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Summary

Objective: To use receiver operator characteristics (ROC) analysis for assessing the diagnostic performance of three cartilage-specific MR
sequences at 1.5 and 3 T in detecting cartilage lesions created in porcine knees.

Design: Eighty-four cartilage lesions were created in 27 porcine knee specimens at the patella, the medial and lateral femoral and the medial
and lateral tibial cartilage. MR imaging was performed using a fat saturated spoiled gradient echo (SPGR) sequence (in plane spatial reso-
lution/slice thickness: 0.20! 0.39 mm2/1.5 mm) and two fat saturated proton density weighted (PDw) sequences (low spatial resolution:
0.31! 0.47 mm2/3 mm and high spatial resolution: 0.20! 0.26 mm2/2 mm). The images were independently analyzed by three radiologists
concerning the absence or presence of lesions using a five-level confidence scale. Significances of the differences for the individual sequen-
ces were calculated based on comparisons of areas under ROC curves (AZ).

Results: The highest AZ-values for all three radiologists were consistently obtained for the SPGR (AZZ 0.84) and the high-resolution (hr) PDw
(AZZ 0.79) sequences at 3 T. The corresponding AZ-values at 1.5 T were 0.77 and 0.69; the differences between 1.5 and 3 T were statisti-
cally significant (P! 0.05). AZ-values for the low-resolution PDw sequence were lower: 0.59 at 3 T and 0.55 at 1.5 T and the differences be-
tween 1.5 and 3 T were not significant.

Conclusion: With optimized hr MR sequences diagnostic performance in detecting cartilage lesions was improved at 3 T. For a standard, low-
er spatial resolution PDw sequence no significant differences, however, were found.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction

Optimization of cartilage imaging with magnetic resonance
imaging (MRI) has evolved in two directions: (1) Quantita-
tive techniques such as dGEMRIC imaging, T1-rho and
T2-mapping aim at quantifying the cartilage matrix including
glycosaminoglycans and water content as markers of early
cartilage degeneration1e4 and (2) morphologic techniques
based on new imaging sequences and higher field strength
directly visualize cartilage structure and defects5e11. While
assessing cartilage biochemistry is important in better
understanding degeneration and, potentially, in early treat-
ment of osteoarthritis, morphologic techniques are extremely
important in guiding the orthopedic surgeon to better
perform cartilage repair such as autologous chondrocyte
transplantation and osteochondral autograft transfer11e18.
Based on promising results in a previous pilot study19, the

purpose of this research project was to assess whether 3 vs
1.5 T provided consistently a better visualization and diag-
nostic evidence of focal cartilage pathology in fat saturated
proton density weighted (PDw) and spoiled gradient echo
(SPGR) sequences using receiver operator characteristics
(ROC) analysis. A porcine model was used to have optimal

*Address correspondence and reprint requests to: Thomas
M. Link, Department of Radiology, University of California, San
Francisco, 400 Parnassus Avenue, A 367, Box 0628, San
Francisco, CA 94143-0628, USA. Tel: 1-415-353-8940; Fax:
1-415-476-06161; E-mail: tmlink@radiology.ucsf.edu
Received 15 June 2005; revision accepted 5 August 2005.
6

control over lesion size, shape and depth. All images were
analyzed independently by three radiologists to assess for
consistency between different observers.

