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Purpose: To prospectively evaluate differences in T1� (T1 relaxation
time in the rotating frame) and T2 values in the meniscus
at magnetic resonance (MR) imaging in both patients with
varying degrees of osteoarthritis (OA) and healthy control
subjects.

Materials and
Methods:

The study was institutional review board approved and
HIPAA compliant. Written informed consent was obtained
from all subjects. T1� and T2 measurements were per-
formed at 3.0-T MR imaging in 60 subjects deemed to be
healthy (n � 23; mean age, 34.1 years � 10.0 [standard
deviation]; age range, 23–59 years), having mild OA (n �
27; mean age, 52.5 years � 10.9; age range, 32–69 years),
or having severe OA (n � 10; mean age, 61.6 years �
11.6; age range, 50–86 years). Semiautomatic segmenta-
tion was performed to generate T1� and T2 maps of the
menisci. Clinical findings were assessed by using Western
Ontario and McMaster Osteoarthritis (WOMAC) ques-
tionnaires. Differences in T1� and T2 values between the
three subject groups were calculated by using two-tailed t
tests (with P � .05 indicating significance), and receiver
operating characteristic analyses were performed. Corre-
lations of meniscal T1� and T2 values with age, cartilage-
derived T1� and T2 parameters, and WOMAC scores were
calculated.

Results: Significant differences between the three subject groups
were found: Mean T1� values were 14.7 msec � 5.5, 16.1
msec � 6.6, and 19.3 msec � 7.6 for the healthy, mild OA,
and severe OA groups, respectively. Mean T2 values were
11.4 msec � 3.9, 13.5 msec � 4.7, and 16.6 msec � 8.2
for the healthy, mild OA, and severe OA groups, respec-
tively. Correlations of meniscal T1� and T2 values with
subject age (R2 � 0.18, for correlation with T2 only),
cartilage-derived parameters (R2 � 0.14–0.29), and
WOMAC scores (R2 � 0.11–0.45) were significant.

Conclusion: Meniscal T1� and T2 values correlate with clinical findings
of OA and can be used to differentiate healthy subjects
from patients with mild or severe OA.
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Osteoarthritis (OA) is a multifacto-
rial degenerative joint disease
and is the most common form of

arthritis. The knee is the most common
site affected, with an incidence of 240
cases per 100 000 individuals a year.
The incidences of hand OA (100 cases
per 100 000 individuals annually) and
hip OA (88 cases per 100 000 individu-
als annually) follow (1). Previous stud-
ies have shown that OA leads to pro-
gressive cartilage loss, which can be
evaluated with magnetic resonance
(MR) imaging. MR sequences to evalu-
ate cartilage qualitatively (2–5) and
quantify cartilage volume (6,7) have
been developed. Loss of hyaline articu-
lar cartilage is irreversible; however,
the cartilage loss and clinical symptoms
are preceded by collagen-proteoglycan
(PG) matrix damage and elevated carti-
lage water content (8). Therefore, a
sensitive technique for detecting these
early structural and functional changes
during the early stages of OA could be
valuable for identifying the need for
early treatment, monitoring response to
treatment, and assessing efforts to pre-
vent disease progression.

Relatively recent studies have
shown the potential of MR imaging ex-
aminations, including T2 (9,10) and T1�

(T1 relaxation time in the rotating

frame) quantifications (11,12) and gad-
olinium-enhanced MR imaging of carti-
lage (13,14), to reveal changes in the
biochemical composition of hyaline car-
tilage with early OA. Although these
techniques have shown promise for
characterizing the cartilage matrix com-
position, the segmentation of hyaline
cartilage required for quantitative anal-
ysis is a cumbersome procedure that
may take several hours per knee. In ad-
dition, OA is a multisystemic disease,
the origin and progression of which are
not attributable to disease in only one
tissue, such as articular cartilage, but
rather to disease in any tissues of the
joint, including the subchondral bone,
synovium, capsule, and meniscus (15).
Thus, attention has also been focused
on the meniscus because although its
structure is similar to that of hyaline
cartilage, the segmentation is substan-
tially less challenging (16). Menisci and
hyaline cartilage contain mainly water,
collagen, and PGs. Krishnan et al (16)
used gadolinium-enhanced MR imaging
of cartilage to examine the meniscus
and correlated the results with the artic-
ular cartilage findings in patients with
OA and asymptomatic subjects. How-
ever, to our knowledge, the relationship
between OA and meniscal T1� and T2
values had not been studied. Thus, the
aim of this study was to prospectively
evaluate the differences in T1� and T2
values in the meniscus at MR imaging in
both patients with varying degrees of
OA and healthy control subjects.

Materials and Methods

Subjects and Clinical Assessment
The authors had control of the data and
information submitted for publication.
The study was performed in accordance
with the rules and regulations of the

University of California Committee for
Human Research and was Health Insur-
ance Portability and Accountability Act
compliant. Written informed consent
was obtained from all subjects. Twenty-
seven patients with mild OA, 10 pa-
tients with severe OA, and 23 healthy
control subjects (Table 1) were re-
cruited from February 2006 to April
2007.

