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T1rho, T2 and focal knee cartilage

abnormalities in physically active

and sedentary healthy subjects versus early

OA patients—a 3.0-Tesla MRI study

Abstract (1) To assess the degree of
focal cartilage abnormalities in physi-
cally active and sedentary healthy
subjects as well as in patients with
early osteoarthritis (OA). (2) To de-
termine the diagnostic value of T2 and
T1rho measurements in identifying
asymptomatic physically active sub-
jects with focal cartilage lesions.
Thirteen asymptomatic physically ac-
tive subjects, 7 asymptomatic seden-
tary subjects, and 17 patients with
mild OA underwent 3.0-T MRI of the
knee joint. T1rho and T2 values,
cartilage volume and thickness, as
well as the WORMS scores were
obtained. Nine out of 13 active healthy
subjects had focal cartilage abnorm-

alities. T1rho and T2 values in active
subjects with and without focal carti-
lage abnormalities differed signifi-
cantly (p<0.05). T1rho and T2 values
were significantly higher (p<0.05) in
early OA patients compared to healthy
subjects. T1rho measurements were
superior to T2 in differentiating OA
patients from healthy subjects, yet
T1rho was moderately age-dependent.
(1) Active subjects showed a high
prevalence of focal cartilage abnor-
malities and (2) active subjects with
and without focal cartilage abnormal-
ities had different T1rho and T2
composition of cartilage. Thus, T1rho
and T2 could be a parameter suited to
identify active healthy subjects at
higher risk for developing cartilage
pathology.
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Introduction

It is anticipated that by the year 2020 an estimated 18% of
the population in the US will be affected by osteoarthritis
(OA) [1]. It is the most common joint disease and the
second most common cause of long-term chronic disability
among subjects over the age of 50 [2]. Therefore, it is
associated with substantial cost to the individual and the
society [3].

Improved treatment options like cartilage resurfacing
procedures and disease-modifying drugs require the de-

velopment of non-invasive techniques that allow early
diagnosis of OA [4, 5]. Additionally, it is most likely that
patients benefit from the early identification of significant
risk factors.

Magnetic resonance imaging (MRI) is the most
important noninvasive diagnostic technique for the assess-
ment of cartilage. Up to now clinical MRI has focused
mostly on the visualization of the advanced disease [6, 7].
With the development of MR sequences, which best
delineate the cartilage from the surrounding tissue, it has
also become possible to quantify cartilage morphology:
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loss of volume and average thickness could be demonstra-
ted during the progress of OA [8, 9]. However, since
cartilage does not regenerate and cartilage loss is irrevers-
ible, it is crucial to diagnose degeneration before cartilage
loss occurs. Early events in the development of cartilage
matrix breakdown are the loss of proteoglycans (PG),
changes in water content, and molecular level changes
in collagen [10]. Recently, high-field MRI imaging tech-
niques at 3.0 T have been introduced that improve visualiza-
tion of subtle cartilage morphologic changes [11, 12].
Additionally, MR-based methods like delayed gadolinium-
enhanced MRI of cartilage (dGEMRIC, [13]) or T1rho and
T2 relaxation times are currently being established to quan-
tify cartilage matrix composition regarding PG concentration
and collagen integrity.

T1rho and T2 are parameters describing different MR
relaxation mechanisms, but both are suited to probe slow
motion of water protons.

T2 is spin-spin relaxation related with the energy changes
between proton spins themselves. It reflects the ability of free
water protonmolecules tomove and to exchange energy. The
estimation of cartilage T2 relaxation times is sensitive to a
wide range of water interactions in tissue including macro-
molecular concentration [14–17], structure of the macro-
molecules [18], and bulk organization of the extracellular
matrix [19]. In particular, it therefore also depends on the
content, orientation, and anisotropy of collagen [20, 21].
Consequently, findings from several studies indicate higher
T2 relaxation times in cartilage of OA patients compared to
healthy controls [22–24], and there is evidence that they are
correlated with the severity of the disease [25, 26].

T1rho describes the spin-lattice relaxation in the rotating
frame [27]. It is related with the energy changes between
proton spins and the environment. T1rho measurements
can be used to probe the slow motion interactions between
motion-restricted water molecules and their local macro-
molecular environment [28]. The extracellular matrix in the
articular cartilage provides a motion-restricted environ-
ment to water molecules. Changes to the extracellular
matrix, such as PG loss, may be reflected in altered T1rho
values. Therefore, in vitro studies showed correlations
between changes in PG and T1rho [29–31] and between
changes in T1rho and mechanical properties of bovine
cartilage explants [32]. In vivo studies showed increased
cartilage T1rho values in OA subjects compared to controls
[33–35], which reflects the potential for T1rho imaging for
non-invasive evaluation of diseased cartilage.

