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Purpose: Studies have shown that functional analysis of knee cartilage based on magnetic reso-
nance �MR� relaxation times is a valuable tool in the understanding of osteoarthritis �OA�. In this
work, the regional spatial distribution of knee cartilage T1� and T2 relaxation times based on texture
and laminar analyses was studied to investigate if they provide additional insight compared to
global mean values in the study of OA.
Methods: Knee cartilage of 36 subjects, 19 healthy controls and 17 with mild OA, was divided into
16 compartments. T1� and T2 relaxation times were studied with first order statistics, eight texture
parameters with four different orientations using gray-level co-occurrence matrices and by subdi-
viding each compartment into two different layers: Deep and superficial. Receiver operating char-
acteristic curve analysis was performed to evaluate the potential of each technique to correctly
classify the populations.
Results: Although the deep and superficial cartilage layers had in general significantly different T1�

and T2 relaxation times, they performed similarly in terms of subject discrimination. The subdivi-
sion of lateral and medial femoral compartments into weight-bearing and non-weight-bearing re-
gions did not improve discrimination. Also it was found that the most sensitive region was the
patella and that T1� discriminated better than T2. The most important finding was that with respect
to global mean values, laminar and texture analyses improved subject discrimination.
Conclusions: Results of this study suggest that spatially assessing MR images of the knee cartilage
relaxation times using laminar and texture analyses could lead to better and probably earlier iden-
tification of cartilage matrix abnormalities in subjects with OA. © 2009 American Association of
Physicists in Medicine. �DOI: 10.1118/1.3187228�
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I. INTRODUCTION

In vivo studies of osteoarthritis �OA� of the knee with mag-
netic resonance imaging �MRI� have gained recognition be-
cause this imaging modality facilitates the study of cartilage
using morphological and biochemical approaches.1 Morpho-
logic studies measuring the cartilage thickness and volume
have shown that knee OA is usually accompanied by carti-
lage thinning and loss.2 However, it has also been suggested
that prior to these morphologic events, the cartilage bio-
chemical composition experiences changes which can be

3
captured by MRI relaxation time measurements. T2 and
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more recently T1� �Refs. 4 and 5� have emerged as potential
noninvasive cartilage degradation biomarkers in studies of
OA.6–11 Studies have shown that cartilage T2 and T1� relax-
ation times are usually longer in subjects with mild OA than
in healthy controls.7,10,12 Possible explanations for these phe-
nomena are that early osteoarthritic changes decrease col-
lagen content and structure increasing the mobility of water,
thus yielding an increase in T2 relaxation times and that
changes in concentration, structure, and mobility of macro-
molecules due to damage to the collagen-proteoglycan carti-
lage matrix also increases the mobility of water in early OA

and results in an increase in T1� relaxation times.
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Common approaches to quantify relaxation time measure-
ments in knee OA are based on mean values of different
cartilage compartments7,12 or Z-score maps.6 However, Dray
et al.13 found no difference between mean T2 values in car-
tilage with OA, but they demonstrated visual differences in
the spatial distribution of the relaxation time maps. Further-
more, studies have also demonstrated that a laminar organi-
zation of relaxation times exists in knee7,14–16 and hip
cartilage,17–19 with shorter T1� and T2 values close to the
subchondral bone �deep layer� and longer values close to the
articular surface �superficial layer�. These findings highlight
the importance that in addition to first order statistics, tech-
niques that take into account the spatial distribution of relax-
ation time values are needed to quantify the degree of carti-
lage degeneration. Texture analysis based on gray-level co-
occurrence matrices �GLCMs� is certainly a technique of this
kind, and Blumenkrantz et al.20 showed its application in an
OA study where the GLCM entropy of cartilage MR T2 maps
was significantly different between healthy controls and OA
patients.

