasing age in our medial reference menisci.

Compared to relaxation times of ex vivo normal menisci reported by others, our UTE-T2* 

values were somewhat higher, 7 ms compared to about 5 ms in previous studies10, 14, 15, 

while our T2 values were lower (10 compared to 20 ms). T1 values were substantially higher 

in our study, which was expected as a result of the higher field strength, 9.4 T, compared to 

most previous studies conducted at 3 T. The higher field strength and the variation in 

imaging protocols (that could especially affect T2*) makes comparisons between studies 

difficult. A reason for the longer T2* could for example be a more effective shimming (more 

homogeneous magnetic field) of the small sample in a preclinical scanner compared to a 

human scanner. It could also be due to the higher spatial resolution, because inhomogeneity 

within a voxel will be smaller when the voxel size decreases. The difference in measured T2 

in our study compared to earlier ex vivo studies of the meniscus could be due to the shorter 

first echo time of the T2 mapping sequence we used (4.7 ms compared to 10.4 ms or 13.6 

ms in previous studies). This illustrates the possible unreliability of the classic T2 mapping 

approach for the meniscus.

The donors of the reference menisci examined in this study had a larger age distribution, 

including both younger and older subjects, compared to the TKR patients. In the former 

group, we noted a tendency for an age dependence of relaxation times in the medial 

meniscus, mainly for T1 (Fig. 4). Others have also reported changes in meniscus relaxation 

times with age16. It seems reasonable that there are age-related changes that can be 
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considered normal, and it is important to recognize those potential changes as distinct from 

disease. That an age dependence was observed only in the medial menisci and not in the 

lateral is in agreement with an earlier publication reporting the medial meniscus to be more 

prone to degeneration than the lateral3. The difference between medial OA menisci and 

medial references remained after adjustment for age, although somewhat attenuated, and we 

therefore find it plausible that both ageing and disease are responsible for the observed 

difference in relaxation times.

Meniscus relaxation parameters have also been reported to be dependent on BMI17 and 

sex16,18. However, in our study we did not detect any such association.

Both in this and in earlier studies, increasing relaxation values with increased tissue 

degeneration have been reported. We observed an increase in relaxation time for all three 

parameters in the posterior horn of the medial OA menisci compared to the lateral OA and 

the reference menisci. This could indicate that the increase is due to an increase in water 

content, which would affect both T1 and T2, rather than a change in e.g., glycosaminoglycan 

or collagen content which would be expected to mainly affect T2. This would be in 

agreement with findings of Son et al. and Chang et al. who investigated the dependence of 

ex vivo meniscus T2 and T1ρ on glycosaminoglycan, collagen and water content1,19.

The rather large CIs of the differences in means between the meniscus groups probably 

reflect both the actual distribution of relaxation values due to different stages of 

degeneration (among references as well as patients), and uncertainty of the measurements, 

e.g., the orientation of the sample in the main magnetic field (for T2 and T2*). Also, only a 

single slice within the posterior horn of each meniscus was chosen for the evaluation of 

relaxation times. Since degeneration might vary between different parts of the meniscus, 

variation in the position of the slice analyzed (further posterior or closer to the body) may 

add to the variation within the groups. We chose to do our measurements in the posterior 

horn since it has been reported to be prone to degeneration3.

Still, our results suggest that there are differences in relaxation times between medial 

menisci from medial compartment knee OA patients and donors without knee OA, and that 

the lateral OA meniscus is more similar to both medial and lateral reference menisci than to 

the degenerated medial meniscus of the same knee. The lateral meniscus may thus 

potentially be considered an alternative to use as a within knee reference for in vivo studies 

of medial compartment OA patients. Using the lateral meniscus as reference would eliminate 

differences in knee and subject-related variables, e.g., knee alignment, age, BMI and sex, 

that otherwise might influence the results. Additionally, since in vivo medial and lateral 

menisci are imaged at the same occasion and with the same measurement parameters and 

set-up, using lateral menisci as a reference would also reduce bias from measurement-related 

variables on the resulting relaxation times.

Our findings also provide new important clues to the pathogenesis of meniscus degradation. 

All patients were selected on the basis of having bilateral knee joint replacements, this to 

increase the likelihood of systemic contributions to their OA. The hyaline cartilage in the 

lateral compartment was virtually visually unaffected (Outerbridge classification grade 0 or 
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I). Also, the rather clear difference in relaxation times seen between medial and lateral OA 

menisci was not at all seen for the references. The difference hence seems to be primarily 

related to OA and it is likely that biomechanics is a strong catalyst for meniscal degradation.

Studies of relaxation parameters within different zones of in vivo normal meniscus have 

yielded conflicting results. In some studies, results have suggested increasing T2 values 

from the inner white zone to the outer red zone16,18 but there are also studies suggesting the 

opposite, that T2 values decrease from the white to the red zone20. Similar to our findings, 

Nebelung et al. reported no significant differences between the zones for T2* in ex vivo 

menisci10. Importantly, due to the lack of blood supply, an ex vivo study is clearly not 

optimal to investigate potential differences due to varying vascularity. Also, the values from 

the white zones could be less reliable than values from the other zones due to the more 

diffuse boundary of the inner part of the meniscus towards the PBS, making drawing of the 

ROI more challenging.

