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Abstract
Purpose At our institution, fast spin-echo (FSE) proton
density (PD) imaging is used to evaluate articular cartilage,
while conventional spin-echo (CSE) T1-weighted sequences
have been traditionally used to characterize meniscal
pathology. We sought to determine if FSE PD-weighted
sequences are equivalent to CSE T1-weighted sequences in
the detection of meniscal tears, obviating the need to perform
both sequences.
Method and materials We retrospectively reviewed the
records of knee arthroscopies performed by two arthroscopyfocused surgeons from an academic medical center over a
2-year period. The preoperative MRI images were interpreted
independently by two fellowship-trained musculoskeletal
radiologists who graded the sagittal CSE T1 and FSE PD
sequences at different sittings with grades 1–5, where 1 =
normal meniscus, 2 = probable normal meniscus, 3 =
indeterminate, 4 = probable torn meniscus, and 5 = torn
meniscus. Each meniscus was divided into an anterior and
posterior half, and these halves were graded separately.
Operative findings provided the gold standard. Receiver
operating characteristic (ROC) analysis was performed to
compare the two sequences.
Results There were 131 tears in 504 meniscal halves. Using
ROC analysis, the reader 1 area under curve for FSE PD
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was significantly better than CSE T1 (0.939 vs. 0.902,
>95% confidence). For reader 2, the difference met good
criteria for statistical non-inferiority but not superiority
(0.913 for FSE PD and 0.908 for CSE T1; >95% noninferiority for difference at most of −0.027).
Conclusion FSE PD-weighted sequences, using our institutional protocol, are not inferior to CSE T1-weighted sequences
for the detection of meniscal tears and may be superior.
Keywords MR imaging . Meniscus . Knee . Arthroscopy .
Sports medicine

Introduction
Magnetic resonance imaging (MRI) has revolutionized the
imaging and treatment of knee injuries. Meniscal tears can
be a source of significant knee pain and disability in many
individuals. Identification of meniscal tears is the most
common indication for MRI of the knee [1]. In a
comparison of nine studies with a study volume of at least
200 menisci done by Rubin and Paletta [2], the sensitivity
for diagnosing a medial meniscal tear was 86% to 96% with
a specificity of 84% to 94%. For lateral meniscal tears, the
sensitivity was 68% to 86% and the specificity was 92% to
98%. Taken together, the negative predictive value for MRI
for these studies was 91% [2]. Due to its high negative
predictive value, MRI can help avoid unnecessary diagnostic arthroscopy [3–7]. MRI can also identify alternative
knee pathology, as well as size, location, and characteristics
of meniscal tears that will guide treatment. Coupled with a
patient’s history and physical exam findings, MRI has a
high utility in directing the treatment of individuals with
knee pain.
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Several authors have reported on the accuracy of T1- and
PD-weighted sequences in the detection of meniscal tears,
but little is reported comparing the two [8]. Reported
accuracy in the literature suggests that the two sequences
are of similar value in evaluating the meniscus [8–16].
Additionally, fast spin-echo and proton density-weighted
sequences are reported to have good accuracy in the
evaluation of osteochondral lesions [8, 17–19]. Given the
versatility and speed of FSE PD-weighted sequences for
the purpose of evaluating various structures about the knee,
FSE PD-weighted sequences have become a standard part
of routine knee MRI in many centers. While PD-weighted
sequences have not been definitively shown to be equivalent or better than T1-weighted sequences for the purpose
of meniscal evaluation, the more traditional (and oftentimes
slower) CSE T1-weighted sequences have become less
popular.
Furthermore, whether fast spin-echo sequences are
equivalent to conventional spin-echo sequences for the
purpose of meniscal evaluation is still a subject of
controversy. Early studies reported results for FSE PDweighted sequences comparable to those of CSE PDweighted sequences [11, 14, 20, 21]. In a 2005 study,
Blackmon et al. disputed these results, citing an unacceptable drop in sensitivity with FSE PD-weighted sequences
and encouraged the abandonment of FSE PD-weighted
sequences in favor of CSE PD-weighted sequences for the
purpose of detecting meniscal tears [10].
At our institution, we use CSE T1-weighted sagittal
sequences in conjunction with FSE PD sagittal imaging
sequences as part of our routine knee MRI evaluation. In
undertaking this study, we sought to determine whether
performing sagittal CSE T1-weighted sequences in conjunction with sagittal FSE PD-weighted sequences was
necessary. Our hypothesis was that FSE PD-weighted
sagittal sequences are equivalent to CSE T1-weighted
sequences in the detection of meniscal tears and that the
CSE T1-weighted sagittal sequences could be abandoned
for routine knee MRI.