Inclusion criteria for all subjects
were good health according to medical
history, physical examination, and clini-
cal laboratory data and the absence of
contraindications to MR imaging. Inclu-
sion criteria for the patients specifically
were mild radiographic signs of OA
without joint space narrowing (grade 1
or 2 based on Kellgren-Lawrence OA
classification system [17]) or severe ra-
diographic signs of OA with joint space
narrowing (Kellgren-Lawrence grade 3
or 4). For inclusion, subjects also had to
have clinical symptoms of knee OA,
such as frequent or chronic knee pain
and limited function as assessed by us-
ing medical history and physical exami-
nation (18). Control subjects were in-
cluded if they had no clinical evidence of

Published online
10.1148/radiol.2492071870

Radiology 2008; 249:591–600

Abbreviations:
AZ � area under receiver operating characteristic curve
CV � coefficient of variation
OA � osteoarthritis
PG � proteoglycan
SPGR � spoiled gradient echo
T1� � T1 relaxation time in rotating frame
WOMAC � Western Ontario and McMaster Osteoarthritis
WORMS � whole-organ MR imaging score

Author contributions:
Guarantors of integrity of entire study, S.M., T.M.L.; study
concepts/study design or data acquisition or data analy-
sis/interpretation, all authors; manuscript drafting or
manuscript revision for important intellectual content, all
authors; manuscript final version approval, all authors;
literature research, I.R., T.M.L.; clinical studies, A.L.,
T.M.L.; statistical analysis, I.R., M.B.H., S.M., T.M.L.; and
manuscript editing, I.R., R.S., X.L., M.B.H., A.L., S.M.,
T.M.L.

Funding:
This research was funded by the National Institutes of
Health (grant R01 AR46905).

Authors stated no financial relationship to disclose.

Advances in Knowledge

� Calculated MR-based T1� (T1 re-
laxation time in the rotating
frame) and T2 values in the me-
nisci enabled the differentiation of
healthy subjects from patients
with mild or severe osteoarthri-
tis (OA).

� While in the fibrocartilage of the
menisci, T2 measurements are
better for differentiating healthy
subjects from individuals with
mild or severe OA, in the hyaline
cartilage, T1� performs better in
the differentiation of the three
subject groups.

� The matrix parameters T1� and
T2 in the menisci correlate with
clinical symptoms based on West-
ern Ontario and McMaster Osteo-
arthritis scores.

Implication for Patient Care

� Calculated T1� and T2 values in
the menisci have the potential to
be used as biomarkers for diag-
nosing early OA—the disease
stage when potential therapeutic
interventions may be most useful.
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knee OA, were examined by a sports
medicine physician and found to have
intact joint function with full strength,
and had no history of chronic or fre-
quent knee pain. Exclusion criteria
were inflammatory arthritis and knee
OA secondary to other causes (ie, acute
or chronic infection, previous surgery,
or previous fracture). All subjects com-
pleted a standardized clinical WOMAC
questionnaire for measuring the de-
grees of pain, functional impairment,
and stiffness on a five-point scale (no,
slight, moderate, severe, or extreme)
before undergoing MR imaging (19).

Imaging Techniques
We obtained anteroposterior radio-
graphs of the knee in the standing posi-
tion in all patients with OA to determine
the Kellgren-Lawrence grade. MR imag-
ing of the most severely affected knee
joint in the patients with OA and of the
dominant knee joint in the control sub-
jects was performed by using a 3.0-T
system (Signa; GE Medical Systems,
Milwaukee, Wis) and a dedicated knee
coil (Clinical MR Solutions, Brookfield,
Wis). The dominant knee was identified
by asking the control subject which leg
he or she would use to kick a ball.

The morphology of the cartilage and
other knee structures and the integrity of
the meniscus were assessed by using a
sagittal fat-saturated intermediate-
weighted fast spin-echo sequence
(4300/51 [repetition time msec/echo
time msec], echo train length of nine, two
acquired signals, acquisition time of 12
minutes 42 seconds, 45 sections, 16-cm
field of view, 512 � 256 matrix, in-plane
spatial resolution of 0.293 � 0.293 mm,
2-mm section thickness, 0.5-mm inter-
section gap) and a sagittal T1-weighted
three-dimensional high-spatial-resolution
volumetric fat-suppressed spoiled gradi-
ent-echo (SPGR) sequence (20/7.5, 12°
flip angle, 512 � 512 matrix, 0.293 �
0.293-mm in-plane spatial resolution,
16-cm field of view, 0.75 acquired signal,
acquisition time of 7 minutes 37 seconds,
1-mm section thickness).