Many sports are associated with a potential risk for long-
term sequelae, such as joint degeneration related to a high
mechanical stress [22]. Chronic increased joint load can
cause damage and degeneration of the joint structures that
initiate or accelerate OA [36]. Consequently, studies have
shown that subjects engaged in certain professional sports
have an accelerated course of this disease [37, 38].
However, little is known how vigorous recreational activity
reflects joint function.

The aims of our study were therefore (1) to examine
MR-based parameters of the biochemical cartilage matrix
composition of the knee joint by determining T1rho and
T2 values in physically active and sedentary healthy
subjects as well as in patients with early OA, (2) to assess
the prevalence and degree of focal cartilage abnormalities
in these groups, and (3) to determine the diagnostic value
of T2 and T1rho measurements in identifying asymp-
tomatic physically active subjects with focal cartilage
abnormalities.

Materials and methods

Patients and clinical assessment

Seventeen patients with mild osteoarthritis (OA) (54.00±
9.98 years, 8 male, 9 female) and 20 healthy controls
(33.65±9.44 years, 10 male, 10 female) were recruited for
the study. Inclusion criteria for all subjects were good
health by medical history, physical examination, and
clinical laboratories, as well as no contraindications for
the use of MRI. Additional inclusion criteria for the
patients were mild radiographic signs of OA [grade 1–2
based on the Kellgren-Lawrence (KL) score [39]] and
clinical symptoms of knee OA (according to the ACR
criteria [40]). Patients with inflammatory arthritis were
excluded and also those with knee OA secondary to other
causes (acute or chronic infection, metabolic abnormalities,
previous surgery or history of intra-articular fracture).

Controls had no clinical evidence of knee OA. They
were classified into a physically ‘sedentary’ control group
and into a physically ‘active’ control group by use of the
Tegner score [41]. The Tegner activity level score is a
quantitative grading method, which was originally de-
veloped to document activity levels of patients with
anterior cruciate ligament insufficiency. It reflects the
amount of biomechanical loading on the knee joint. The
amount of physical activity is rated numerically on a scale
from 0 to 10. Lowest values are assigned to subjects who
are disabled (score 0) or only able to perform sedentary
work (score 1) because of knee problems. Participation in
national or international contact sports yields the highest
score of 10 points. Seven subjects were assigned to the
‘sedentary’ group (range of Tegner score 1–5, 35.43±
10.66 years, 4 male, 3 female); the remaining 13 subjects
formed the ‘active’ group (range of Tegner score 6–10,
32.69±9.02 years, 6 male, 7 female, performing recrea-
tional sports like long-distance running, biking, skiing,
hiking). Given the assignement criteria, the Tegner score
in active controls [median value (25th percentile, 75th
percentile): 6 (6, 6)] was significantly higher (p<0.001)
than in sedentary controls [4 (4, 5)]. The average duration
of regular physical exercise was 13.6±8.41 years in the
active group. Sedentary controls had a mean sedentary
life style of 16.3±10.16 years.
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A standardized questionnaire (Western Ontario and
McMaster Universities Pain, Stiffness, and Physical Func-
tion scales, WOMAC) for measuring the degree of pain,
functional impairment, and stiffness in all subjects through
a 5-point scale (none, slight, moderate, severe, and
extreme) was received before the MRI examination [42].
Written informed consent was obtained from all subjects
after the nature of the examinations had been fully
explained. All MR examinations were performed in
accordance with the rules from the local Committee on
Human Research.

Imaging

In the OA patients, the following radiographs of the knee
were obtained to determine the Kellgren-Lawrence score: (1)
bilateral standing flexionweight-bearing view, (2) 30° flexion
lateral, and (3) bilateral patello-femoral, sunrise views.

MRI imaging of the signal knee joint in OA patients and
of the dominant knee joint in controls was performed on a
3.0-T system (Signa, GE Medical Systems, Waukesha, WI)
using a transmit/receive quadrature knee coil (Clinical MR
Solutions, Brookfield, WI).