The purpose of this study is to investigate whether the
regional spatial distribution of knee cartilage T1� and T2 val-
ues, based on laminar and texture analyses, provides addi-
tional insight compared to mean T1� and T2 values in the
study of OA. The rationale behind this study is that the load-
ing patterns in the knee articulation are region specific lead-
ing to nonuniform cartilage degeneration,21 that T1� and T2

maps show a laminar distribution that probably gets dis-
rupted with OA,14 and that the spatial organization of carti-
lage T1� and T2 is also affected with OA and can be detected
with texture analysis.20,22 In comparison to other works, this
study is the first to simultaneously analyze laminar and tex-
ture analyses of T1� and T2 values.

II. MATERIALS AND METHODS

II.A. Subjects and clinical assessment

Thirty-six subjects, 19 healthy controls �mean age
32.32�7.51 years; 9 male, 10 female� and 17 patients with
mild OA �mean age 54.00�9.98 years; 8 male, 9 female�,
were included in this work. All subjects had good health by
medical history, physical examination, clinical laboratories,
and no contraindications for the use of MRI at the time of
enrollment. Clinical symptoms of knee OA based on the
ACR criteria23 and mild radiographic signs of OA based on
the Kellgren-Lawrence �KL� score24 were additional inclu-
sion criteria for patients. Subjects were classified as having
mild OA if their KL scores were 1 or 2. Patients with inflam-
matory arthritis were excluded and also those with knee OA
secondary to other causes �acute or chronic infection, meta-
bolic abnormalities, previous surgery or history of intra-
articular fracture�. Controls had no clinical evidence of knee
OA.

Written informed consent was obtained from all subjects
after the nature of the study was fully explained. All studies
were performed in accordance with the regulations of the

Committee of Human Research at our institution.
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II.B. Magnetic resonance imaging

Sagittal magnetic resonance images of the affected knee
joint in OA patients and of the dominant knee joint in the
controls were acquired at 3.0 T �Signa, GE Medical Systems,
Waukesha, WI� using a dedicated knee coil �Clinical MR
Solutions, Brookfield, WI�. A high-spatial resolution scan for
cartilage depiction, and T1�- and T2-mapping sequences for
compositional analysis were included in the scanning proto-
col. The high-spatial resolution scan consisted of a 3D fat-
suppressed T1-weighted sequence using a spoiled gradient-
echo �SPGR� with repetition time �TR� of 20 ms, echo time
�TE� of 7.5 ms, flip angle of 12°, field of view �FOV� of 16
cm, and matrix size of 512�512 for an in-plane spatial res-
olution of 0.312�0.312 mm2 and slice thickness of 1 mm,
with an acquisition time of 7 min and 37 s. T1�-weighted
images were obtained using a previously developed 3D seg-
mented elliptic-centric SPGR sequence5 that acquires data
during transient signal evolution �tsT1��. The T1� magnetiza-
tion preparation consisted of four spin-lock times �TSL� �0,
10, 40, and 80 ms� and 500 Hz spin-lock frequency. Addi-
tional scan parameters were 110 ms inversion time, 12° flip
angle, 31.25 kHz readout bandwidth, 12 cm FOV, and 256
�128 acquisition matrix for a final in-plane resolution of
0.468�0.468 mm2 and 3 mm slice thickness in 12 min and
42 s. Images to compute T2 maps were acquired using a
previously developed 3D segmented elliptic-centric SPGR
sequence25 that acquires data during transient signal evolu-
tion �tsT2�, four echo times �6.7, 17.4, 28, and 49.3 ms�, and
the same spatial resolution as for the T1� scans for an acqui-
sition time of 10 min and 36 s.

II.C. Image processing

All images were transferred to a Sun Workstation �Sun
Microsystems, Mountain View, CA�, which was used to per-
form image analysis. T1� maps were generated performing
monoexponential fittings on a pixel-by-pixel basis using a
Levenberg-Marquardt algorithm developed in-house. The
equation to be fitted was of the following form:

S�TSL� = S0 exp�− TSL/T1�� , �1�

where TSL is the time of spin lock, S is the signal intensity in
a T1�-weighted image with a certain TSL, and S0 is the signal
intensity when TSL=0 ms.