Method

PORCINE MODEL AND FOCAL LESION CREATION

The study population consisted of 27 porcine knees that
were obtained fresh from a local meat market and frozen
for storage at �80(C. Twenty hours prior to the imaging
studies the specimens were thawed to room temperature.
A lateral parapatellar approach was used to access the joint
space and care was taken to reduce damage of the internal
knee structures to a minimum, i.e., the cruciate and collateral
ligaments as well as the patellar tendon were preserved. Fo-
cal cartilage lesions were created with a ceramic scalpel
(Fine Science Tools, San Francisco, CA) to avoid metal ar-
tifacts. Cartilage lesions were created analogous to in vivo
cartilage defects as visualized with arthroscopy and de-
scribed by McGinty20 (Fig. 1). In each joint five areas were
defined: the patellar surface, the medial and lateral femoral
and the medial and lateral tibial joint surfaces. In these
135 joint surfaces, 84 cartilage lesions were created, 81 fo-
cal defects and 3 fissure-like defects. Focal lesions were
created as (1) full thickness lesions (nZ 39), (2) lesions
with a depth of more than 50% of the total cartilage thickness
(nZ 22) and (3) lesions with a depth of less than 50% of the
total cartilage thickness (nZ 23). Because the lesions
3
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Fig. 1. Specimen photographs showing a full thickness cartilage defect at the medial tibia (a) and a femur section with a more than 50% thick-
ness lesion (b).
varied in shape, the maximum diameter in a sagittal (antero-
posterior) orientation was recorded in each case. After le-
sion creation and measurement, the joints were filled with
a mixture of ultrasound gel and water carefully trying to re-
move remaining air as previously described19. In this previ-
ous study the signal intensity of the mixture was found to be
similar to that of synovial fluid comparing it to clinical studies
obtained with similar sequences. The knees were reas-
sembled with special attention to restoring the proper phys-
iological alignment of the articular surfaces and menisci. A
transparent latex bag was pulled over the knee from the tibial
side and the knee was flexed and extended to remove air
from the joint. Finally, the knees were wrapped in parafilm.
Care was taken to manually keep the patella in its normal
alignment since the lateral retinaculum had been resected
during the lesion creation procedure. Each knee was labeled
and graphs of each knee were made indicating the exact lo-
cation, shape, size and depth of the lesions. We also mea-
sured the lesions in five of the specimens directly after
preparation and after all imaging procedures, when the
specimens were dissected, to exclude changes of the le-
sions’ size and depth during storage. But differences in the
shape and depth of the lesions were not found.
MR IMAGING

All imaging procedures were performed at 1.5 and 3 T
(Signa, GE Medical Systems, Milwaukee, WI, USA) and ac-
quired with two phased array paddle coils (USA Instru-
ments, Aurora, OH, USA for 1.5 T; Nova Medical,
Wilmington, MA, USA for 3 T). Both magnetic resonance
(MR) systems were equipped with 4 Gauss/cm gradients.
Knees were placed in a supine orientation within the center
of the coils lined up with the inferior margin of the patella
during scanning. Great care was taken to position the speci-
mens in the same way in both scanners. All scans at 1.5
and 3 T were performed immediately, back to back, to pre-
vent changes of specimen condition induced by storage.
Three sequences were used at each scanner: a fat saturated
PDw standard sequence and fat saturated PDw high-
resolution (hr) sequence as well as a hr fat saturated
SPGR sequence. The imaging protocols at 1.5 and 3 T are
shown in Table I. The low-resolution (lr) PDw sequence
was a standard sequence used for imaging at 1.5 T while
both hr sequences had been optimized for cartilage imaging
at 3 T in a prior study19. The rationale to reduce the acquisi-
tion time of the SPGR sequence at 3 T was to obtain a clini-
cally applicableSPGRsequence since amajor disadvantage
Table I
Imaging sequences at 1.5 and 3 T performed in all specimens (PDwZ proton density weighted, IrZ low resolution, hrZ high resolution,
TRZ repetition time, TEZ echo time, NEXZ number of acquisitions, ETLZ echo train length, FOVZ field of view, BWZ band width,

STZslice thickness, Acqu. timeZ Acquisition time)

Sequence

lr PDw hr PDw SPGR

Field strength

3.0 T 1.5 T 3.0 T 1.5 T 3.0 T 1.5 T

TR (ms) 2000 2000 4000 4000 22 32.9
TE (ms) 35 35 35 35 10 11.5
Flip angle e e e e 30 30
NEX 2 2 3 3 2 2
ETL 4 4 8 8 e e
Matrix (pixels) 320! 224 320! 224 512! 384 512! 384 512! 256 512! 256
FOV (cm) 10 10 10 10 10 10
BW (kHz) 15.63 15.63 31.25 31.25 15.63 15.63
ST (mm) 3 3 2 2 1.5 1.5
Acqu. time (min) 3:40 3:48 9:44 9:44 6:33 9:07
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of the SPGR sequence is its long acquisition time which
makes it more susceptible to motion artifacts.