Sagittal T1� and T2 mapping se-
quences were used to assess the menis-
cal matrix. Three-dimensional T1�-
weighted images were obtained by using

spin-lock techniques and an SPGR im-
age acquisition, as previously described
in detail by Li et al (20). In short, the
sagittal three-dimensional T1�-weighted
imaging sequence consisted of two
parts: magnetization preparation for
imparting T1� contrast and an ellipti-
cally centered segmented three-dimen-
sional SPGR acquisition immediately af-
ter the T1� preparation during transient
signal evolution. The main parameters
used for this sequence were as follows:
9.3/3.7; 14-cm field of view; 256 � 192
matrix; 3-mm section thickness; re-
ceiver bandwidth of 31.25 kHz; 48
views per segment; recovery time of 1.5
seconds; spin-lock times of 0, 10, 40,
and 80 msec; and spin-lock frequency of
500 Hz. The total acquisition time was
12 minutes 42 seconds. Sagittal three-
dimensional T2 maps were acquired by
adding a nonselective T2 preparation
imaging sequence to the SPGR se-
quence used for T1� mapping and using
a repetition time of 2000 msec and echo
times of 4.1, 14.5, 25.0, and 45.9 msec.
All other prescription parameters for
the T2-weighted sequence were identi-
cal to those used for the T1� sequence,
and the total acquisition time was 10
minutes 36 seconds.

With use of the model introduced by
Collins et al (21), the estimated average
specific absorption rate achieved with
the parameters used in this study was
2.06 W/kg, which is substantially lower
than the Food and Drug Administra-
tion–mandated maximal specific ab-
sorption rate of 12 W/kg in 1 g of tissue
in the extremities averaged over 5 min-
utes.

Image Analysis
Meniscal T1� and T2 measurements.—
Meniscus segmentation was performed
by using in-house software (22) devel-
oped with Matlab (Mathworks, Natick,
Mass) and a semiautomatic technique
based on Bezier splines and edge detec-
tion. In each medial meniscus and lat-
eral meniscus, distinct regions were de-
fined and segmentation was performed
on the sagittal three-dimensional SPGR
images. The meniscal body was defined
mesially as the first section where the
anterior and posterior parts of the me-
niscus were connected and peripherally
as the last section showing the meniscus
without partial volume effects, which
were characterized by a change in the
signal intensity of the meniscus com-
pared with the signal intensity of the

Table 1

Characteristics of the Study Population

Patient Group and Characteristic Healthy Subjects Patients with Mild OA Patients with Severe OA

All patients
No. of patients 23 27 10
Age* 34.1 � 10.0 52.5 � 10.9 61.6 � 11.6
Body mass index*† 23.1 � 2.5 25.6 � 4.5 29.9 � 6.9
Total WOMAC score*† 3.3 � 7.6 24.2 � 18.8 49.3 � 19.6

Female patients
No. of patients 11 14 7
Age (y)*‡ 33.2 � 9.7 57.9 � 8.7 56.0 � 7.5
Age range (y) 26–59 41–69 50–74

Male patients
No. of patients 12 13 3
Age (y)*§ 35.0 � 10.6 46.6 � 10.2 65.7 � 18.2
Age range (y) 23–57 32–64 51–86

Note.—WOMAC � Western Ontario and McMaster Osteoarthritis.

* Mean values � standard deviations.
† There were significant differences (P � .05) in body mass index and WOMAC score between the three subject groups.
‡ There was a significant difference (P � .05) in age between the healthy female subjects and the female patients with mild
or severe OA but no significant difference in age between the female patients with mild OA and the female patients with
severe OA.
§ There was a significant difference (P � .05) in age between the male subjects in each group.
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adjacent sections. The posterior border
of the posterior horn of the lateral me-
niscus was defined by the hiatus popli-
teus. The fascicles were not included in
the analysis. The mesial and peripheral
borders separating the meniscus from
the roots and capsular ligaments were
identified on the basis of partial volume
effects and signal intensity changes:
Only those areas that had the same sig-
nal intensity as the more central aspects
of the menisci were segmented. The
vascular pedicle was not excluded from
the analysis because it could not be con-
sistently visualized or segmented.

After segmentation, the meniscus
was transformed into a three-dimen-
sional binary mask with isotropic vox-
els, and T1� and T2 maps were recon-
structed. The T1� and T2 maps were
automatically coregistered to the SPGR
images; the meniscal segmentations
were then resampled and superimposed
onto the T1� and T2 maps to define the
regions of interest for T1� and T2 as-
sessment. One observer (I.R.) per-
formed the segmentations and analyses
after undergoing 1 week of training with
experienced investigators (X.L., J.C.)
and under the supervision of an experi-
enced musculoskeletal radiologist
(T.M.L., 20 years experience in muscu-
loskeletal radiology). The segmentation
and analysis required about 30 minutes.
No menisci were excluded. Figure 1 shows
a segmented medial meniscus on an
SPGR image.