The MRI protocol included eight pulse sequences. The
morphology of cartilage and other knee structures was
assessed with three standard sequences and three sagittal
cartilage dedicated sequences: (1) a coronal T1-weighted
fast spin echo sequence with TR/TE=667/10 ms, echo train
length of 5, matrix of 384×256, FOVof 13 cm, two signals
acquired, bandwith of 31.25 kHz, acquisition time of 6 min
32 s and section thickness of 3 mm, (2) and (3) a coronal
and axial fat-saturated intermediate-weighted fast spin-
echo sequence (IM-w FSE) with TR/TE=4,300/49 ms,
echo train length of 9, matrix of 320×256, FOVof 13 cm,
two signals acquired, bandwith of 31.25 kHz, acquisition
time of 8 min 46 s, and section thickness of 4 mm. The
cartilage dedicated sequences included: (4) a fat-saturated
IM-w FSE with the following parameters: TR/TE
4,300/51 ms, echo train length of 9, number of excitations
2 and acquisition time of 12 min 42 s, 45 sections, FOVof
16 cm (matrix 512×256) with an in-plane spatial resolution
of 0.293×0.293 mm2, a slice thickness of 2 mm, and a
section gap of 0.5 mm; (5) a T1-weighted 3D high-spatial-
resolution volumetric fat-suppressed spoiled gradient-echo
(SPGR) sequence with TR/TE 20/7.5 ms, flip angle of 12°,
matrix of 512×512, in-plane resolution of 0.293×
0.293 mm2, FOV of 16 cm, number of excitations 0.75,
acquisition time of 7 min 37 s, and slice thickness of 1 mm,
and (6) a 3D FIESTA-C (fast imaging employing steady-
state acquisition with constructive interference in steady
state, [43]) sequence. Parameters for the FIESTA-C
sequence were: TR/TE 9/4.1 ms, flip angle of 15°, matrix
size 320×320, in-plane resolution of 0.254×0.254 mm2,
slice thickness of 1 mm, FOV of 13 cm, number of
excitations 1, and acquisition time of 8 min 42 s.

The biochemical composition of the cartilage matrix was
assessed with a T1rho- and a T2-mapping sequence: multi-
slice T1rho-weighted images were obtained using spin-
lock techniques and spiral image acquisition [34]. The
acquisition parameters were as follows: 14 interleaves/
slice, 4,096 points/interleaf, FOV of 16 cm, effective in-
plane spatial resolution of 0.6×0.6 mm, slice thickness of
3 mm, skip of 1 mm, number of slices 16, TR/TE of
2,000/5.8 ms, time of spin-lock (TSL) 20/40/60/80 ms, and
a spin-lock frequency of 500 Hz. The total acquisition time
was 12 min 42 s. The T2 quantification sequence was also
based on spiral sequence [44] with TR/TE of 2,000/6.7, 12,
28, 60 ms. All other prescription parameters of the T2
sequence were the same as the T1rho sequence with a total
acquisition time of 10 min 36 s.

MRI scans were performed in one contiguous session
without removing the subject from the scanner. Measure-
mentswere conducted in themorning hours from 9 to 11 a.m.

Post processing

Cartilage segmentation was performed using in-house
software [45] developed with Matlab (Mathworks,
Natick, MA). Based on the sagittal SPGR images,
articular cartilage was segmented using a semi-automatic
technique based on Bezier splines and edge detection,
and was defined in six distinct regions: medial/lateral
tibia, trochlea, medial/lateral femur, and patella. Subse-
quently, the medial and lateral femoral condyles were
partitioned into weight-bearing and non-weight-bearing
portions as described in [46].

The above-mentioned regions were combined to larger
units: medial and lateral femoral condyles and trochlea
were summarized as “femur,” lateral (medial) tibial plateau
and lateral (medial) femoral condyle as “lateral (medial)
compartment,” lateral and medial tibial plateau as “tibia,”
trochlea and patella as “patello-femoral compartment,” and
the whole segmented cartilage of the knee joint as “all.”

Following segmentation, cartilage was transformed into a
3D binary mask with isotropic voxels by using shape-based
interpolation with distance fields. Finally, the cartilage
thickness was determined by calculating the minimum
Euclidean distance from each point on the articular surface to
the bone-cartilage interface. The average thickness was
calculated for each slice and then averaged for all the slices.
The cartilage volume was determined by multiplying the
total number of voxels encompassing the cartilage by the
actual volume of each voxel.

Studies have shown that variations in joint size have a
larger effect on cartilage volume than on cartilage thickness
[47]. Therefore, cartilage volume was normalized by
dividing it by the maximal epicondylar distance to
minimize variation due to joint size.

The T1rho maps were reconstructed by fitting the image
intensity pixel-by-pixel to the equation below using a
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Levenberg-Marquardt mono-exponential fitting algorithm
developed in-house [33]:

S TSLð Þ ¼ S0 � exp �TSL T1rho= Þ;ð

where TSL is time of spin-lock, S is the signal intensity in
T1rho-weighted image with a certain TSL, and S0 is the
signal intensity when TSL=0.

The T2 maps were reconstructed by fitting the image
intensity pixel-by-pixel to the equation:

S TEð Þ ¼ S0 � exp �TE=T2ð Þ;

where S is the signal intensity in T2-weighted image with a
certain TE, and S0 is the signal intensity when TE=0.