T2 maps were generated in a similar manner based on

S�TE� = S0 exp�− TE/T2� , �2�

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

Due to knee motion between the scans, automatic rigid
body registration was applied to align the T1� and T2 maps to
the high-spatial resolution SPGR images using the first TSL
and TE images to compute the transformations, respectively
�VTK CISG REGISTRATION TOOLKIT�. Figure 1 shows the first
TSL image of a T1�-mapping acquisition before and after
image registration to the high-spatial resolution scan, where

the same medial femoral region of interest �ROI� has been
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overlaid on both images demonstrating the improvement in
ROI alignment after image registration.

Cartilage was segmented on a slice-by-slice basis by the
same user from the 3D high-spatial resolution SPGR images
with a semiautomatic technique based on Bezier splines and
edge detection using MATLAB �Mathworks, Natick, MA� as
described by Carballido-Gamio et al.26 Segmentation was
defined in six distinct regions: patella, trochlea, medial and
lateral femur, and medial and lateral tibia. The medial and
lateral femoral compartments were further divided into
weight-bearing and non-weight-bearing regions as described
by Stahl et al.12

Subsequently, the above-mentioned regions were merged
to create larger units: Patella and trochlea were combined to
create the patello-femoral compartment, trochlea and medial
and lateral femur were called femur, lateral and medial tibial
plateaus yielded the tibia compartment, medial femur and
medial tibial plateau together represented the medial com-
partment, while the lateral compartment resulted from merg-
ing the lateral femur and lateral tibial plateau. The six initial
compartments together were referred to as all. These merg-
ing and partition processes resulted in a total of 16 cartilage
compartments. The basic units of these compartments and
their combinations are represented in Fig. 2.

The original splines representing the bone-cartilage inter-
face and articular surface were transferred from the high-
spatial resolution SPGR images to the registered T1� and T2

maps to define the regions of interest for T1� and T2 assess-
ment. T1� and T2 cartilage laminar analysis was performed
on a slice-by-slice basis by using an in-house developed soft-

FIG. 1. First TSL image �TSL=0 ms� of a T1�-mapping acquisition before
and after image registration to the high-spatial resolution SPGR scan with
fat suppression. The same ROI representing the medial femoral compart-
ment has been overlaid on both images demonstrating the improvement in
ROI alignment after image registration.

FIG. 2. Sixteen cartilage compartments were analyzed in this study. �a�
Patello-femoral compartment resulting from the merging of two compart-
ments: Trochlea and patella. �b� Lateral compartment composed of the lat-
eral femur and lateral tibia compartment. �c� Medial compartment composed
of the medial femur and medial tibia compartment. Magenta and blue re-
gions in the lateral and medial femur compartments represent the weight-
bearing and non-weight-bearing femoral compartments, respectively. Re-
gions of interest are overlaid on high-spatial resolution SPGR scans with fat

suppression.

Medical Physics, Vol. 36, No. 9, September 2009
ware implemented in MATLAB �Mathworks, Natick, MA�.
Cartilage was automatically divided into two layers: Deep
�closest to the bone-cartilage interface� and superficial �clos-
est to the articular surface�. Cartilage pixels were classified
to only one layer based on minimum Euclidean distances to
the transferred splines. Cartilage was partitioned into two
layers and not three27 to minimize imminent partial volume
effects between layers. Figure 3 shows an example of the
laminar partition in the medial femoral compartment, as de-
scribed above.

Texture analysis of relaxation time maps was performed
using GLCM.28 GLCM extracts information related to the
spatial distribution of pixel intensities by analyzing their co-
occurrences at a certain orientation and offset. The easy yet
powerful process consists in creating matrices of pixel-
intensity co-occurrences, converting the matrices into prob-
abilities, and computing parameters by combining the prob-
abilities with different weight factors. One pixel offset, four
directions �0°–180°, 45°–225°, 90°–270°, 135°–315°�, and
eight features were evaluated. The horizontal and vertical
directions were in close correspondence to the anterior-
posterior and superior-inferior anatomic directions, respec-
tively. GLCM texture features included eight parameters,28

two from the contrast group �contrast and homogeneity�,
three from the orderliness group �angular second-moment
�ASM�, energy, and entropy�, and three from the stats group
�mean, variance, and correlation�.