Reproducibility measurements.—Coef-
ficients of variation (CVs) were calcu-
lated to determine the reproducibility of
measurements in the entire menisci
(medial and lateral menisci combined)
and in the meniscal subregions. Three
subjects were randomly selected, and
their menisci were segmented three
times by the same investigator (I.R.).
Note that the reproducibility assess-
ment performed accounted for the vari-
ation in image analysis findings only and
not for the variable error in data acqui-
sitions.

Cartilage T1� and T2 measure-
ments.—In addition to the menisci, hya-
line articular cartilage was segmented in
the control subjects and patients with
mild OA by using the same software and
semiautomatic technique (22). The ar-
ticular cartilage was segmented in six
regions: medial and lateral femora, me-
dial and lateral tibiae, patella, and
trochlea. These regions were combined
into larger units—namely, the femo-
ropatellar joint (trochlea and patella)
and the medial and lateral femorotibial
joints. Coregistration was performed as
in the meniscus.

Whole-organ MR imaging scores.—
Two experienced radiologists (T.M.L.,
R.S., 20 and 4 years experience, respec-
tively) analyzed and scored the MR im-
aging findings in the knee joint in con-
sensus by using a modified semiquanti-
tative whole-organ MR imaging score
(WORMS) (23). The WORMS was de-
veloped to semiquantitatively analyze
OA by separately grading the following
entities: articular cartilage integrity,
subarticular bone marrow abnormality,
subarticular cysts, subarticular bone at-
trition, marginal osteophytes, medial
and lateral meniscal integrity, anterior
and posterior cruciate ligament integ-
rity, medial and lateral collateral liga-
ment integrity, synovitis or effusion, in-
traarticular loose bodies, and periartic-
ular cysts or bursitis (23). Seven
compartments were analyzed: medial
and lateral tibiae, trochlea, medial and
lateral femora, and medial and lateral
patellae. These compartments were
combined into larger units—namely,
the femur, lateral-medial compartment,
tibia, patellofemoral compartment, and

all compartments combined. We used
the WORMS (23) to semiquantitatively
grade cartilage abnormalities in terms
of morphology and size and to semi-
quantitatively grade the bone marrow
edema pattern in terms of size. Menis-
cal lesions were graded morphologically
by differentiating between intrasub-
stance degeneration (grade 1), nondis-
placed tears without deformity (grade
2), tears with deformity (grade 3), and
severe destruction or maceration of the
meniscus (grade 4).

Statistical Analyses
All statistical testing was performed with
JMP, version 6, software (SAS Institute,
Cary, NC). Descriptive statistical evalua-
tion was performed, and differences in
age between the male and female study
subjects, in body mass index, and in
WOMAC scores were compared by using
standard t tests. After evaluating the
mean T1� and T2 values (with standard
deviations) for the segmented menisci,
we performed analysis of variance with
post hoc t tests and adjusted the data for
multiple comparisons by using Bonferroni
corrections. Differences were deemed to
be significant at P � .05. To account for
parameters that were significantly differ-
ent between the three groups, such as
age, we performed multivariate analysis
with stepwise forward linear regression.
Receiver operating characteristic analysis
(24) was performed to better assess the
diagnostic performance of T1� and T2
measurements in the differentiation of
the healthy versus mild OA groups be-
cause these are the most clinically rele-
vant populations and patients with severe
OA can be easily identified on the basis of
their cartilage morphology and meniscal
abnormalities. The binomial model was
fitted by using logistic regression; the dis-
criminatory power of the model was ana-
lyzed by calculating the areas under the
receiver operating characteristic curves
(Az), with corresponding 95% confidence
intervals.

The correlations between T1� and
T2 measurements and both age and
body mass index (expressed as R2 val-
ues) in the healthy subjects and the
correlations between T1� and T2 val-
ues derived from cartilage and those

Figure 1

Figure 1: SPGR MR image (20/7.5, 12° flip
angle) shows segmented anterior and posterior
horns of medial meniscus.
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derived from menisci in all subject
groups were calculated by using linear
regression analyses. R2 values were
also calculated for correlations be-
tween meniscal T1� and T2 values and
WORMS and WOMAC scores. In ad-
dition to P values, 95% confidence in-
tervals of the correlation coefficients
were generated with Fisher r to z
transformation (25).

Results

T1� and T2 Measurements in the Menisci
T1� and T2 values in the patients with OA
were increased compared with values in
the healthy subjects (Table 2). These val-
ues tended to correlate with degree of
OA. Differences in T1� and T2 values
among the three groups were significant
(P � .05) (Table 3), the only exception
being the difference in medial meniscus
T1� between the control subjects and the
patients with mild OA. Differences in T2
values between the three groups were
more significant than differences in T1�

values. Figure 2 shows representative fat-
saturated intermediate-weighted fast
spin-echo images and T1� and T2 maps
obtained in subjects from each group. Af-
ter adjustments for age in the multivariate
regression model, differences in T2 val-
ues between the groups were significant
(P � .05 for comparisons in entire menis-
cus [both menisci combined], medial me-
niscus, and anterior horns of medial and
lateral menisci), but differences in T1�

values were not. Body mass index and
WOMAC scores were found to have no
significant contribution in the multivariate
regression model.