IMAGE ANALYSIS

All 162 imaging studies (6 sequences obtained from 27
specimens) were reviewed by three radiologists (CP, LS,
TML) independently on a PACS workstation (Agfa, Ridge-
field Park, NJ, USA). All radiologists were board certified
with their experience in musculoskeletal radiology ranging
from 6 to 25 years. The radiologists were blinded to lesion
location, sequence parameters and field strength. To pre-
vent a learning bias all images were provided to the radiol-
ogists in random order and not more than 45 studies per
session were reviewed. Time in between reading sessions
was at least 96 h. Throughout the reading sessions, ambi-
ent light was kept at a minimum, and no time constraints
were used.
The radiologists were asked to state whether they were

able to detect a lesion in each of the defined knee compart-
ments (medial and lateral tibia and femur as well as patella
joint surface). They then assigned one of five levels of con-
fidence (1Z definitely negative, 2Z probably negative,
3Z uncertain, 4Z probably positive, 5Z definitely posi-
tive). Location within the compartment had to be stated for
each lesion, in case of discordance, if a level of confidence
of definitely or probably positive was assigned in an area
where no lesion was present it was rated as false positive.
Pooled, averaged and individual reader data for a total of
2430 observations (405 per imaging sequence) were
analyzed.
The anterior to posterior length of the lesions detected

was measured by the individual radiologist and lesion depth
was scored using the previously described classification
based on the Noyes grading system modified by Recht
et al.21 and Noyes and Stabler22 for MR imaging. In cases
where lesions were irregular and displayed different depths,
the radiologists were asked to indicate the largest depth.
For all measurements and gradings in the imaging studies,
the analogue findings during specimen preparation were
used as a standard of reference. In addition to better deter-
mine the depth of the lesions, specimens were sectioned in
the region of the defect after the imaging procedures and
cartilage thicknesses in the lesion and the adjacent normal
cartilage were measured with a caliper (Fig. 1). Cartilage le-
sion depth and diameter were measured in consensus by
two of the investigators in all specimens (CAS, JNM) to im-
prove accuracy of the measurements.

STATISTICAL ANALYSIS

ROC analyses were performed for each individual se-
quence at 1.5 and 3 T to estimate their diagnostic perfor-
mance in detecting cartilage lesions. The location of the
lesions as determined during and after specimen prepara-
tion was used as a gold standard for ROC analysis. ROC
curves were constructed based on five-level ordinal scales
assessed by each radiologists using the non-parametric
ROC method by DeLong et al.23 with modification according
to Zhou and Gatsonis24. Areas under the ROC curves (AZ)
were compared between 1.5 and 3 T to estimate the diag-
nostic performance. AZ-values were determined for each ra-
diologist, a generalized estimation equation approach for
average values was calculated using an S-plus program (In-
sightful Inc., Seattle, WA) and correlation matrix by Zhou
and Gatsonis24. Comparing the areas under two or more
correlated ROC curves a non-parametric approach23 was
applied. A 0.05 level was used throughout the paper for sta-
tistical significance. We also performed kappa statistics to
determine the degree of agreement between the three radi-
ologists concerning evaluation of lesion depth.

Results

As shown in Table II, the highest AZ-values were found at
3 T for the SPGR and the hr PDw sequences, which were
significantly higher than the corresponding AZ-values found
at 1.5 T (P! 0.05), while for the lr PDw sequence differen-
ces between 1.5 and 3 T were not significant (PO 0.05).
The best performance in detecting cartilage lesions was cal-
culated for the SPGR sequences vs the other sequences
both at 1.5 and 3 T. Comparing the AZ-values for SPGR
and hr PDw sequences at 3 and 1.5 T, differences, howev-
er, were less pronounced at 3 T, which may be explained by
the shorter acquisition time used for the SPGR sequences
at 3 T. This also explains the less pronounced increase in
diagnostic performance obtained with the SPGR sequence
going from 1.5 to 3 T, differences, however, were still signif-
icant. Interestingly, AZ-values for the standard lr PDw se-
quence were substantially lower both at 1.5 and 3 T and
the gain in diagnostic performance at 3 vs 1.5 T was not
statistically significant.
Figures 2e4 show representative examples of lesions de-

picted with the different sequences at 1.5 and 3 T. Differen-
ces in image quality are clearly visualized, with higher
signal, less noise and better lesion depiction shown at
3 T. More lesions were depicted at 3 T and the confidence
in assessing the lesions was increased. Figure 2 shows a le-
sion at the distal femur as visualized with all three sequen-
ces at 3 and 1.5 T. Figures 3 and 4 show lesions that were
obtained with PDw and SPGR sequences, respectively,
and show better visualization and classification of a lesion
at the patella and the tibia. An important finding was also
that the increase in diagnostic performance was consistent
between the three radiologists (Table II).
Results varied according to the anatomic location