Materials and methods
This study was performed in compliance with the Health
Insurance Portability and Accountability Act and with
approval from our Human Investigational Committee.
Patient selection and medical records review
We reviewed the records of knee arthroscopies performed
by two sports medicine and arthroscopy-focused orthopedic
surgeons from an academic medical center over 2 years
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beginning July 1, 2003. We identified 345 patients who
underwent knee arthroscopy at that time. We excluded
patients who had undergone prior surgery on the operated
knee, patients who had preoperative MRIs at facilities other
than our own, and patients who underwent arthrograms.
There were 143 patients who met these criteria, of whom 17
were excluded due to problems with their MRI [no high
resolution PD sequence (10), no T1 sequence (1), motion
artifact (5), and metal artifact (1)]. There were 126 records
reviewed (50 women, 76 men) with an average age of
39.6 years (10–77 years). Operative reports and diagrams
drawn by the surgeon at the time of surgery were reviewed
for presence or absence and location of meniscal tear. Each
meniscus was divided into anterior and posterior halves.
For meniscal tears that crossed the midline of the meniscus
in the coronal plane, both halves were considered torn. A
meniscus was labeled as torn if it exhibited any signs of
instability or cleavage in any direction regardless of
apparent mechanical stability or degenerative changes.
Marginal fraying was not considered abnormal for the
purposes of this study.
MRI technique
All patients underwent MR imaging of the knee on a 1.5-T
system (GE Medical Systems, Milwaukee, Wis.). Imaging
was performed in a quadrature knee coil (Invivo, Latham,
NY, USA) in the sagittal plane. The parameters for the CSE
T1 sequences are as follows: TR/TE 475/14; BW 15.63,
matrix 256×192; NEX 1, FOV 14; spacing, 3.3 mm
interleaved. The parameters for the FSE PD sequences are
as follows: TR/TE 2800/25; ETL 6, BW 20.83, matrix
320×256; NEX 3, FOV 14; spacing, 3:0.5 mm).
MRI analysis
The MRI images were interpreted independently by two
fellowship-trained and experienced musculoskeletal radiologists (A.H.H. and J.S.W.) who graded the sagittal CSE T1and FSE PD-weighted sequences at different sittings on
different days. When each sequence was viewed, there were
no other sequences available for review. Additionally, the
radiologists were blinded to the results of arthroscopy,
although they did have knowledge that patients underwent
arthroscopy. As with the operative report, each meniscus
was arbitrarily divided into anterior and posterior halves,
and tears were ascribed to either, both, or neither of each
half of each meniscus. Grades 1–5 were assigned, where
1 = normal meniscus, 2 = probable normal meniscus, 3 =
indeterminate, 4 = probable torn meniscus, and 5 = torn
meniscus. Criteria for a definitive tear were threefold: (1)
linear signal contacting the articular surface on two or more
images, (2) contour abnormality of the meniscus, and (3)
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Results