T2 in both menisci (lateral and me-
dial menisci combined) had the high-
est diagnostic performance in differ-
entiating control subjects from pa-
tients with mild OA (Az � 0.842), and
T2 values in the medial and lateral
menisci were similar (Table 4). Com-
pared with the Az values for T2 differ-
entiation performance, the Az values
for T1� differentiation performance
were lower in every meniscal com-
partment, and T1� Az values at the
lateral meniscus were notably higher
than those at the medial meniscus.

Reproducibility Measurements
CVs were higher for T2 measurements
than for T1� measurements (Table 5),
indicating that T2 measurements may
be less reproducible. For measurement
reproducibility in the anterior and pos-
terior horns of the menisci, CVs ranged
from 3.88 (medial posterior horn T1�)
to 10.57 (lateral posterior horn T2).
The highest CVs were found in the bod-
ies of the lateral and medial menisci,
consistent with limited segmentation
due to partial volume effects in these
areas.

Relationships of Meniscal T1� and T2 with
Age, Body Mass Index, Cartilage T1� and
T2, WOMAC Score, and WORMS
Correlations of meniscal T1� and T2
with subject age and body mass index
in the healthy subjects were nonsignif-
icant in the majority of comparisons.
Only the correlation between T2 for

both menisci and age was found to be
significant (R2 � 0.18, P � .0429).

Femoral cartilage T1� and T2 values
(Table 6) correlated significantly with me-
dial and lateral meniscal T1� and T2 val-
ues (R2 � 0.22–029, P � .05) in the con-
trol subjects and patients with mild OA.
However, tibial cartilage T1� and T2 val-
ues did not show significant correlations
with meniscal values. The R2 value was
0.17 for the correlation between medial
femorotibial cartilage compartment T1�

and medial meniscal T1� and 0.24 for the
correlation between medial femorotibial
cartilage compartment T2 and medial
meniscal T2. The R2 value was 0.14 for
the correlation between lateral femo-
rotibial cartilage compartment T1� and
lateral meniscal T1� and 0.18 for the cor-
relation between lateral femorotibial car-
tilage compartment T2 and lateral menis-
cal T2 (P � .05).

The range of Az values for the differ-

Table 2

Meniscal T1� and T2 Measurements in Control Subjects and Patients with Mild or
Severe OA

Measurement and Measurement Area Control Subjects Patients with Mild OA Patients with Severe OA

T1� (msec)
Both menisci 14.7 � 5.5 16.1 � 6.6 19.3 � 7.6
Lateral meniscus 14.1 � 5.6 16.0 � 6.6 18.7 � 7.1
Medial meniscus 15.0 � 5.0 16.1 � 6.0 20.7 � 7.6

T2 (msec)
Both menisci 11.4 � 3.9 13.5 � 4.7 16.6 � 8.2
Lateral meniscus 10.8 � 4.1 13.0 � 4.8 15.9 � 7.5
Medial meniscus 11.8 � 3.5 13.9 � 4.3 18.0 � 5.3

Note.—Data are mean values � standard deviations.

Table 3

P Values for Intergroup Comparisons of T1� and T2 Values

Medial Meniscus Lateral Meniscus Both Menisci
Comparison T1� T2 T1� T2 T1� T2

Control subjects vs patients with
mild OA .2290 .0018* .0063 .0003* .0278 .0002*

Control subjects vs patients with
severe OA �.0001* �.0001* �.0001* �.0001* �.0001* �.0001*

Patients with mild OA vs patients
with severe OA .0005* �.0001* .0014 .0001* .0005* .0002*

* Significant difference (P � .05) after Bonferroni correction for multiple comparisons.
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entiation between hyaline cartilage T1�

and T2 values in healthy subjects and
those in patients with mild OA were
similar to those calculated for the me-

nisci: The highest Az values were 0.86
for femoropatellar cartilage T1� and
0.81 for medial femoral condyle carti-
lage T2. However, while in the menisci

T2 had a better performance in the dif-
ferentiation of the two groups, in the
hyaline cartilage T1� had a better differ-
entiation performance.

Figure 2

Figure 2: Representative MR images show medial meniscus in (a, d, g) a healthy subject, (b, e, h) a patient with mild OA, and (c, f, i) a patient with severe OA.
(a–c) Fast spin-echo images (4300/51) show morphology of the menisci. In a and b, the meniscus appears normal, but c shows a tear in the anterior and posterior horns
of the medial meniscus. Corresponding (d–f) T1� (in milliseconds) and (g–i) T2 (in milliseconds) color maps overlaid on SPGR images (20/7.5, 12° flip angle) clearly
show differences in the meniscal matrix among the three subjects.
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WOMAC scores were correlated with
T1� and T2 measurements (Table 7). The
highest correlations observed were
those between T2 values in the lateral
meniscus and both menisci combined
and the WOMAC parameter stiffness
(P � .05). Significant correlations
were also observed between T2 in the
lateral meniscus and both menisci
combined and the total WOMAC
score. Correlations with T2 measure-
ments were consistently higher than
correlations with T1� measurements.
However, no significant correlations
between articular cartilage T1� and T2
measurements and WOMAC scores
were demonstrated.