II.D. Statistical analysis

All statistical analysis was performed using JMP 7.0 �SAS
Institute, Cary, NC�. To evaluate if the deep and superficial
layers were significantly different from each other, a paired-t
test was performed to each compartment. The ability of glo-
bal mean values, mean values of different cartilage layers,
and texture parameters to discriminate between healthy con-
trols and subjects with OA was assessed in each compart-
ment using the area under the curve �AUC� of the receiver

29

FIG. 3. Laminar analysis in this work was performed by dividing the carti-
lage into two layers. This figure shows a medial femoral compartment mask
representing in magenta and blue the deep and superficial layers,
respectively.
operating characteristic �ROC� curve analysis, which is a
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visual as well as numerical method used for assessing the
performance of classification algorithms. The significance of
the discriminations was evaluated with a two-tailed t test. All
statistical analysis was considered significant at p�0.05.

III. RESULTS

III.A. Global and laminar analyses

Table I summarizes the results of the global and laminar
mean values for both T1� and T2. Values providing AUC
�0.8, signifying good accuracy for the ROC analysis, are in
boldface in the table. Higher AUCs and smaller p values
were observed in the patella for global mean T1�, and higher
AUCs and smaller p values were observed in the medial
femoral compartment for global mean T2. Mean T2 values of
the superficial layer were significantly higher than those of
the deep layer �p�0.0001− p�0.026� in both healthy con-
trols and subjects with OA, with the exception of the medial
femoral non-weight-bearing compartment of healthy con-
trols. Mean T1� values of the superficial layer were also sig-
nificantly higher than those of the deep layer �p�0.0001
− p�0.0004� in both healthy controls and subjects with OA.
When mean T2 values, either global or laminar, were signifi-
cantly different between healthy controls and subjects with
OA, values were higher for subjects with mild OA. When
mean T1� values, either global or laminar, were significantly
different between healthy controls and subjects with OA,
values were higher for subjects with OA, except for the deep
layers of the tibia and lateral tibia compartments. The T2

dynamic ranges for healthy controls were 7.46 ms at the deep
layer and 3.62 ms at the superficial layer. The T2 dynamic
ranges for OA patients were 9.32 ms at the deep layer and
4.83 ms at the superficial layer. The T1� dynamic ranges for

TABLE I. AUCs of the ROC analysis of mean T1� a
without knee OA �boldface indicates AUC� =0.8�.

Compartment

Deep and s

T1�

Patella 0.84a

Trochlea 0.75b

Patello femoral 0.80a

Femur 0.75a

Lateral femoral 0.74b

Lateral femoral non-weight-bearing 0.76b

Lateral femoral weight-bearing 0.66
Medial femoral 0.71b

Medial femoral non-weight-bearing 0.72b

Medial femoral weight bearing 0.59
Tibia 0.54
Lateral tibia 0.56
Medial tibia 0.53
Lateral 0.57
Medial 0.57
All 0.65a

aSignificant �p�0.001� subject discrimination based
bSignificant �p�0.05� subject discrimination based o
healthy controls were 6.05 ms at the deep layer and 3.23 ms
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at the superficial layer. The T1� dynamic ranges for OA pa-
tients were 11.02 ms at the deep layer and 7.11 ms at the
superficial layer. The dynamic range for significantly differ-
ent T1� values between subjects with OA and healthy con-
trols was on average 3.34�1.19 ms �mean�std�, while for
T2 values the average difference was 2.41�0.72 ms
�mean�std�.

In terms of regional laminar analysis, T1� discriminated
better between healthy controls and patients with OA at the
patella, trochlea, and patello-femoral compartments, while T2

discriminated better between the two populations at the me-
dial femoral and medial femoral non-weight-bearing com-
partments. Table I shows that T1� laminar analysis was able
to discriminate between the populations in the tibia, lateral
tibia, and lateral compartments, where global mean values
could not discriminate between the populations. Global
means and laminar analysis could not discriminate between
the populations in the lateral femoral weight-bearing and the
medial tibia compartments.