Both T1rho and T2 maps were automatically registered
to the SPGR images with a rigid-body registration
technique to reduce effects of knee movement. Cartilage
segmentations were then resampled and superimposed on
the T1rho and T2- maps to define the regions of interest for
T1rho and T2 assessment. Areas of partial volume effects
due to fluid and areas of cartilage lesions appeared as
visible clusters with elevated values and were manually
excluded from the respective maps.

The segmentation and analysis were performed by a
single observer (R.S.).

Assessment of focal cartilage abnormalities

Pathologic findings at the knee joint were analyzed using a
modified WORMS score [48] by two radiologists (TML
and RS with 19 and 5 years’ experience in musculoskeletal
imaging, respectively) in a consensus reading. They
incorporated all MRI sequences except the T1rho- and
T2-mapping sequences. Since the original WORMS score
was developed for knees with osteoarthritic changes and
we expected at the most only mild degenerative changes in
our control subjects, the 15 previously described compart-
ments were merged to a total of 7 compartments: the medial
and lateral tibia, trochlea, medial and lateral femur, as well
as medial and lateral patella. Flattening or depression of the
articular surfaces were not evaluated. The scoring of
cartilage signal and morphology, marginal osteophytes,
medial and lateral meniscal integrity, synovitis/effusion,
intra-articular loose bodies and peri-articular cysts/bursitis,
anterior and posterior cruciate ligament integrity, as well as
medial and lateral collateral ligament integrity were
performed as suggested by the original WORMS score.
To characterize the extent of the regional involvement of
bone marrow edema and subchondral cysts, the original
partitions of the femoral condyles and tibial plateaus in
anterior, central, and posterior regions were used. Any
other lesions not included in a WORMS category score

were also noted. The seven above-mentioned compart-
ments were combined to larger units similiar to those used
during the segmentation process (femur, lateral/medial
compartment, tibia, patello-femoral compartment, all).

Statistical analysis

Data were initially assessed for normality with the
Kolmogorov-Smirnov test. On the basis of these results,
we decided to use parametric procedures to compare age,
body-mass index (BMI), T1rho and T2 values, as well as
cartilage thickness and volume among the three groups of
participants. A one-way analysis of variance (ANOVA) and
Scheffé post hoc comparisons were used to test for equality
of mean values in each data group.

Inter-group differences in WORMS and WOMAC
scores as well as in MRI-derived cartilage matrix
composition parameters among active subjects with carti-
lage lesions, active subjects without cartilage lesions, and
sedentary subjects were tested with the Kruskal-Wallis test.
When statistically significant differences occurred, single
posttest comparisons were performed by using the Mann-
Whitney U test with Bonferroni correction for multiple
comparisons.

The differences in morphological features (WORMS
score, cartilage volume, and thickness) between OA
patients and healthy asymptomatic subjects were addition-
ally analyzed by combining active and sedentary subjects
to one group.

Pearson correlation analysis was employed to examine
the correlation of T1rho-/T2 values with age, cartilage
volumes, and cartilage thickness within and across the
three subject groups. Correlations between T1rho/T2
values and Tegner, WOMAC, and WORMS scores were
performed across all subjects and within the studied groups
with the Spearman rank correlation coefficient.

All evaluations were performed with the SPSS statistical
package (version 14; SPSS, Chicago, IL). A level of
significance of P<0.05 for comparative measurements was
used throughout the study.

Results

Patient characteristics and clinical parameters of OA

Table 1 shows the baseline characteristics of all subjects.
While sedentary and active controls did not show signif-
icant differences concerning age (p>0.01), mild OA
patients were significantly older than both control groups
(p<0.05). Weight and body mass indexes (BMI) were not
different between the groups. No significant differences in
WOMAC scores were found between active and sedentary
controls (p>0.05). Mild OA patients had significantly
higher (p<0.001) values in the WOMAC total score as well
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as in the WOMAC subscores than active controls.
Compared to sedentary controls they had significantly
higher (p<0.05) WOMAC total scores and WOMAC
functionality subscores.

T1rho relaxation time

Mild OA patients had significantly higher (p<0.05) T1rho
relaxation times than both control groups in the femoral
compartment, particularly in the non-weight bearing parts
of the lateral femur condyle, in the trochlea, in the patello-
femoral compartment, and in the overall whole cartilage
(Table 2).

Active controls presented with significantly lower (p<
0.05) values in the patella thanmild OA patients. Inter-group
comparison indicated that at this location also sedentary
controls showed a tendency for lower T1rho values thanmild
OA patients. However, this observation was not significant
when assessed with post-hoc comparison. No significant
differences in T1rho relaxation time were found between
active and sedentary controls (p>0.05).