No histological analysis was made in this study. Comparisons with histology grading would 

have been useful to determine whether relaxation times can also differentiate between 

different levels of meniscus degradation and to investigate the association between 

relaxation times and different histological features.

Another important limitation is that freezing of meniscus tissue could result in destruction of 

cells and alteration of the collagen structure21,22, possibly leading to increased relaxation 

times due to a larger amount of free water in the tissue. In this study both the reference and 

OA menisci were stored at −80°C prior to analysis. Although this could have an impact on 

the absolute tissue relaxation times, we expect that freezing would affect all menisci to a 

similar extent. Thus, any relative difference in relaxation times between the groups should 

probably represent underlying biological differences rather than effects of freezing.

In conclusion, T2*, T2 and T1 relaxation times in the posterior horn of medial menisci from 

medial compartment knee OA patients were longer compared to their ipsilateral (lateral) 

menisci as well as to medial and lateral reference menisci from donors without known knee 

OA. These parameters could thus be candidate imaging biomarkers of meniscus 

degeneration. However, it remains to be investigated whether the same association can be 

observed in vivo. Importantly, the lateral OA menisci were more similar to our reference 

menisci than to their respective ipsilateral counterpart. The lateral meniscus could thus 

potentially serve as a reference in future in vivo studies of meniscal degeneration for patients 

at high risk of medial compartment knee OA. We also observed a tendency towards longer 

meniscus relaxation times in the posterior horn with increasing donor age among our medial 

reference menisci.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. From the whole meniscus
(a) the posterior horn was cut out and dissected free of synovium and fat (b). The posterior 

horn was then threaded upon a straw inside a 50-ml plastic tube filled with PBS (c). The 

tube was placed in the MRI scanner with its axis parallel to the main magnetic field, 

resulting in an orientation of the meniscus similar to what would be the case for in vivo 

scanning. d) The planning of the MRI slices.
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Fig. 2. 
Relaxation times within each meniscus of the four groups, medial OA, lateral OA, medial 

reference and lateral reference menisci (shortened to med OA, lat OA, med ref and lat ref). 

The larger markers indicate mean and standard deviation within each group.
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Fig. 3. 
Example of a high resolution UTE image together with a T2*, a T2 and a T1 map of a 

medial reference meniscus. The boundary with the dark blue/black background seen in the 

right of the images is the edge of the tube.
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Fig. 4. 
Mean relaxation times for each meniscus presented as a function of subject age. Linear 

functions are fitted to the medial and lateral reference menisci data.
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Fig. 5. 
A T2* map of a) a medial OA meniscus, b) the lateral meniscus from the same OA patient as 

in a, c) a medial reference meniscus and d) the lateral meniscus from the same donor as in c.
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Fig. 6. Mean values of mean T2*, T2 and T1 calculated for the red, the red-white and the white 
zones of medial reference menisci. The larger markers indicate mean and standard deviation 
within each zone.
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Table I
Age, sex and body mass index (BMI) of the knee osteoarthritis (OA) patients and deceased 
donors (references) included in the study

Medial compartment knee OA patients Donors (without known knee OA)

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 D1 D2 D3 D4 D5 D6 D7 D8 D9 D10

Sex M F F M F M M F M F M F M F F M F F M M

Age 
[years] 72 53 60 65 60 61 67 61 75 50 49 18 52 32 61 58 74 77 43 50

BMI 
[kg 
m-2]

28.7 22.5 25.9 27.5 29.4 30.4 26.5 30.5 28.7 37.4 33 16.4 26.8 22.8 23.3 33.2 25.5 22.3 42.4 34.2

M = male; F = female.
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Table II

Difference in mean, both crude and adjusted for age differences (with 95 % CI for the adjusted data) for 

comparisons of relaxation times of the medial OA, lateral OA and the medial and lateral reference menisci 

(shortened to med OA, lat OA, med ref and lat ref)

T2* [ms] T2 [ms] T1 [ms]

Crude Adjusted 95 % CI Crude Adjusted 95 % CI Crude Adjusted 95 % CI

med OA–med ref 5.6 4.8 (1.9, 7.8) 5.9 4.7 (1.0, 8.5) 230 195 (77.3, 312)

med OA – lat OA 6.1 6.1 (2.9, 9.3) 8.4 8.4 (5.8, 11) 176 176 (76.5, 275)

lat OA – med ref –0.14 –0.53 (–2.8, 1.7) –2.3 –3.0 (–6.1, 0.17) 47.4 20.5 (–44.9, 85.8)

lat OA – lat ref 0.14 0.16 (–2.3, 2.7) 0.025 0.31 (–1.9, 2.5) 54.8 51.7 (–3.07, 107)

med ref – lat ref 0.74 0.74 (–2.3, 0.86) 1 1 (–1.4, 3.4) 11,6 11.6 (–69.9, 46,6)

95 % CI = 95 % confidence interval; ms = milliseconds.
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