(Table III). The highest AZ-values were found at the femoral
joint surfaces, followed by the patella and the tibial joint sur-
faces. The low AZ-values at the tibia may be explained by
its thin cartilage layer, which makes detection of cartilage
defects challenging. The thickest cartilage layer was found
at the patella yet AZ-values were lower than at the femur,
but the sagittal orientation used in this study may not be op-
timal for patellar defects, which are usually better visualized
in axial sections.

Table II
ROC analysis for all sequences separately; AZ-values were
obtained from each radiologist and average AZ-values were

calculated

Radiologist Sequence

lr PDw hr PDw SPGR

Field strength

3.0 T 1.5 T 3.0 T 1.5 T 3.0 T 1.5 T

1 0.62 0.56 0.82 0.70 0.81 0.77
2 0.60 0.57 0.88 0.72 0.89 0.80
3 0.59 0.55 0.68 0.65 0.82 0.75
All 0.59 0.55 0.79 0.69 0.84 0.78
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Fig. 2. Sagittal MR images obtained at 3 T (aec) and 1.5 T (def) with all sequences (lr PDw (a,d), hr PDw (b,e) and SPGR (c,f)) demonstrating
a grade 2 cartilage lesion, measuring 4 mm at the lateral femoral condyle (arrow). The lesion was not detected in the lr PDw sequences. It was
classified as an uncertain lesion in the hr PDw sequence at 1.5 T and as a probable lesion in the 1.5 T SPGR sequence. It was classified as

a definite lesion in the corresponding 3 T sequences. Except for the 1.5 T hr IMw the lesion size was correctly measured.
Table IV shows the radiologists’s performance in grading
lesions. As expected a higher percentage of lesions was
correctly graded at 3 vs 1.5 T. The SPGR sequence at 3 T
performed best, followed by the hr PDw sequence at 3.0 T,
which, however, was only minimally better than the SPGR
sequence at 1.5 T. These small differences may be ex-
plained by the different slice thicknesses (STs) of the hr
PDw and SPGR sequences (2 vs 1.5 mm). Using the lr
Fig. 3. Sagittal lr (a,c) and hr (b,d) PDw images obtained at 3 T (a,b) and 1.5 T (c,d) demonstrating a grade 3 lesion, 6 mm in diameter at the
patella (arrows), that is well visualized in the hr PDw sequence at 3 T (b), but barely visualized in the same sequence at 1.5 T (uncertain

lesion) (d). The lesion is not visualized in the lr PDw sequences.
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Fig. 4. Sagittal SPGR images obtained at 3 T (a) and 1.5 T (b) showing a grade 3 lesion with a diameter of 4 mm at the tibia. The lesion is well
visualized in both sequences but was correctly classified as a grade 3 lesion only at 3 T.
PDw sequences with a ST of 3 mm a substantially lower
number of lesions were detected. Please also note that the
differences concerning the number of lesions that were cor-
rectly graded divided by total number of lesions detected for
each sequence were not pronounced and inconsistent be-
tween the two field strengths. This, however, may be ex-
plained by the additionally detected lesions at 3 T that may
have been more difficult to grade, thus reducing overall
grading performance. Figure 4 shows a lesion at the tibia
that was correctly classified as a grade 3 lesion at 3 T but in-
correctly classified as a grade 2 lesion at 1.5 T. Using kappa
statistics to assess the agreement in grading between the
three radiologists for the different sequences k-values rang-
ing from 0.25 to 0.58 were found. Agreement was poor in the
lr PDw sequences (0.25e0.38) and moderate in the hr se-
quences (0.42e0.58). It was higher at 3 T than at 1.5 T for
the hr sequences (0.58 vs 0.45 for hr PDw sequences and
0.53 vs 0.42 for SPGR sequences).
In Table V, performance in correctly assessing lesion di-