T2 relaxation time

Mild OA patients exhibited significantly higher (p<0.05)
T2 relaxation times in the weight-bearing parts and in the
non-weight-bearing parts of the medial femur condyle than
active and sedentary control subjects (Table 3). Therefore,
they also had significantly higher (p<0.05) T2 values in the
medial compartment. Again no significant differences were
found between active and sedentary controls.

Cartilage morphometry

Applying the analysis of variance, sedentary controls
showed a trend (p=0.035) for higher average cartilage
volume (1.84±0.42 cm3) in the medial tibia plateau than
mild OA patients (1.43±0.43 cm3) and active controls
(1.41±0.26 cm3). However, this did not remain significant
in the post-hoc inter-group comparison. No differences in
cartilage volume between the studied groups could be
observed in the remaining compartments. The mean values
of the whole knee cartilage were 17.29±4.31 cm3 for mild

Table 1 Subject characteristics: BMI: body mass index

Subjects P-values

Sedentary Active Mild OA Active vs.
sedentary

Mild OA vs.
sedentary

Mild OA vs.
active

N 7 13 17

Age [years] 1) 35.4±10.7 32.7±9.0 54.0±10.0 0.838 0.001 <0.001

Weight [kg] 72.7±9.7 70.1±12.2 74.1±15.2 0.919 0.976 0.735

BMI 23.6±2.8 21.4±7.1 23.6±7.1 0.788 0.999 0.670

Kellgren-Lawrence grade [n]:

Grade 0 7 13 0

Grade 1 0 0 7

Grade 2 0 0 10

Tegner score [n]:

Score 3: 1 0 N/A

Score 4: 3 0 N/A

Score 5: 3 0 N/A

Score 6: 0 12 N/A

Score 7: 0 1 N/A

WOMAC Osteoarthritis index:

Pain 2) 0 (0; 6) 0 (0; 0) 4 (1.5; 7) 0.438 0.065 <0.001

Stiffness 3) 0 (0; 3) 0 (0; 0) 2 (0.5; 4) 0.536 0.147 <0.001

Function 4) 0 (0; 7) 0 (0; 0) 20 (4.5; 26) 0.438 0.013 <0.001

Total 5) 0 (0; 19) 0 (0; 0) 26 (7.5; 36.5) 0.536 0.013 <0.001

Significant intergroup differences in ANOVA: p<0.001 1)

Significant intergroup differences in Kruskal-Wallis analysis: p<0.001 2), p=0.002 3), p<0.001 4), p<0.001 5)

Age, weight, and BMI values are reported as means ± standard deviations. WOMAC scores are median values; data in parentheses are 25th
and 75th percentiles. P-values in bold indicate significant group differences in post-hoc comparisons on the 5% level of significance. N/A:
not applicable
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OA patients, 18.87±5.98 cm3 for sendentary controls, and
17.46±2.92 cm3 for active controls.

Comparison of cartilage thickness did not reveal any
significant inter-group differences: the average values for
the whole knee were 1.73±0.36 mm for sedentary controls,

1.70±0.20 mm for active controls, and 1.65±0.29 mm for
mild OA patients. Combining active and sedentary subjects
to one group of healthy subjects, there was an average
cartilage volume of 17.95±4.14 cm3 and an average
cartilage thickness of 1.71±0.25 mm in the whole knee.

Table 2 T1rho values (in ms, mean ± SD) in the examined subject groups

Region Subjects P-values

Sedentary Active Mild OA Active vs.
sedentary

Mild OA vs.
sedentary

Mild OA vs.
active

Femur (total) 1) 39.8±2.7 40.1±1.9 42.6±2.5 0.800 0.016 0.025

Lateral condyle (weight-bearing) 36.9±2.1 38.0±2.6 39.4±2.8 0.685 0.126 0.364

Lateral condyle (non-weight-bearing) 2) 40.5±3.5 40.9±2.2 44.0±3.1 0.827 0.040 0.028