III.B. Texture analysis

Tables II–IV summarize the GLCM texture analysis re-
sults, showing that T2 performed best with contrast and stats
measures in differentiating OA subjects and controls, while
T1� performed well with the three texture feature categories.
In these tables, values providing AUC�0.8 are also indi-
cated, representing good accuracy for the ROC analysis. A
similar trend was observed for T1� and T2 when comparisons
of texture features were significantly different between
healthy controls and subjects with OA: Healthy controls
showed lower contrast, higher homogeneity, higher ASM,
higher energy, lower entropy, lower mean, lower variance,

2 values to discriminate between subjects with and

cial layers Deep layer Superficial layer

T2 T1� T2 T1� T2

0.67 0.74b 0.54 0.89a 0.77
0.63 0.66 0.59 0.80b 0.67
0.63 0.69b 0.54 0.85a 0.71b

0.69a 0.70a 0.67b 0.76a 0.69a

0.64 0.73b 0.63 0.75b 0.66
0.63 0.74b 0.63 0.74b 0.67
0.60 0.64 0.61 0.67 0.60
0.81a 0.66 0.82a 0.74b 0.75b

0.79a 0.63 0.71b 0.76b 0.81a

0.69b 0.63 0.75b 0.60 0.58
0.57 0.68b 0.52 0.59 0.63
0.56 0.71b 0.57 0.63 0.64
0.58 0.63 0.54 0.56 0.61
0.56 0.52 0.51 0.69b 0.65
0.62b 0.51 0.60 0.64 0.66b

0.61b 0.56 0.55 0.72a 0.67a

OC analysis.
C analysis.
nd T

uperfi

on R
n RO
and lower correlation at all compartments and orientations
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than OA patients. T1� discriminated best at the patella, tro-
chlea, patello-femoral, medial femoral, medial femoral non-
weight-bearing, and lateral tibia compartments, while T2 dis-
criminated best at the patella, medial femoral, medial
femoral non-weight-bearing, femur, tibia, and all compart-
ments.

TABLE II. Discrimination between subjects with and
contrast textural features of GLCM of T1� and T2.
analysis. �=significant �p�0.05� subject discrimin
subject discrimination based on ROC analysis. �=sig
analysis and AUC�0.8. 1=0° –180°, 2=45° –225°,

Compartment
T1�

1234

Patella �� -�
Trochlea -� --
Patello femoral ��−�

Femur ���

Lateral femoral –
Lateral femoral non-weight-bearing –
Lateral femoral weight-bearing –
Medial femoral ����

Medial femoral non-weight-bearing �� �

Medial femoral weight bearing -� �

Tibia --��

Lateral tibia ---�
Medial tibia –
Lateral –
Medial ---�
All �� �

TABLE III. Discrimination between subjects with and
orderliness textural features of GLCM of T1� and T2

analysis. �=significant �p�0.05� subject discrimin
subject discrimination based on ROC analysis. �=sig
analysis and AUC�0.8. 1=0° –180°, 2=45° –225°,

Compartment

ASM

T1�

1234

Patella –
Trochlea –
Patello femoral –
Femur �� ��

Lateral femoral –
Lateral femoral non-weight-bearing –
Lateral femoral weight-bearing –
Medial femoral ����

Medial femoral non-weight-bearing �� ��

Medial femoral weight bearing –
Tibia –
Lateral tibia –
Medial tibia –
Lateral –
Medial –
All –
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In terms of contrast measures, T1� and T2 provided the
best discriminations in the patella with homogeneity. In fact,
T1� provided the best texture discrimination with this feature
at this compartment reaching an AUC=0.91 with p
�0.0001. In terms of orderliness features, T1� provided bet-
ter discriminations in the medial femoral compartment, while

ut knee OA based on AUC of the ROC analysis of
t significant subject discrimination based on ROC
based on ROC analysis. �=significant �p�0.001�
nt �p�0.001� subject discrimination based on ROC
0° –270°, and 4=135° –315°.

trast Homogeneity

T2 T1� T2

1234 1234 1234

�� -� ��-� �� -�
�� � - – -� � -
���� ��-� ��-�
-� � - �� -- �� ��

– – –
– – –
– – –
– �� �� –
– -� -- –

-� �� -� -- �� ��

-� �� --�� --��

-� �� --�� -� ��

– – –
-� �� – --��

– – –
���� �� -� �� ��

out knee OA based on AUC of the ROC analysis of
ot significant subject discrimination based on ROC
based on ROC analysis. �=significant �p�0.001�
nt �p�0.001� subject discrimination based on ROC
0° –270°, and 4=135° –315°.