Statistical analysis

There were a total of 131 meniscal tears identified in 504
meniscal halves at the time of surgery. Considering all
meniscal halves using ROC analysis (Figs. 1 and 2), reader
1 area under curve (AUC) for FSE PD-weighted sequences
was significantly better than CSE T1-weighted sequences
(0.939 vs. 0.902; >95% confidence). For reader 2, the
difference was less and met criteria for statistical noninferiority but not superiority (0.913 for FSE PD, 0.908 for
CSE T1; lower bound of 95% confidence for noninferiority of FSE PD=−0.027)). Similarly, results for
MRMC analysis reflected statistical non-inferiority (0.925
for FSE PD, 0.905 for CSE T1; lower bound of 95%
confidence for non-inferiority of FSE PD=−0.057). When
the two readers are considered as fixed but together, the
lower bound for non-inferiority is −0.002 (i.e., 95%
certainty that, at worst, FSE PD-weighted sequences have
an AUC of the ROC curve of 0.002 less than the AUC of
the ROC curve of CSE T1-weighted sequences).
When the medial and lateral menisci were considered
separately, a similar pattern emerged in the ROC curves
generated. For the medial meniscus, reader 1 AUC for the
ROC curve of FSE PD-weighted sequences was significantly better than that of CSE T1-weighted sequences
(0.957 vs. 0.929; ~95% confidence), while for reader 2
AUC for the ROC curve of FSE PD was not significantly
worse than that of CSE T1 (0.931 vs. 0.944; lower bound of
95% confidence for non-inferiority of FSE PD=−0.052). In
evaluating the lateral meniscus, both readers had a higher

The results of the grades of the MRI sequences by each
reader were correlated with the findings at the time of
surgery. Receiver operating characteristic (ROC) analysis
was performed, and area under curve (AUC) values were
calculated for both readers for both MRI sequences [22].
Multiple reader, multiple case (MRMC) analysis was also
performed [23, 24] (using DBM-MRMC 2.0, http://wwwradiology.uchicago.edu/krl/). The fitting model used was
the proper binormal model because of its reliability [25].
One-tailed analysis for the lower bound for 95% confidence
of non-inferiority of FSE PD versus CSE T1-weighted
sequences was performed for the ROC curves. For the
sensitivity and specificity comparisons, as well as for
correlated frequencies comparisons (including tests that
involved both positive and negative cases at the same time),
the statistical analysis was performed using the McNemar
test [26]. Multiple comparisons issues were not considered
because the purpose of the paper was not to find one or
more significant measurement among many non-significant
ones. Positive predictive values and negative predictive
values were not tested for statistical significance and are
reported as confidence intervals.

Fig. 2 Fitted ROC curves using the proper binormal model generated
from the grading of the MRI readings of readers 1 and 2 for
conventional spin-echo (CSE) T1-weighted sequences and fast spinecho proton density (PD)-weighted sequences. The gray-shaded plots
represent the readings of the FSE PD-weighted sequences (continuous
reader 1, dotted reader 2). The black shaded plots represent the
readings of the CSE T1-weighted sequences (continuous reader 1,
dotted reader 2)

Fig. 1 Empirical ROC curves generated from the grading of the MRI
readings of readers 1 and 2 for conventional spin-echo (CSE) T1weighted sequences and fast spin-echo proton density (PD)-weighted
sequences. The gray-shaded plots represent the readings of the FSE
PD-weighted sequences (squares reader 1, diamonds reader 2). The
black-shaded plots represent the readings of the CSE T1-weighted
sequences (squares reader 1, diamonds reader 2)