Medial condyle (weight-bearing) 36.5±3.4 37.7±2.1 39.6±4.9 0.814 0.219 0.409

Medial condyle (non-weight-bearing) 40.6±3.0 40.1±2.2 42.9±4.5 0.964 0.372 0.129

Tibia (total) 36.4±2.2 37.7±3.2 36.3±3.9 0.702 >0.99 0.544

Lateral plateau 36.9±2.0 38.6±4.5 36.9±3.7 0.673 >0.99 0.506

Medial plateau 35.6±4.2 36.5±2.1 35.5±4.8 0.896 >0.99 0.816

Lateral compartment 38.5±2.4 39.6±2.8 40.6±2.7 0.658 0.237 0.645

Medial compartment 37.9±3.0 38.4±1.7 39.7±4.3 0.946 0.475 0.564

Trochlea 3) 40.0±4.4 40.5±2.6 43.5±2.4 0.958 0.049 0.033

Patella 4) 36.7±1.8 36.9±7.0 42.8±3.1 0.997 0.065 0.011

Patella-femoral compartment 5) 38.1±3.1 38.6±4.9 42.9±2.0 0.968 0.042 0.010

All 6) 38.5±2.2 39.0±2.7 41.5±2.2 0.849 0.030 0.032

Significant intergroup differences in ANOVA: p=0.040 1), p=0.008 2), p=0.011 3), p=0.005 4), p=0.004 5), p=0.008 6). After performing an
analysis of covariance with age as covariate, these intergroup differences are not significant on the 5% level
P-values in bold indicate significant group differences in post hoc comparisons on the 5% level of significance

Table 3 T2 values (in ms, mean ± SD) in the examined subject groups

Region Subjects p-values

Sedentary Active Mild OA Active vs.
Sedentary

Mild OA vs.
Sedentary

Mild OA vs.
Active

Femur (total) 31.3±2.2 31.5±2.3 33.2±2.7 0.984 0.245 0.192

Lateral condyle (weight-bearing) 29.2±2.9 30.1±3.7 31.2±3.0 0.819 0.375 0.655

Lateral condyle (non-weight-bearing) 31.5±2.2 32.0±2.4 33.3±2.7 0.924 0.298 0.373

Medial condyle (weight-bearing) 1) 29.0±3.4 29.7±2.5 33.7±3.8 0.926 0.034 0.012

Medial condyle (non-weight-bearing) 2) 30.7±2.4 31.3±1.8 33.8±3.0 0.896 0.035 0.049

Tibia (total) 26.7±2.3 27.4±3.6 27.7±2.6 0.900 0.781 0.963

Lateral plateau 26.8±2.8 27.9±4.1 27.9±3.1 0.781 0.785 0.999

Medial plateau 26.8±2.3 26.5±2.9 27.5±2.8 0.974 0.842 0.607

Lateral compartment 29.3±2.4 30.2±2.9 31.0±2.3 0.782 0.342 0.660

Medial compartment 3) 29.5±2.1 29.6±1.7 32.0±2.4 0.993 0.044 0.018

Trochlea 32.6±2.7 32.1±3.6 34.5±3.9 0.958 0.504 0.208

Patella 30.7±3.1 30.1±7.0 31.9±2.2 0.967 0.828 0.562

Patella-femoral compartment 31.6±2.3 30.9±5.1 33.1±2.5 0.924 0.650 0.272

All 30.1±2.0 30.3±3.0 31.7±2.4 0.991 0.407 0.345

Significant intergroup differences in ANOVA: p=0.004 1), p=0.011 2), p=0.007 3)

P-values in bold indicate significant group differences in post hoc comparisons on the 5% level of significance

137



Focal MRI pathology

Nine out of 13 subjects in the active control group and 2 out
of 7 subjects in the sedentary control group had abnormal
cartilage and/or bone marrow findings (Fig. 1). This
resulted in a trend to higher WORMS score in the active
controls compared to the sedentary controls, particularly at
the patella [median value (25th percentile, 75th percentile):
active controls: 1 (0, 1.5); sedentary controls: 0 (0, 1)].
However, due to the small patient numbers, these findings
were not statistically significant.

Combining active and sedentary subjects to a group of
healthy subjects and comparing their WORMS scores to
those of the mild OA patients, they had statistically
significant lower (p<0.05) values in the medial femur
condyle [mild OA: 0 (0, 1.5); controls 0 (0, 0)], in the
medial compartment [mild OA: 3 (1, 6); controls 0 (0, 0)],
in the trochlea [mild OA: 1 (0, 5.5); controls 0 (0, 0)], in the
patella [mild OA: 6 (2, 8.5); controls 0.5 (0, 1)], and in the
whole knee [mild OA: 7 (4.5; 19); controls 0 (0, 2)].

Cartilage matrix parameters in relation to age, clinical
parameters, and WORMS scores

The total T1rho relaxation times showed a positive
correlation with age (r=0.467, p<0.01) across all examined
subjects. Within the studied groups no significant correla-
tion between age and the T1rho relaxation times were
observed. T2 values were not correlated with age.

No significant correlations were found between T1rho/
T2 values and cartilage volumes and thickness as well as
with Tegner and WOMAC scores (p>0.05). Total T1rho
values were moderately positively correlated with the total
WORMS scores across all subjects (r=0.324, p<0.05). No

significant correlation between T1rho/T2 values and the
WORMS score was found within the subjects groups.