Energy Entropy

2 T1� T2 T1� T2

34 1234 1234 1234 1234

– – – –
– – – –
– – – –

--- �� �� �---- �� �� �---
– – – –
– – – –
– – – –

���� – ���� –
�� �� – �� �� –

– – – –
– – – –
– – – –
– – – –
– – – –
– – – –

�---- – �---- –
witho
-=no
ation
nifica
3=9

Con

�

�

-

�

with
. -=n
ation
nifica
3=9

T
12

–
–
–

�

–
–
–
–
–
–
–
–
–
–
–
–
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T2 only provided significant discriminations in the femur.
With respect to GLCM-stats measures, T1� provided its best
discriminations in the patella, medial femoral, medial femo-
ral non-weight-bearing, trochlea, patello-femoral, and lateral
tibia, while T2 provided its best discriminations in the medial
femoral, medial femoral non-weight-bearing, femur, tibia,
and all compartments.

IV. DISCUSSION

In this study we have quantified T1� and T2 relaxation
time maps of knee cartilage of healthy controls and subjects
with mild OA. The quantification was performed in 16 com-
partments using global mean values, laminar, and texture
analyses. For laminar analysis, cartilage was partitioned in
two layers to reduce partial volume effects between layers.
For texture analysis, eight different texture features were in-
vestigated including measures of contrast, orderliness, and
stats at four different orientations and one offset. Based on
AUC of the ROC analysis, results indicate that laminar and
texture analyses improve classification of healthy controls
and patients with OA compared to global mean values.

In terms of laminar analysis compared to global mean
values, when global mean T1� or T2 values significantly dis-
criminated between healthy controls and subjects with mild
OA, laminar analysis improved this discrimination yielding
better p values and in some instances larger AUCs. Although
better subject discrimination was expected for the superficial
than for the deep layers, based on the assumption of earlier
degeneration on the articular surface, this could not be ob-

TABLE IV. Discrimination between subjects with and
stats textural features of GLCM of T1� and T2. -=not
�=significant �p�0.05� subject discrimination bas
discrimination based on ROC analysis. �=significant
and AUC�0.8. 1=0° –180°, 2=45° –225°, 3=90° –

Compartment

Mean

T1�

1234

Patella ����

Trochlea �� ��

Patello femoral ����

Femur ����

Lateral femoral �� ��

Lateral femoral non-weight-bearing �� ��

Lateral femoral weight-bearing –
Medial femoral �� ��

Medial femoral non-weight-bearing �� ��

Medial femoral weight bearing – �

Tibia –
Lateral tibia –
Medial tibia –
Lateral –
Medial – �

All ���� �
served for both T1� and T2; however, layers were found to be
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significantly different from each other. In general, T1�

yielded better discrimination than T2 with both global means
and laminar analysis.

The observed tendencies for longer cartilage relaxation
times in subjects with mild OA than in healthy controls and
for longer values in the superficial cartilage layers compared
to the deep layers agree with published results. Dunn et al. in
a T2 study of femoral and tibial cartilage demonstrated
longer relaxation times in patients with OA compared with
healthy subjects,6 while Mosher et al. showed a continuous
increase in T2 from the radial zone to the articular surface in
the patellar cartilage.14 In an ex vivo study of Regatte et al.,
elevated T1� and T2 values of OA cartilage specimens were
found compared to healthy cartilage tissue.7 In the same
work, a decrease in T1� and T2 relaxation times was found
from the articular surface towards the subchondral bone. A
7.0 T study by Welsch et al. also demonstrated the T2 lami-
nar architecture,30 and Carballido-Gamio et al. found similar
T2 and T1� laminar organization in hip cartilage in vivo.19