ameter (within a range of G1 mm of the diameter measured
in the specimens) is presented. As with the grading the best
results in assessing the diameter of the lesions in an antero-
posterior orientation were determined with the 3 T sequen-
ces, meaning that substantially more lesions were correctly
measured in the images obtained at 3 T vs in those ob-
tained at 1.5 T. The highest numbers were again detected
with the SPGR and hr PDw sequences at 3 T, but the differ-
ences between the numbers detected in the 3 T hr PDw and
the 1.5 T SPGR sequences were not very pronounced. The
highest gain in correctly measured lesions from 1.5 to 3 T

Table III
AZ-values separated for the five different locations at the femur, pa-

tella and tibia for all six sequence protocols

AZ-value Sequence

lr PDw hr PDw SPGR

Field strength

3.0 T 1.5 T 3.0 T 1.5 T 3.0 T 1.5 T

Femur
Medial 0.73 0.55 0.91 0.71 0.87 0.84
Lateral 0.67 0.66 0.85 0.81 0.93 0.88

Patella 0.51 0.54 0.82 0.74 0.91 0.88

Tibia
Medial 0.49 0.49 0.79 0.67 0.89 0.65
Lateral 0.54 0.50 0.59 0.53 0.65 0.59
was obtained with the lr PDw sequence. Interestingly, the
percentage obtained by dividing correctly measured lesions
by the total number of detected lesions for each sequence
was still higher at 3 vs 1.5 T, consistently for all sequences,
which means that even though there were more subtle, ad-
ditionally visualized lesions, diagnostic performance was
better.

Discussion

The results of this study suggest that 3 T MR imaging may
significantly improve the diagnostic performance in assess-
ing focal cartilage lesions compared to 1.5 T MRI. However,
dedicated hr sequences may be required to fully exploit the
potential of the higher field strength. Results of this ROC
analysis also suggest that the increase in diagnostic perfor-
mance is consistent between different radiologists.
Imaging of articular cartilage is challenging and correct as-

sessment of the cartilage surface and morphology is impor-
tant to guide therapy. For example, in osteochondritis
dissecans drilling procedures may be useful if the cartilage
surface above the lesion is intact but not if cartilage defects
are shown25. In addition cartilage repair procedures such
as osteochondral autograft or allograft transfer (mosaic-
plasty) and autologous chondrocyte implantation require
not only exact preoperative planning but also meticulous

Table IV
Number of correctly graded cartilage lesions and total number of
detected lesions with absolute numbers for all three radiologists
and percentages (correctly graded lesions divided by the total num-
ber of lesions) as well as correctly graded lesions divided by the to-
tal number of lesions and by the number of detected lesions for the

individual sequences

Sequence

lr PDw hr PDw SPGR

Field strength

3.0 T 1.5 T 3.0 T 1.5 T 3.0 T 1.5 T

NCG 38 30 91 76 102 90
NCG/NT 15% 12% 36% 30% 40% 36%
ND 70 48 162 129 166 156
ND/NT 28% 19% 64% 51% 66% 62%
NCG/ND 54% 63% 56% 59% 61% 58%

NCGZNumber of correctly graded lesions; NTZ Total number

of lesions; NDZNumber of detected lesions.
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post-operative follow-up to assess pathology of the repaired
cartilage surfaces11,26e28. A previous study also stressed
the importance of lesions adjacent to the repaired areas,
which were visualized with hr imaging and had significant im-
pact on the clinical outcome29. Given the requirement of im-
proved cartilage visualization, optimized imaging techniques
have been developed5,8,10,26. This encompasses new MR
sequences with better contrast to noise ratio (CNR) of carti-
lage and surrounding joint fluid, dedicated coils with better
SNR as well as the application of higher field strength.
MR scanners operating at 3 T are increasingly available