Cartilage matrix parameters in active subjects
with and without focal cartilage abnormalities

In an additional analysis, subjects in the active control
group were differentiated according to presence or absence
of focal cartilage abnormalities on dedicated morpholog-
ical MRI sequences. T1rho and T2 values of active subjects
without cartilage lesions (n=4) were compared to those of
subjects with cartilage lesions (n=9) in this subgroup.
Active controls with cartilage lesions demonstrated
significantly higher (p<0.05) T1rho values in the lateral
femur condyle, in the trochlea, in the lateral tibia, in the
patella and in the patello-femoral compartment, as well as
in the whole knee compared to subjects without lesions
(Figs. 2 and 3a). T2 values were significantly elevated (p<
0.05) only at the tibia (Fig. 3b).

T1rho values in active subjects with cartilage lesions were
higher than in sedentary controls, while T1rho values in
subjects without cartilage lesions were lower than those of
sedentary controls in all examined compartments (Fig. 3a).
However, these findings were not statistically significant.

T2 values were not statistically different between active
subjects with/without cartilage lesions and sedentary
subjects (Fig. 3b).

Discussion

In our study we sought to assess MRI-derived measure-
ments of knee cartilage biochemical composition (T1rho
and T2) and morphometry (volume and thickness) in

Fig. 1 Cartilage lesions (ar-
rows) in two asymptomatic ac-
tive subjects (female marathon
runners, Tegner score of 6) on
the sagittal IM-w FSE sequence
(TR/TE: 4,300/51 ms). (a)
shows a partial thickness focal
defect at the trochlea, smaller
than 1 cm in greatest width,
resulting in a WORMS score of
2.0 in a 38-year-old asymptom-
atic woman. (b) demonstrates
abnormal signal at the patella
and a cartilage fissure in a 36-
year-old asymptomatic woman.
This lesion had a diameter of
more than 1 cm in subsequent
horizontal sections resulting in a
WORMS score of 3.0
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physically active healthy subjects with a potentially
increased risk of OA and compare the findings with
those in sedentary healthy subjects and in patients with
clinically and radiographically mild OA.

Patients with mild OA presented with elevated T1rho
and T2 relaxation times in some compartments compared
to both healthy control groups. This is in agreement with
previous findings that reported higher T1rho [33–35, 49]
and T2 [23, 26, 46] values in the cartilage of these kind of
patients. In compartments with significant inter-group
differences, the ratio of elevated values between OA
patients and healthy subjects was comparable (T1rho:
1.06–1.16; T2: 1.08–1.16). However, significant inter-
group differences existed in more compartments in T1rho
values compared to T2 values (T1rho: femur, patella,
patella-femoral compartment, non-weight-bearing parts of
the lateral femur condyle, and in the whole knee; T2:
medial femur condyles and in the medial compartment).
Since all compartments in the OA patients except the tibia
plateaus had visually impaired knee cartilage and the
number of affected compartments regarding significantly
higher inter-group differences was higher in T1rho values
than in T2 values, we conclude that T1rho is more sensitive
to cartilage degeneration than T2. This is concordant with
Regatte et al. [24] who showed substantially elevated
T1rho relaxation times of about 30–40% in specimens of
early OA patients in the entire cartilage from the superficial
region to the subchondral bone. T2 values were only
increased about 5–8% in the same regions. This could be
explained by the fact that T1rho is highly correlated with

the PG content of cartilage [29] and loss of PG is an
initiating event in early OA, while neither the content nor
the type of collagen is altered in early OA [10]. Since the T2
relaxation time of the cartilage is a parameter that is mainly
influenced by collagen content and orientation [50, 51], this
lack of sensitivity could be due to the later onset of collagen
breakdown during the course of the disease. Additionally, T2
relaxation times are affected by the orientation of the
collagen [52], an effect that is not known for T1rho
relaxation times. However, it remains unclear why T1rho
and T2 values between patients and controls were not
different in the medial tibia plateau since structural changes
occur frequently at the medial compartment including both
tibia and femur during the early course of the disease [53].

We observed a moderate relationship between T1rho and
age. This is in agreement with previous findings [33] and
suggests that the mean T1rho values exhibit similar
changes as seen in studies on T2 relaxation times [54,
55]. Further efforts are necessary to elaborate the influence
of senescent changes on cartilage proteoglycan and the
influence of osteoarthritic changes on the T1rho values.