abnormal size or truncation of the meniscus. A probably
torn meniscus had signal abnormality contacting the
articular surface on one image only, and a probably normal
meniscus had signal abnormality that did not definitely
contact the articular surface.
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area under the ROC curve for FSE PD-weighted sequences
relative to CSE T1-weighted sequences (reader 1, 0.915 vs.
0.876 with lower bound of 95% confidence for noninferiority of FSE PD=−0.01; reader 2, 0.913 vs. 0.868
with lower bound of 95% confidence for non-inferiority of
FSE PD=−0.008).
Because of the low number of tears of the anterior half
of the medial meniscus (six), no meaningful ROC curves
could be generated from the subdivision of the medial
meniscus. For the lateral meniscus, the ROC curves for the
anterior and posterior halves were not statistically different
for FSE PD- and CSE T1-weighted sequences for either
reader.
The data also reflect a stronger diagnostic response for
FSE PD-weighted sequences as compared to CSE T1weighted sequences. Reader 1 assigned the grade of 1
(normal meniscus) to 350 meniscal halves from the FSE
PD-weighted sequences compared to 290 for the CSE T1weighted sequences (>99% confidence). Reader 2 assigned
the grade of 1 to 361 meniscal halves from the FSE PDweighted sequences compared to 280 for the CSE T1weighted sequences (>99% confidence). Similarly, reader 1
assigned the grade of 5 (torn meniscus) to 72 meniscal
halves from the FSE PD-weighted sequences compared to
33 for the CSE T1-weighted sequences (>99% confidence),
and reader 2 assigned the grade of 5 to 67 meniscal halves
from the FSE PD-weighted sequences compared to 61 for
the CSE T1-weighted sequences (not statistically significant). This caused an inward shift on the empirical ROC
curve for FSE PD-weighted sequences compared to the
CSE T1-weighted sequences (Fig. 1).
Upon examination of the more definitive grades, the
positive and negative predictive values of the CSE T1weighted sequences and the FSE PD-weighted sequences
were comparable. When a grade of 5 (torn meniscus) was
assigned to a meniscal half, the positive predictive value
(PPV) for reader 1 was 89% (CI 81–100%) and 91% (CI
81–96%) for FSE PD- and CSE T1-weighted sequences,
respectively. For reader 2, the PPV was 91% (CI 85–98%)
and 92% (CI 85–99%) for FSE PD- and CSE T1-weighted
sequences, respectively. For readings of grade 5, the
specificity for both readers was 98% for FSE PD-weighted
sequences and 99% for CSE T1-weighted sequences. These
differences were not statistically significant. Similarly,
when a grade of 1 (normal meniscus) was assigned to a
meniscal half, the negative predictive value (NPV) for
reader 1 was 94% (CI 91–97%) for both FSE PD- and CSE
T1-weighted sequences. For reader 2, the NPV was 92%
(CI 89–95%) and 96% (CI 93–98%) for FSE PD- and CSE
T1-weighted sequences, respectively.
When less definitive grades are used, the results are
comparable to those of the more definitive grades. When a
grade of 4 or 5 (probable torn meniscus or torn meniscus)
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was assigned to a meniscal half, the positive predictive
value for reader 1 was 85% (CI 78–92%) and 86% (CI 78–
93%) for FSE PD- and CSE T1-weighted sequences,
respectively. For reader 2, the PPV was 83% (CI 75–
90%) and 76% (CI 68–84%) for FSE PD- and CSE T1weighted sequences, respectively. For readings of grade 4
or 5, the specificity for reader 1 was 95% for FSE PDweighted sequences and 97% for CSE T1-weighted
sequences (not statistically significant). For reader 2, the
specificity for readings of grade 4 or 5 was slightly but
significantly better for FSE PD-weighted sequences than
those of CSE T1-weighted sequences (95% vs. 92%; p<
0.05). Similarly, when a grade of 1 or 2 (normal meniscus
or probable normal meniscus) was assigned to a meniscal
half, the negative predictive value for reader 1 was 91% (CI
88–94%) for FSE PD-weighted sequences and 89% (CI 86–
92%) for CSE T1-weighted sequences. For reader 2, the
NPV was 90% (CI 86–92%) and 91% (C.I. 88%-94%) for
FSE PD- and CSE T1-weighted sequences, respectively.
The sensitivity for readings of grade 1 or 2 for reader 1 was
74% and 64% for FSE PD- and CSE T1-weighted
sequences, respectively (p<0.06). For reader 2, the sensitivity for readings of grade 1 or 2 was 69% and 75% for
FSE PD- and CSE T1-weighted sequences, respectively
(not a statistically significant difference).