Comparisons of WORMS with me-
niscal T1� and T2 revealed the most
significant correlations with meniscal
abnormality: The R2 was 0.53 for the
correlations of WORMS with both me-
dial meniscal T2 and medial meniscal
T1�. Correlations with lateral menis-
cal values were substantially lower but
still significant (P � .05). In the
healthy group of 23 subjects, only two
individuals had meniscal lesions: One
subject had a grade 1 lesion at the
medial meniscus, and one had a grade
2 lesion at the lateral meniscus. In
the mild OA group of 27 patients,
seven medial meniscal abnormalities
were detected: two grade 3, two grade
2, and three grade 1 lesions. All 10
patients with severe OA had meniscal
lesions of grades higher than 1. There
were no significant differences in T1�

and T2 values between the patients
with mild OA who had meniscal le-
sions and the patients in this group
who did not have these lesions. How-
ever, the two healthy subjects with
meniscal lesions had higher T1� and
T2 values compared with the other
healthy subjects.

We observed significant correla-
tions between the WORMS for medial
joint compartment cartilage and the
T1� (R2 � 0.38) and T2 (R2 � 0.20)
values in the medial meniscus (P �
.05) and between lateral joint com-
partment cartilage WORMS and lat-
eral meniscal T2 (R2 � 0.15, P � .05).
In addition, the WORMS for bone
marrow edema pattern correlated

mildly but significantly with T2
(R2 � 0.30) and T1� (R2 � 0.11) values
in both menisci combined (P � .05).

Discussion

Our study results indicate significant
differences in meniscal T1� and T2 val-
ues between healthy subjects, patients
with mild OA, and patients with se-
vere OA. These differences most likely
reflect degeneration within the matrix
of the menisci. An interesting finding
was that in the menisci, T2 values
were more useful than T1� values for
differentiating the subject groups, but
in the articular cartilage, T1� values
were more useful for this differentia-
tion. These meniscal matrix measure-
ments correlated significantly with the
clinical findings determined by using
WOMAC scores.

To our knowledge, only one study of
MR-based meniscal matrix measure-
ments has been published previously:
Krishnan et al (16) analyzed the T1 of
gadolinium-based contrast material in
the meniscus and the relationship be-
tween this parameter and the T1 of de-
layed gadolinium-based contrast mate-
rial in the articular cartilage at gadolini-
um-enhanced MR imaging of cartilage
data sets. Their study results showed
that the T1 in the meniscus correlated
significantly with that in the articular
cartilage, potentially demonstrating as-
sociated degenerative processes in the
knee joint. Mild yet significant correla-
tions between meniscal and cartilage

T1� and T2 values were also observed in
our study.

Although hyaline cartilage has a PG
concentration of 5%–10%, the concen-

Table 4

Az Values for Differentiation between Control Subjects and Patients with Mild OA
Based on Meniscal T1� and T2 Measurements

Measurement Area T1� T2

Both menisci 0.677 (0.524, 0.830) 0.842 (0.730, 0.954)
Lateral meniscus 0.758 (0.620, 0.897) 0.820 (0.699, 0940)

Anterior horn 0.640 (0.480, 0.800) 0.766 (0.631, 0.901)
Body 0.767 (0.625, 0.910) 0.802 (0.674, 0.931)
Posterior horn 0.741 (0.596, 0.886) 0.760 (0.627, 0.893)

Medial meniscus 0.579 (0.419, 0.741) 0.813 (0.693, 0.933)
Anterior horn 0.601 (0.442, 0.759) 0.784 (0.654, 0.915)
Body 0.549 (0.371, 0.726) 0.804 (0.662, 0.947)
Posterior horn 0.547 (0.381, 0.711) 0.763 (0.624, 0.903)

Note.—Data are Az values, with 95% confidence intervals in parentheses.

Table 5

CVs for Reproducibility of T1� and T2
Measurements in Menisci and
Meniscal Subregions

Measurement Area CV (%)

Both menisci
T1� 3.61
T2 4.73

Lateral meniscus
T1� 4.99
T2 7.83

Medial meniscus
T1� 3.71
T2 4.55

Lateral meniscus, anterior horn
T1� 5.23
T2 8.91

Lateral meniscus, body
T1� 13.36
T2 6.45

Lateral meniscus, posterior horn
T1� 7.43
T2 10.57

Medial meniscus, anterior horn
T1� 6.08
T2 7.44

Medial meniscus, body
T1� 5.96
T2 13.71

Medial meniscus, posterior horn
T1� 3.88
T2 9.35
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tration of PG in the meniscus is compar-
atively low: 1%–2% (26). It has been
shown that T1� correlates highly with PG
content in the cartilage (27). Since loss of
PG is the initiating event in early OA, and
given the fact that neither the content nor
the type of collagen in the cartilage is
modified during early OA (28), the T1�

parameter appears to be well suited for
differentiating patients with early OA
from healthy control subjects.