Furthermore, the larger dynamic range observed for T1� com-
pared to T2 between subjects with OA and healthy controls
also agrees with the literature.7

In contrast to global means and laminar analysis, results
indicate that all compartments yielded significant subject dis-
crimination of OA patients and controls by at least one tex-
ture feature. In terms of contrast measures, coherent with the
laminar analysis results that showed some laminar disruption
and assuming that the main orientation of the long axis of the
patellar cartilage in the sagittal scans is superior-inferior, di-
rections related to the laminar organization in this compart-

out knee OA based on AUC of the ROC analysis of
ficant subject discrimination based on ROC analysis.
n ROC analysis. �=significant �p�0.001� subject
0.001� subject discrimination based on ROC analysis
, and 4=135° –315°.

Variance Correlation

2 T1� T2 T1� T2

4 1234 1234 1234 1234

���� �� �� �-� - �--�
�� �� �� �� – –

���� �� �� – �� --
� ���� �� �� – –

�� �� – --� - –
– – --� - –

�� �� – – –
� ���� – – –
� ���� – – –

� �� �� – – –
���� ���� -� � - –
���� ���� -� � - –

�� �� – -� -- –
���� �� �� -� � - –

� ���� �� �� – –
� ���� ���� – –
with
signi
ed o
�p�

270°

T
123

–
–
–

���

–
–
–

���

���

� �

–
–
–
–

� �

� �
ment, 0°–180° �anterior-posterior�, 45°–225° �posterior/
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superior-anterior/inferior�, and 135°–315° �posterior/inferior-
anterior/superior�, yielded significant subject discriminations
with T1� and T2, also suggesting a possible damage to the
laminar integrity. A similar behavior in terms of directional-
ity was observed with the trochlea �main orientation
135° –315° �posterior/inferior-anterior/superior� and the
tibia �main orientation 0° –180° �anterior-posterior�, where
135°–315° and 0°–180° orientations did not yield significant
discriminations, respectively. The compartment correspond-
ing to the femur showed no particular tendency in terms of
orientations, which is most probably due to its shape resem-
bling that of a semicircle. In general, T1� discriminated better
between the populations than T2 with contrast features.

Results for texture features of the orderliness category
showed no particular preference in terms of orientation be-
cause the only significant results were related to the femur. In
general, T1� also discriminated better between the popula-
tions than T2 with orderliness features.

Texture features of the stats category seemed to discrimi-
nate better between the populations than those of the contrast
and orderliness categories. However, once again, a better T1�

discrimination was observed. In fact, GLCM variance of T1�

was the only feature able to discriminate between healthy
controls and subjects with OA in the lateral femur weight-
bearing compartment.

Trends observed in texture analysis using GLCM were
also as expected. Contrast was higher and homogeneity was
lower in knee cartilage of mild OA subjects than in healthy
controls, signifying that more pixels with different relaxation
times were neighboring in osteoarthritic cartilage. Angular
second moment and energy were higher in healthy controls
than in subjects with mild OA meaning that the probabilities
of pixel co-occurrences were concentrated on certain values
in healthy subjects, i.e., certain pairs of relaxation time co-
occurrences were dominant. Entropy was higher in subjects
with mild OA, which means a more uniform distribution of
probabilities of relaxation time co-occurrences, i.e., it is
more likely to find any combination of relaxation time co-
occurrence. These two findings are well in agreement with
the feasibility study of Blumenkrantz et al.20 where higher
entropy and lower ASM were found in osteoarthritic carti-
lage. In terms of the stats group of texture features, osteoar-
thritic cartilage showed a higher mean indicating the exis-
tence of more pixel co-occurrences involving high relaxation
times. The variance was lower for healthy subjects showing
lower dispersion of co-occurrences of relaxation times, and
the correlation was also lower indicating less linear depen-
dency between neighboring relaxation times.