Discussion
In the current study, the comparison of the two sequences
was not an attempt to directly compare FSE and CSE
sequences or PD- and T1-weighted sequences with identical parameters as the specific parameters used were
markedly different. This was a comparison of our traditional meniscal sequence (CSE T1) to our standard articular
cartilage (FSE PD) sequence. With regards to the imaging
parameters, the FSE PD was a higher resolution sequence
with frequency and phase matrices of 320×256 compared
to the CSE T1 256×192. The number of excitations (NEX)
of the FSE PD-weighted sequences was also significantly
higher (three versus one for CSE T1). These two factors
would potentially provide the FSE PD-weighted sequence
with an advantage for evaluation of meniscal tears.
However, the lack of an interslice gap and the shorter echo
time with the CSE T1-weighted sequences provides a
potential advantage for meniscal evaluation. Thus, we
undertook this study to evaluate the continued need for
performing the CSE T1-weighted sequences.
To our knowledge, the only study comparing CSE T1- to
FSE PD-weighted sequences was a 1996 study in which
Kojima et al. compared parasagittal CSE T1-weighted
sequences with coronal FSE PD-weighted sequences (fat
suppression FSE with a TR=2,000 and TE=19 and an echo
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train length of 2) with arthroscopic correlation in 202
patients [8]. They reported that the FSE PD-weighted
sequences were superior to the CSE T1-weighted images
in depicting the menisci, articular cartilage, and capsular
structures. However, their quantitative analysis did not bear
this out. For medial meniscal tears, they found a sensitivity
and specificity of 95.1% and 93.3%, respectively, for CSE
T1-weighted sequences compared to 90.8% and 93.3% for
FSE PD-weighted sequences. For lateral meniscal tears,
they found a sensitivity and specificity of 72.6% and
97.9%, respectively, for CSE T1-weighted sequences
compared to 66.1% and 97.1% for FSE PD-weighted
sequences. None of these differences met the threshold for
statistical significance.
Other authors have sought to compare FSE PD- to CSE
PD-weighted sequences with respect to meniscal evaluation. Many reports concluded that FSE PD-weighted
sequences were equivalent to CSE PD-weighted sequences
in this regard [11, 14, 20, 21, 27]. Consequent to this, many
centers have replaced the conventional spin-echo with fast
spin-echo PD imaging for routine knee MRI. In 2005,
Blackmon et al. disputed these findings and recommended
abandoning the FSE PD-weighted sequences reporting a
sensitivity of 93% for CSE PD-weighted sequences versus
80% for FSE PD-weighted sequences [10]. However, in
their study, the values for CSE sequences were obtained
from a separate retrospective control group of patients who
underwent arthroscopy after MRI. In contrast, the sensitivity value for the FSE sequences was generated by
comparison with these control group numbers for CSE
sequences in a different group of patients who did not
undergo arthroscopic correlation. Blackmon et al. also
reported a statistically significant rate of discordance of
17% (p<0.01) between CSE and FSE sequences (72 of 432
menisci), noting that 40 of the 72 were tears picked up on
CSE but not FSE sequences, while the other 32 were
“abnormal meniscal signal on fast spin-echo that was not
present on conventional spin-echo sequences.” This raises
the question as to whether these “abnormal meniscal
signals” represented tears seen on FSE but not CSE
sequences; however, the authors do not comment on this.
Thus, the issue of whether conventional spin-echo can be
replaced by fast spin-echo sequences is still a subject of
controversy.
While the current study was not designed to resolve this
issue, it does lend credence to the argument that FSE PDweighted sequences have a high level of accuracy in the
detection of meniscal tears even when compared to a
sequence designed for the specific purpose of meniscal
evaluation. Indeed, as we had hypothesized, the FSE PDweighted sequences were statistically at least as good, if not
better, than the CSE T1-weighted sequences at detecting
meniscal tears.