On the other hand, T2 is sensitive to

interactions between water molecules
and the macromolecular concentration
and structure of the extracellular matrix
(29–31), especially such interactions
based on the content, orientation, and
anisotropy of collagen (32,33). The cor-
relation of T2 with PG, however, re-
mains controversial. Although Watrin-
Pinzano et al (34) found significantly in-
creased T2 with hyaluronidase-induced
PG degeneration, in other studies, the
depletion of PG had little influence on

T2 (31,35,36). Compared with articular
cartilage, which has a type 2 collagen
concentration of 10%–20%, the menis-
cus has a higher type 1 collagen concen-
tration: 15%–25% (37). The higher col-
lagen concentration in the meniscus
may in part also explain the lower me-
niscal T2 values compared with the car-
tilage T2 values.

The factors that contribute to T1�

changes in the meniscus are not clear
and need further investigation. In carti-
lage, changes in collagen and hydration
may affect T1�. However, even with the
current spin-lock frequency (500 Hz) of
clinical MR imagers, T1� values are ap-
proximately 30% higher than T2 values
in cartilage and approximately 20%
higher in the menisci. Spin locking re-
duces dipolar interaction, which domi-
nates T2 relaxation. Previous study
findings have suggested that chemical
exchanges between bulk water and the
hydroxyl and amine groups of PG may
be important relaxation mechanisms for
T1� in articular cartilage (38). Studies
have also shown that T1� is more sensi-
tive to PG changes than is T2 in degen-
erated cartilage (39,40).

Previous study investigators have
quantified T1� and T2 measurements

Table 6

Mean Hyaline Cartilage T1� and T2 Measurements in Different Knee Compartments in
Control Subjects and Patients with Mild OA

Mean T1� (msec) Mean T2 (msec)

Compartment Control Subjects
Patients with
Mild OA P Value Control Subjects

Patients with
Mild OA P Value

Femur
Medial 39.09 41.76 .0172* 30.79 33.34 .0010*
Lateral 39.94 42.43 .0054* 31.15 32.51 .1146

Tibia
Medial 36.15 35.53 .6290 26.57 27.52 .3123
Lateral 38.03 36.94 .3879 27.52 27.86 .7662

Femoropatellar 38.78 42.85 .0011* 31.11 33.07 .1060
All compartments 38.83 41.17 .0072* 30.23 31.68 .0894

* Significant difference (P � .05) in values between the two subject groups.

Table 7

Correlations of Meniscal T1� and T2 Measurements with Total and Individual-Parameter WOMAC Scores

Both Menisci Lateral Meniscus Medial Meniscus
WOMAC Parameter T1� T2 T1� T2 T1� T2

Total score
R value 0.46 0.63 0.55 0.64 0.36 0.58
95% CI 0.234, 0.639 0.448, 0.762 0.345, 0.705 0.461, 0.768 0.117, 0.562 0.383, 0.726
P value .0006 �.0001 �.0001 �.0001 .0083 �.0001

Pain
R value 0.42 0.61 0.47 0.60 0.39 0.59
95% CI 0.186, 0.608 0.422, 0.748 0.246, 0.646 0.409, 0.741 0.152, 0.585 0.409, 0.741
P value .0011 �.0001 .0002 �.0001 .0033 �.0001

Stiffness
R value 0.47 0.65 0.57 0.67 0.37 0.60
95% CI 0.246, 0.646 0.475, 0.775 0.370, 0.719 0.502, 0.789 0.129, 0.570 0.409, 0.741
P value .0004 �.0001 �.0001 �.0001 .0052 �.0001

Function
R value 0.44 0.62 0.54 0.62 0.33 0.56
95% CI 0.210, 0.624 0.435, 0.755 0.332, 0.698 0.435, 0.755 0.084, 0.538 0.357, 0.712
P value .008 �.0001 �.0001 �.0001 .0135 �.0001

Note.—CI � confidence interval.
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in the articular cartilage of control
subjects and patients with OA and re-
ported higher T1� (11,12,38,41) and
T2 (9,42) in the cartilage of patients
with OA. A previous study in which
T1� and T2 measurement techniques
were compared revealed better re-
sults with T1� measurements (11).
However, in our study of the menis-
cus, T2 measurements yielded better
results. This might be explained by dif-
ferences in the biochemical composi-
tion of these tissues.