and, in particular, are attractive since they provide higher
signal to noise ratio (SNR) and thus higher spatial resolution
without increasing imaging times may be achieved. Techni-
cal implications that have to be considered with musculo-
skeletal 3 T imaging have been previously described30,31.
Recommended changes at 3 T to improve image quality
include shortening of echo time (TE) and increase of repe-
tition time (TR).
A small number of studies have been performed studying

the potential of cartilage imaging at 3 T8,19,32. In an initial
clinical study performed in five volunteers Kornaat et al.8

studied a fat suppressed three-dimensional (3D)-SPGR,
a fat suppressed 3D-steady-state free precession (SSFP)
and a sagittal Dixon 3D-SSFP sequence at 1.5 and 3 T.
All of these sequences yield hyperintense cartilage signal,
but signal of the cartilage is lower in the SSFP sequences.
While surrounding joint fluid is low or intermediate in signal
in the SPGR sequence it is high in the SSFP sequences,
which may improve conspicuity of surface lesions. In our
study, we also used a fat suppressed (fs) SPGR sequence;
the fs PDw sequence we used has similar signal character-
istics as the SSFP sequence: in the PDw sequence carti-
lage is intermediate in signal and synovial fluid is also
high in signal intensity. In all of the volunteers, SNR and
CNR efficiencies were measured in that previous study
and average cartilage thickness measurements were ob-
tained. An expected increase in SNR of 1.6e2.3 was found
with 3 T; the increase in SNR was higher in the SSFP se-
quences than in the SPGR sequence. The measurements
of cartilage thickness obtained at 1.5 and 3 T did not
show significant differences. Unfortunately since none of
the healthy volunteers had cartilage lesions, it was not
possible to assess differences in visualization of cartilage
pathology in that study.
Fischbach et al.32 examined 12 chondral defects of vary-

ing depths, widths, and locations that were created in the

Table V
Measured cartilage lesion size in an antero-posterior orientation in
the MR images by each radiologist within a G1 mm range com-
pared to size measured in the same orientation in the specimens.
Absolute numbers for all three radiologists and relative percentages
(divided by the total number of lesions and only the number of

detected lesions) for the individual sequences are shown

Sequence

lr PDw hr PDw SPGR

Field strength

3.0 T 1.5 T 3.0 T 1.5 T 3.0 T 1.5 T

NMC 49 23 110 75 121 108
NMC/NT 19% 9% 44% 30% 48% 43%
NMC/ND 70% 48% 68% 58% 73% 69%

NMCZNumber of correctly measured lesions; NTZ Total num-

ber of lesions; NDZNumber of detected lesions.
retropatellar hyaline cartilage in six sheep cadaver limbs
at 1.5 and 3 T. Three fat saturated sequences were studied,
a T2-weighted fast spin-echo (FSE) sequence, a two-di-
mensional (2D) and a 3D gradient-echo (GE) sequences,
and ROC analysis was performed. Similar to the results
found in our study the 3D GE sequence obtained the high-
est AZ-values but differences between 3.0 and 1.5 T were
less pronounced than in our study (AZZ 0.88 vs
AZZ 0.85). 2D GE imaging was inferior to 3D imaging at
both field strengths (P! 0.05) but, compared to 1.5 T, le-
sion detectability was improved at the higher magnetic field
of 3.0 T (AZZ 0.81 vs AZZ 0.73). FSE images showed sig-
nificantly inferior sensitivity and less anatomical detail com-
pared to the GE sequences at both field strengths
(AZZ 0.64 vs AZZ 0.72). These results are similar to those
found for our lr PDw sequence, yet the AZ-value was higher
for 3.0 T in our study. Limitations of this study include a low
number of lesions and specimens, which makes the results
of ROC analysis more difficult to comprehend. As in a previ-
ous study8, Fischbach et al. also found higher SNR and
CNR values for all sequences at 3.0 vs 1.5 T.
In a preliminary study, comparing cartilage imaging at 1.5