25

One of the strengths of this study was the use of ROC
analysis to describe our results. This is an effective method
of evaluating the quality or performance of a diagnostic test
and is widely used in the radiologic literature [28–31]. To
our knowledge, this is the first study to utilize ROC
analysis to compare accuracy of two MRI sequences in the
detection of meniscal tears. Previous studies have described
the MRI findings of the meniscus in a binary manner—
either torn or not torn, or with the grading scale described
by Crues et al. [12] and then analyzed as separate groups
categorically with respect to arthroscopic findings depending on their assigned grade. We feel that assigning a grade
of 1–5 more accurately reflects the nuances of clinical MRI
interpretation and provides a more complete assessment of
the relative merits of a diagnostic test. The ROC curve is
defined as the plot of test sensitivity as the y coordinate
versus 1-specificity or false positive rate (FPR) as the x
coordinate. The generated curves (Figs. 1 and 2) demonstrate how, for each sequence, sensitivity varies together
with specificity and FPR. To compare the overall accuracy
of the two sequences, the area under the curves were
calculated.
The area under reader 1’s ROC curve for all meniscal
halves taken together was statistically significantly greater
for FSE PD-weighted sequences as compared with CSE T1weighted sequences. For reader 2, the differences were less
pronounced and allow us only to conclude that, statistically
speaking, there is a 95% chance that, at worst, FSE PDweighted sequences have an area under the ROC curve of
0.027 less than the area under the ROC curve for CSE T1weighted sequences. In other words, for reader 2, there is a
strong case that FSE PD-weighted sequences are not
inferior to CSE T1-weighted sequences in the detection of
meniscal tears, while for reader 1, the FSE PD-weighted
sequences were statistically superior.
Multiple reader, multiple case (MRMC) analysis was
also performed using the ROC curves of both readers
together. MRMC analysis provides a quantitative measure
of the performance of a diagnostic test across a population
of readers with varying degrees of skill. It allows the
results of the current readers evaluating the current cases to
be generalized to all readers of all cases [32]. In this way, it
is superior to the collection of single reader ROC analyses.
The utility of the MRMC analysis in the current study is
limited by the low number of readers (two). Nevertheless,
the findings of statistical non-inferiority in the MRMC
analysis of the both readers’ ROC curves strengthen the
conclusion that FSE PD-weighted sequences are not
inferior to CSE T1-weighted sequences. When the ROC
curves of both readers were considered together without the
use of MRMC analysis but rather considering each reader
as fixed (and thereby unable to be generalized across a
population of readers), a stronger conclusion of statistical
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for FSE PD-weighted sequences versus CSE T1-weighted
sequences. For reader 2, the area under the ROC curve for
FSE PD-weighted sequences was slightly less than that that
of CSE T1-weighted sequences, but still met reasonable
criteria for statistical non-inferiority—i.e., there is a 95%
chance that, at worst, the area under the ROC curve for FSE
PD-weighted sequences is 0.052 less than that of CSE T1weighted sequences. Taken together, these data suggest that
FSE PD-weighted sequences are very likely not inferior and

Fig. 3 a Sagittal FSE PD-weighted image of a 19-year-old male
patient shows no signal or contour abnormality within the posterior
horn of the medial meniscus in this arthroscopically confirmed normal
meniscus. This study was rated as a 1 (normal) by both readers. b The
ratings on the sagittal CSE T1-weighted sequences were less definitive
(2, probably normal) by the respective readers, as there was trace
signal abnormality (arrows)

non-inferiority was reached with a lower bound of
essentially identical performance.
To assess relative accuracy of the two sequences in
differing anatomic locations, data were collected and
analyzed for the anterior and posterior halves of each
meniscus. For the medial meniscus, the number of tears in
the anterior half of the meniscus was too low to perform
any meaningful statistical analysis of the anterior half
versus the posterior half, while for the lateral, no significant
differences were found between the two halves with either
sequence.
The results of the analysis of detection of tears of the
medial meniscus and lateral meniscus considered separately
echo those of the medial and lateral menisci considered
together. When considering tears of the medial meniscus,
the accuracy of reader 1 was statistically significantly better