The changes in meniscal T1� and T2
values with increasing OA severity were
supported by significant correlations
with the WOMAC scores. The highest
such correlation observed was that with
combined T2 measurements for the lat-
eral meniscus. We find it interesting
that previous studies of the correlations
of WOMAC scores with focal cartilage
abnormalities, meniscal abnormalities,
and T2 measurements have revealed
lower R2 values (43,44). This is a com-
plex issue, and it has been hypothesized
that patients with more advanced dis-
ease, characterized by morphologic car-
tilage lesions and meniscal and ligamen-
tous abnormalities, could be treated
with pain medications and might be able
to adapt to more advanced disease (44).
Regarding MR matrix measurements of
the hyaline cartilage and meniscus, it
should be noted that an abnormal ma-
trix pattern is seen in early disease and
that, to our knowledge, the results of
only smaller-scale studies of the rela-
tionships between T2 and T1� in the
hyaline cartilage and clinical findings are
available. Clearly, larger-scale studies
are required.

Because there were gaps in age be-
tween the subject groups studied, we
used multivariate regression analysis to
study the effects of age. Interestingly,
T2 values were still significant at this
analysis, whereas no T1� values were. It
appears that T1� measurements are
substantially affected by age. Similar
findings for the hyaline cartilage were
reported in a previous study (45).
Therefore, it is not entirely clear
whether T1� measurements are related
to the aging process, regardless of the
presence of OA; however, it is difficult

to separate these issues because degen-
eration is also age related.

Receiver operating characteristic
analysis to assess the diagnostic perfor-
mance of T1� and T2 in the differentia-
tion between healthy and mild OA–af-
fected subjects revealed similar Az val-
ues for the menisci and articular
cartilage. Given the time-consuming
segmentation of the articular carti-
lage—it may take 2–4 hours for a whole
knee joint—meniscal matrix character-
ization, which involves a segmentation
time of about 20 minutes, has the poten-
tial to serve as an alternative technique.
However, given the limited sample size
and the lack of hypothesis testing of
equivalence in this study, further inves-
tigation is required.

In our study, we analyzed the entire
meniscus without considering zonal
variations. This may have been a limita-
tion, and future cadaver studies will be
required to analyze T1� and T2 values in
the anatomic subregions of the menisci.
In addition, the CVs in our study were
relatively high and thus consistent with
limited reproducibility. Only a small
number of subjects were examined, and
CVs were obtained for image analysis
and not after the subjects had under-
gone another imaging examination. The
high CVs obtained suggest that the re-
producibility was not adequate for lon-
gitudinal studies. Clearly, more auto-
mated segmentation that improves the
precision of this technique will need to
be developed.

The fat-saturated intermediate-
spin-echo sequence used for morpho-
logic imaging in our study represents a
compromise approach applied to
achieve good visualization of the car-
tilage morphology, bone marrow, lig-
aments, and menisci. The use of addi-
tional intermediate-weighted se-
quences has been suggested for
visualization of meniscal abnormali-
ties, but owing to time constraints,
only one morphologic sequence was
possible. However, we did use a sec-
tion thickness of 2 mm and had an
increased signal-to-noise ratio with
3.0-T imaging (as opposed to the sig-
nal-to-noise ratio at routine 1.5-T im-
aging), potentially improving the visu-

alization of meniscal abnormalities
compared with the visualization at
standard MR imaging.

There also may be concern that
the identification of a correlation of
meniscal T1� and T2 measurements
with early OA does not mean that
these measurements represent a more
sensitive indicator of OA than cur-
rently used indicators. However, our
findings show that this is a feasible
technique. The fact that meniscal mea-
surements correlated with WOMAC
scores—although this has not been
shown previously for morphologic
markers of OA (44) or for cartilage
T1� and T2 measurements—suggests
that this technique may be suited for
enabling a better understanding of the
clinical symptoms related to OA.

In rheumatologic studies, the es-
tablished reference standards for
identifying and grading findings in pa-
tients with OA are clinical findings and
Kellgren-Lawrence grades. In time,
these may be replaced by semiquanti-
tative and quantitative MR-based bio-
markers.

This study is a first step in an ongo-
ing investigation of the relationship be-
tween OA progression and T1� and T2
measurements. Before these measure-
ments are implemented clinically they
need to be validated, and one of the
steps in the validation process is to
show that different measurements are
obtained in subjects with different
grades of OA. The long-term goal is to
be able to identify early matrix changes
of the menisci and cartilage that indi-
cate increased risk for OA in these sub-
jects and monitor new therapies that
prevent OA. Thus, these measurements
may have a substantial effect on OA pre-
vention.

In conclusion, the results of this
study demonstrate that meniscal matrix
measurements, T2 values in particular,
may be used to differentiate healthy
subjects from individuals with early OA.
Matrix measurements increased consis-
tently with higher OA grade. In addi-
tion, significant correlations between
matrix measurements in the meniscus
and clinical scores were found; how-
ever, these correlations involving the
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same parameters were not significant in
the hyaline cartilage.
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