Part of this study also consisted of the investigation of the
effects of merging or partitioning basic compartments such
as patella, femur, and tibia into larger or smaller units. With
respect to the merging of the patella and trochlea as the
patello-femoral compartment, this seems to bring positive
effects in the global and laminar analyses for both T1� and
T2; however, the small benefits seen in the texture results,
where the patella provided better discriminations alone, seem
not to outweigh the negative ones. A common subdivision of

the femoral compartment consists of the medial and lateral

Medical Physics, Vol. 36, No. 9, September 2009
regions. No benefits were found for T1� for this subdivision,
while T2 improved its global and deep layer discrimination in
the medial femoral compartment with a small decline in the
performance of the superficial layer. An opposite effect was
seen for texture analysis, with T1� improving its discrimina-
tion at the medial femoral compartment while worse results
were found for T2. The lateral femoral compartment pro-
vided in general no significant discriminations. Opposite to
what was expected, the further subdivision of the medial and
lateral femoral compartments into weight-bearing and non-
weight-bearing regions had no major impact in the discrimi-
nation with global means, laminar, or texture analysis for T1�

and T2. The partition of the tibia compartment into lateral
and medial regions had no effect in the global and laminar
analyses of T1� and T2, but it had a positive impact in the
GLCM variance of T1� yielding better discriminations in the
lateral tibia compartment. Merging the medial and lateral
femoral and tibia compartments into medial and lateral com-
partments, respectively, had no positive impact for T1� and
T2 discriminations. Merging all the compartments into a
single one yielded significant discriminations for both T1�

and T2 in most of the compartments; however, areas under
the curve never reached values greater than 0.8 as with the
individual compartments.

Based on the previous analysis and discussion, in this
study T1� seems to be more sensitive to cartilage changes
than T2 no matter which technique is used for their quantifi-
cation: global means, laminar, or texture analysis. Texture
analysis provided generally better discriminations than glo-
bal means and laminar analysis capturing spatial information
that even visually is difficult to observe as shown in Figs. 4
and 5.

While the patella provided good global and laminar dis-
crimination for T1� and the medial femur for T2, the patella
alone provided excellent discriminations with T1� and T2

GLCM homogeneities. The subdivision of the medial and
lateral femoral compartments into weight and non-weight-
bearing regions, as presented in this manuscript, might be
unnecessary. Together, these findings may suggest that os-
teoarthritic cartilage in the patella experiences changes in its

FIG. 4. T1� maps of knee cartilage of a healthy control and a subject with
mild OA.

FIG. 5. T2 maps of knee cartilage of a healthy control and a subject with

mild OA.
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integrity to a greater extent than other compartments or that
the patella experiences less partial volume effects resulting in
better laminar and texture analyses. There is an increasing
interest in performing a more localized comparison of carti-
lage properties; however, it seems that the question of which
region to be examined in terms of relaxation times remains
as a topic of research.

The main limitation of this study is that the control and
OA patient groups were not age matched, and this was due to
the difficulty of recruiting age-matched controls. However,
no significant correlations were observed between age and
both T1� �p�0.05� and T2 �p�0.05� relaxation times within
the groups demonstrating no age effects on this study. A
second limitation of this study was the low number of TEs
�n=4� in the T2-mapping sequence and TSLs �n=4� in the
T1�-mapping sequence. While implementing additional TEs
and TSLs may have resulted in more accurate fits, the num-
ber of TEs and TSLs chosen in this study was limited by the
total allotted scan time. The total scan time in this study
comprised of the T1� and T2 sequences, the high-spatial res-
olution SPGR sequence, as well as other clinical sequences.
Thus, increasing the number of TEs and TSLs would have
prolonged scan time and possibly compromised subject com-
fort in the scanner.

In conclusion, research of the potential of relaxation times
in the quantification of cartilage degradation in knee OA has
recently demonstrated the importance of T2 and T1�. This
study is the first to simultaneously analyze T1� and T2 in
healthy controls and subjects with knee OA using global,
laminar, and texture analyses. Results suggest that spatially
analyzing maps of magnetic resonance relaxation times of
the knee cartilage could lead to better and probably earlier
identification of cartilage abnormalities in subjects with OA.
Future studies are underway to investigate the combination
of features presented in this study.
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