Fig. 4 a Sagittal FSE PD-weighted image of a 67-year-old female
patient shows signal abnormality extending through the posterior horn
of the medial meniscus (white arrows). This was an arthroscopically
confirmed tear and was rated as a 5 (torn) by both readers. Also, note
the articular cartilage defect in the medial tibia (black arrows). b The
signal abnormality on the sagittal CSE T1-weighted sequences is more
subtle (arrow), and the ratings were less definitive (3 indeterminate
and 4 probably torn) by the respective readers
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examination of the definitive cut points [grades 1 (normal)
and 5 (torn)], there was no difference between FSE PDand CSE T1-weighted sequences except for reader 2 who,
for readings of grade 1, CSE T1-weighted sequences
were significantly more sensitive than FSE PD-weighted
sequences [91% vs. 77% (p<0.001)]. Nevertheless, both
sequences demonstrated very good performance from the
standpoint of PPV and NPV for grades 5 and 1, respectively. The PPV for a meniscus read as “torn” ranged from 89–
92% for both readers of both sequences, while the NPV for
a meniscus read as “normal” ranged from 92–96%. Thus, a
clinician can predict that a patient with a definitive reading
of “normal” on either sequence will have at least a 92%
chance of having a normal meniscus on arthroscopic
evaluation (Fig. 3).

Fig. 5 a Sagittal FSE PD-weighted image of a 53-year old female
patient shows trace signal abnormality within the posterior horn of the
medial meniscus (arrow). This study was rated as a 1 (normal) by both
readers but was shown to be torn at surgery. b The similar trace signal
abnormality (arrow) on the sagittal T1-weighted sequences were
similar and had similar ratings (1 normal and 2 probably normal) by
the respective readers

possibly superior to CSE T1-weighted sequences in the
detection of medial meniscal tears.
Similarly, with regards to lateral meniscal tears, the
results reflect an excellent case for non-inferiority of FSE
PD versus CSE T1-weighted sequences. The area under the
ROC curve for both readers was greater for the FSE PD as
compared with the CSE T1-weighted sequences. The
differences did not meet the criteria to say that the FSE
PD-weighted sequences were superior, only that they were
not inferior—i.e., there is a 95% chance that, at worst, the
AUC for FSE PD-weighted sequences is 0.01 (reader 1) or
0.008 (reader 2) less than the AUC for CSE T1-weighted
sequences, which essentially implies a lower bound of
identical performance.
Using the empirical ROC curves, sensitivity, specificity,
PPV, and NPV were determined at various grades. Upon