and 3 T performed by our group19, we found a 1.83-fold
higher SNR value for a hr PDw sequence and a 1.53-fold
increase for an SPGR sequence. However, the SPGR se-
quence was approximately 25% shorter, and calculating
SNR efficiencies and thus adjusting for acquisition time,
a 1.76-fold increase of the SPGR sequence at 3 vs 1.5 T
was calculated. In the previous study, imaging sequences
were optimized in human volunteers and the optimized se-
quences were used to detect artificially created lesions in
10 porcine specimens. As in our study more sensitive and
precise assessment of cartilage lesions was obtained, how-
ever, in this previous, preliminary study (1) a substantially
smaller number of lesions was analyzed (29 vs 84), (2)
only sensitivities in detecting lesions were calculated, (3)
no standard sequences were included and (4) images
were analyzed by two radiologists in consensus.
Interestingly, our study shows that while optimized hr se-

quences improve diagnostic performance, a gain of diag-
nostic information may not be obtained from standard
sequences. This also stresses the fact that standard se-
quences from 1.5 T may not be applied to 3 T with the
same parameters but have to be carefully optimized to
use their full potential. On the other hand, with optimized se-
quences imaging times may be reduced while still achieving
superior diagnostic performance, as has been shown with
the SPGR sequence in this study. This is particularly impor-
tant for SPGR sequences, which in a clinical setting have
a very long acquisition time, making them less feasible for
routine protocols.
The use of an experimental model to assess cartilage le-

sions may be considered as a potential limitation of this
study. But ROC analysis requires a true gold standard and
lesions should be found in approximately 50% of the ana-
lyzed segments. This may be difficult to achieve clinically
and for grading of cartilage lesions arthroscopy also may
not provide an optimal standard of reference. The fact that
we used standard sequences and did not push the limits
of spatial resolution in this study may also be considered
to be a limitation. However, we feel that optimization of stan-
dard sequences at 3 vs 1.5 T is a basic necessity before
new sequences should be applied and the limits of spatial
resolution should be explored. The use of very similar se-
quences at 1.5 and 3 T may also be considered as a poten-
tial limitation of this study but our aim was to focus the
comparison on the different field strengths keeping the
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MR parameters similar, yet using sequences optimized for
1.5 T (standard lr IMw sequence) and 3 T (hr IMw and
SPGR sequences). For 3 T imaging, in our opinion, the
bandwidth (BW) is the key parameter to reduce the more
pronounced artifacts. We, therefore, increased the BW to
31.25 in the hr PDw sequence. Increasing the BW for the
SPGR sequence, however, did not decrease artifacts but
reduced image quality. Increasing the TR to higher numbers
was performed for the hr PDw sequence, however, further
increase would have made images more T2-weighted,
which was not intended. Increasing the echo train length
(ETL) does not necessarily reduce imaging time as this
also changes the coverage, i.e., by increasing the ETL
the coverage may be reduced and thus more slabs may
be required to obtain the same coverage, which increases
acquisition time substantially. We, therefore, optimized
ETL concerning coverage and time.
Future research will have to focus on applying these op-

timized sequences in a larger clinical population with an ar-
throscopic standard of reference. In addition, coil
development for 3 T imaging is required; preliminary work
by Bauer et al.33 has shown that with optimized coil design
an up to 3-fold increase in SNR may be obtained with 3 T vs
standard 1.5 T imaging. A number of new imaging sequen-
ces have been suggested to improve cartilage imaging at
1.5 T2,6,7,29,33e35 and the application and modification of
these sequences to 3 T would also be an aim of future re-
search projects.
Computer aided localization and quantification of focal le-

sions of cartilage has been approached using a variety of
techniques36,37 and compared with arthroscopic measure-
ments38. Although Lee et al.38 demonstrated the feasibility
of making measurements at 1.5 and 3 T, and did not show
statistically significant results in determining lesion sizes at
1.5 and 3 T, it must be added, the studies were early studies
focused at the development of the computerized algorithm
and did not optimize the image acquisition and resolutions
achievable at 3 T. Further developments of automatic seg-
mentation of cartilage and of algorithms for the quantification
of focal lesions utilizing optimized cartilage-specific sequen-
ces for 3 T may also represent an important research
direction.
In conclusion this study has shown the potential of 3 T

MR imaging to increase diagnostic performance in assess-
ing pathology of the cartilage surface using ROC-methodol-
ogy. It should be considered that cartilage dedicated
sequences have to be optimized for imaging at 3 T and ap-
plying 1.5 T sequences to 3 T may not provide better re-
sults. Future studies are required to validate these
findings in a clinical environment.
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