We did not find a significant difference in cartilage
volume or thickness between the studied groups except a
trend for reduced cartilage volume at the medial tibia
plateau in mild OA patients compared to sedentary
controls. Reviewing the literature, quantification of carti-
lage morphometry yields a variety of results: some studies
have demonstrated that MRI of the knee cartilage is a
sensitive way of quantifying cartilage loss in OA [8, 9, 53,
56–63], whereas other authors could not demonstrate a

Fig. 2 Color-coded T1rho maps overlaid on SPGR images (TR/TE:
20/7.5 ms) from a central section of the patello-femoral cartilage. (a)
demonstrates the T1rho map of an asymptomatic active (25-year-old
male) subject without focal cartilage abnormalities anywhere in the
knee. The average T1rho of the patello-femoral compartment was
33.7±0.73 ms. (b) shows the T1rho map of an asymptomatic (36-

year-old female) active subject at the central femoro-patellar joint
who had a cartilage lesion at the lateral patella. The average T1rho
of the patello-femoral compartment was 45.9±1.68 ms. Interest-
ingly, compared to subject (a), the T1rho values at the central patella
and at the trochlea are globally increased, not only in the region of
the defect, yet have a similar distribution

139



volume or thickness loss in any of the knee cartilage
compartments within 1 year [46, 64]. This might be in part
explained by the increase of water content and conse-
quently swelling of the cartilage in the early stages of OA
leading to an enlargement of the cartilage volume. These
findings suggest that cartilage morphometry may lag
behind biochemical and molecular changes, which can be
measured quantitatively with T1rho and T2 values.

Physically active subjects had a high prevalence of focal
cartilage abnormalities in particular at the femoro-patellar
joint compartment, indicating a high mechanical burden of
the knee in this group. T1rho and T2 relaxation times
between active subjects and sedentary controls were not
different; however, a significant difference in these para-
meters in active subjects with and without cartilage defects
was found: similiar to the results observed between mild OA
patients and healthy controls, the T1rho values in active
subjects with lesions were elevated in more compartments

than the T2 values and showed the same pattern by affecting
mainly the patello-femoral complex. These findings could be
secondary to increased exposure to chronic trauma with
more advanced cartilage damage. We consider this as a
further indication that T1rho is more sensitive than T2 to
changes in the cartilage matrix composition.

On the other hand, average T1rho values in active subjects
with defects were consistently higher than in sedentary
controls, while average T1rho values in subjects without
defects were consistently lower than those of sedentary
controls. Since we included only healthy-appearing cartilage
in our analysis, we conclude that these findings may indicate
that higher T1rho values are associated with higher risk for
development of morphological lesions and thus T1rho may
assess cartilage “quality.” Differences in cartilage “quality”
may be explained in part by genetic factors. It is also possible
that during the process of focal cartilage lesion development,
some substances are released into the synovial fluid that
serve as mediators and initiate cartilage breakdown in areas
that are not visually affected by OA. Further studies are
clearly necessary to determine the incidence ofOA in follow-
up examinations of healthy subjects with high T1rho values
and to compare it to those with low T1rho values.

A limitation of our study is the partitioning of our
healthy subjects into an active and a sedentary group since
it is dependent on the information given by the participants.
To compensate for that we applied the Tegner score. It not
only incorporates the kind of activity, but also considers
how frequently this activity is performed. However, only a
relatively small number of subjects was assigned to the
sedentary group. In addition, even though the period of
active or sedentary lifestyle was comparable between the
groups, this information is highly subjective. Another
limitation is that there was no true gold standard in the
study; none of the study subjects underwent arthroscopy,
which also could not be ethically justified in healthy
subjects. However, we were not interested in examining the
T1rho/T2 values of cartilage lesions themselves, but in
those of the surrounding, “macroscopic” healthy cartilage.
Since there is evidence that cartilage lesion detection with
the cartilage dedicated sequences used in our study has a
high sensitivity [65] and we excluded cartilage lesions
during the postprocessing steps, we believe that we
incorporated only cartilage areas with normal, healthy
cartilage.

In conclusion, our findings suggest that active subjects
with and without focal cartilage abnormalities have
different T1rho compositions of cartilage. T1rho may
therefore be a parameter suited to identify active healthy
subjects at higher risk for developing cartilage degenera-
tion and OA, but future studies will be required to address
this issue. T1rho is well suited to differentiate healthy
subjects and early OA patients and is more sensitive than
T2 relaxations times, yet T1rho is also dependent on age.
We believe that T1rho measurements may have the
potential to be used in daily clinical routine as–in contrast

Fig. 3 Comparison of (a) T1rho- and (b) T2 values among active
healthy subjects without cartilage lesions (n=4), active healthy
subjects with cartilage lesions (n=9), and sedentary healthy subjects
(n=13). “*” indicates a statistically significant inter-group difference
(p<0.05) between active healthy subjects with and active healthy
subjects without cartilage lesions. Comp: compartment
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to other MRI-based methods of determining cartilage
matrix composition like dGEMRIC-they do not require
special preparations such as application of contrast agents
plus the total examination time is relatively short.
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