Fig. 6 a Sagittal FSE PD-weighted image of a 17-year-old male
patient shows a contour abnormality in the peripheral aspect of the
anterior horn/body junction of the lateral meniscus. This was rated as a
tear by both readers in the anterior half of the lateral meniscus.
b Arthroscopic image confirms the presence of a radial type tear. In
the operative report, this tear was described as posterior to midline in
the meniscus and was, thus, a false positive in the anterior half and a
false negative in the posterior half for the statistical evaluation
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Interestingly, there were significantly more definitive
grades (1 and 5) generated by the FSE PD-weighted
sequences compared with the CSE T1-weighted sequences
(with the exception of grades 5 by reader 2 where the
difference was not statistically significant). While this
stronger diagnostic response does not imply a greater level
of accuracy, it does imply that the readers attributed more
confidence to their readings of the FSE PD-weighted
sequences when compared with the CSE T1-weighted
sequences (Fig. 4). This could be potentially related to the
short TE values used with the CSE T1-weighted sequence.
Peh et al. have shown, in a porcine model, that TE values
below 16 create increased intrasubstance signal in normal
menisci [33].
For comparison with other studies as well as for
application of the findings of the current study to clinical
practice, the less definitive cut points on the ROC curve are
useful. When examining the more specific end of the ROC
curves at a cut point of grade 4 or greater (probably torn or
torn meniscus), FSE PD-weighted sequences were either
significantly more specific (reader 2) or not significantly
different (reader 1) than CSE T1-weighted sequences. The
specificities found for the two sequences in this area of the
curves range from 92–97%, which are consistent with
results reported in the literature [2]. At the more sensitive
end of the ROC curves at a cut point of grade 2 or less
(probably normal or normal meniscus), there was no
statistically significant difference between the sensitivities
of the two sequences. The range of sensitivities (65–76%)
is lower than the range reported in the literature [2] (Fig. 5).
This is likely caused by several factors. One is that these
data reflect a combination of medial and lateral menisci
evaluation. In their review of the literature, Rubin and
Paletta report the range of sensitivity for the detection of
medial meniscal tears of 86% to 96%, while the range of
sensitivity for the detection of lateral meniscal tears as 68%
to 86% [2]. Another is that the readers did not have access
to coronal imaging to confirm negative or equivocal
findings. Additionally, lack of access to coronal imaging
may have lead to an increased false negative rate (and thus
lower sensitivity) due to missing radial tears and tears of the
meniscal root, which are often better visualized in the
coronal plane. Similarly, radial tears at the midpoint of
the meniscus may have been ascribed to the incorrect half
of the meniscus and may have lowered the accuracy metrics
relative to if the menisci had been evaluated as a whole
(Fig. 6). Furthermore, the interpretations of the gold
standard of arthroscopic findings will have an effect on
what abnormalities are deemed “tears” and what are not. In
the current study, all abnormal findings with the exception
of marginal “fraying” were classified as tears. In many of
the studies including most of those cited by Rubin and
Paletta [2], the arthroscopic criteria for meniscal tear or
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abnormality are not described [8–12, 14, 16, 34, 35]. Others
classified a meniscus as torn only if it could be shown to
have mechanical instability [13], while still others classified
“frayed or degenerated” menisci as intact [15]. The
relatively liberal definition of a meniscal tear in the current
study likely led to an increased number of false negative
MRI results and thereby decreased the overall sensitivity.
There are a number of limitations to this study. While the
use of arthroscopic findings as a gold standard has been
debated [36], it remains the most reliable means of
detecting clinically significant meniscal tears. Prior knowledge of an ongoing study with respect to meniscal tear
detection by MRI may have induced the surgeons to be
more diligent in the assignment of anatomic location of the
tear. It also would have allowed the surgeon to grade the
tears in a similar manner (grades 1–5) as the MRI images
were graded. However, it may have introduced bias into
their reporting by changing their routine assessment of the
meniscus. The use of arthroscopic findings also introduced
the possibility of bias into the interpretation of the MRI
readers as they knew that all of the patients underwent
arthroscopy subsequent to their MRI. This was somewhat
mitigated by their lack of knowledge of the surgery
performed as well as by the relatively high number of
normal versus torn meniscal halves that were evaluated
(373 versus 131).
Finally, given the wide variation in the parameters of the
two sequences, this study neither definitively end the
controversy over whether all fast spin-echo sequences can
safely replace all conventional spin-echo sequences for
meniscal evaluation nor does it definitively find that all PDweighted sequences are at least as accurate as all T1weighted sequences for meniscal evaluation. The results of
this study do, however, inform both of these issues.
Furthermore, they allow us to conclude that for evaluation
of the meniscus, our traditional CSE T1-weighted sequence, used primarily for detection of meniscal pathology,
can be safely replaced by our FSE PD-weighted sequence
that was designed for evaluation of articular cartilage.
Finally, it demonstrates the use of ROC analysis to provide
a thorough evaluation of the relative accuracy of two MRI
sequences for the detection of meniscal tears.
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