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Isotropic 3D fast spin-echo imaging versus

standard 2D imaging at 3.0 T

of the knee—image quality and diagnostic

performance

Abstract The objective of this study
was to compare a newly developed
fat-saturated intermediate-weighted
(IM-w) 3D fast spin-echo (FSE) se-
quence with standard 2D IM-w FSE
sequences regarding image quality
and diagnostic performance in assess-
ing abnormal findings of the knee. MR
imaging was performed at 3.0 T in 50
patients. Images were assessed inde-
pendently by three radiologists. Image
quality was rated significantly higher
(p<0.05) for the 2D versus the 3D
FSE sequences. Sensitivity for carti-
lage lesions was slightly higher for the
3D sequence, but specificity was
lower. Low contrast objects were
better visualized with 2D sequences,
while high contrast objects were better

shown with the 3D sequence. Con-
fidence scores were higher for 2D than
for 3D sequences, but differences
were not significant. In conclusion,
isotropic 3D FSE IM-w imaging may
enhance standard knee MRI by in-
creased visualization of high contrast
lesions; however, 3D FSE image
quality was lower.
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Introduction

Standard clinical MRI of the knee relies heavily on fat-
saturated, two-dimensional T2- or intermediate-weighted
fast spin-echo (2D T2- or IM-w FSE) sequences,
performed in a reasonable data acquisition time. These
sequences have demonstrated good performance in detect-
ing joint abnormalities such as meniscal tears [1, 2],
ligament injuries [3] or cartilage damage [4, 5]. Limitations
of these sequences, however, have to be considered. These
include: (1) relatively thick image sections with gaps and
partial volume effects, (2) non-isotropic voxels and (3)
acquisition of 2D sequences in all three planes, since
reformations are not possible, thus increasing examination
time. Using isotropic 3D T2- or IM-weighted techniques
may solve these problems and potentially optimize visu-
alization of knee abnormalities. Isotropic voxels would
allow reformations with different slice thickness in any
imaging plane, reducing imaging time, by eliminating
the need to acquire sequences in multiple imaging planes.

Three-dimensional imaging sequences of the knee
have been tested and previously evaluated [6–11], but
most of these were gradient echo sequences, and given
different image contrast had limitations in replacing 2D
T2- or IM FSE sequences for evaluating internal knee
derangements.

In addition to 3D gradient echo sequences, 3D FSE
techniques were developed; Mugler et al. described a 3D
FSE sequence with variable flip angles and long echo trains
first and established it for brain imaging [12, 13].
Subsequently, a new fast recovery 3D FSE sequence with
a longer echo train acquisition (3D XETA, eXtended Echo
Train Acquisition) was developed by Busse et al. [14] for
knee imaging and evaluated by Gold et al. [7], optimizing
echo time (TE) and echo train length (ETL), as well as
improving scanning efficiency. This sequence allowed
acquisition of T2- or IM-weighted 3D FSE images with
isotropic resolution in an appropriate data acquisition time
with minimal blurring for clinical knee MRI at 1.5 T.
However, these investigators [7] limited their evaluation to
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healthy subjects and did not use this sequence to assess its
performance in diagnosing knee abnormalities.

Therefore, the goals of this study were to compare the
newly developed fat-saturated IM-weighted 3D FSE
sequence to standard, established 2D IM-w FSE sequences,
specifically regarding image quality and diagnostic
performance in assessment of abnormal findings in the
knee. Also we wanted to find out whether one 3D FSE
sequence with multi-planar reformations could replace
standard 2D FSE sequences obtained in multiple planes in
a routine clinical knee examination.

Materials and methods

Patients

This Health Insurance Portability and Accountability Act-
compliant (HIPAA) study had institutional review board
approval, and informed consent was obtained from all
patients. Over a period of 6 months, 50 consecutive
patients were recruited and prospectively included in our
study. Thirty female and 20 male patients were enrolled
(mean age and standard deviation, 37±18.7 years; age
range, 15–82 years). Inclusion criteria were knee symp-
toms in all patients, such as pain or functional limitations;
patients were referred by our sports medicine clinic with a
history of acute or chronic trauma, suspected meniscal,
cartilage or ligamentous injury as well intra-articular
bodies and osteoarthritis. Exclusion criteria were previous
surgery with implantation of metal hardware and standard
contraindications for the use of MRI, including presence of
a pace maker and claustrophobia.

MR imaging

All examinations in the 50 patients were performed at 3 T
(Signa, GE Healthcare, Waukesha, WI) with an eight-
channel receiver element, one element transmit-receive coil
(Invivo, Orlando, FL). The system was equipped with
50 mT/m gradients. The volunteers were placed supine in
the magnet feet first, with the knee at the center of the coil,
lined up with the inferior margin of the patella during
imaging. A standard clinical MR examination was
performed with the six following sequences: (1) a fat-
saturated (fs) two-dimensional intermediate-weighted (IM-
w) fast spin-echo (FSE) sequence in a sagittal orientation
[repetition time, echo time, (TR/TE): 4,200/50 ms; field of
view (FOV): 13 cm; slice thickness (ST): 3 mm; spacing:
0.5 mm; echo train length (ETL): 9; number of signals
acquired: 2; matrix: 320×256 pixels; bandwidth (BW):
31.25 kHz; acquisition time (AT): 4:28 min]; (2) a fs 2D
axial IM-w FSE sequence (TR/TE: 4,200/50 ms; FOV:
13 cm; ST: 4 mm; spacing: 0.5 mm; ETL: 9; number of
signals acquired: 2; matrix: 320×256 pixels; BW:

31.25 kHz; AT: 4:23 min); (3) a coronal fs 2D IM-w FSE
sequence (TR/TE: 4,200/51 ms; FOV: 13 cm; ST: 3 mm;
spacing: 0; ETL: 9; number of signal acquired: 2; matrix:
320×256 pixels; BW: 31.25 kHz; AT: 4:14 min). Three
non-fat saturated 2D sequences were also performed: (4) a
sagittal proton-density (PD)-weighted FSE sequence, (5)
an axial PD-w FSE sequence and (6) a coronal T1-w FSE
sequence. Since these sequences were not included in the
comparative analyses, we did not list sequence parameters.

In addition, a sagittal fs 3D XETA-FSE sequence was
obtained with the following parameters: TR/TE:
2,500/38 ms; BW: 42 kHz; FOV: 16 cm; ST: 0.7 mm;
ETL: 78; number of signal acquired: 0.5; matrix: 256×256
pixels; AT: 6:06 min and voxel size: 0.625×0.625×
0.7 mm. Partial Fourier acquisition and ARC parallel
imaging reduced imaging time by a factor of 3.4 compared
to a standard sequence protocol. Each image dataset was
reconstructed in an axial and coronal plane using the
software implemented with the sequence and provided by
the manufacturer.

Image analysis

All images were evaluated by three board-certified
radiologists with expertise in musculoskeletal MRI ranging
from 5 to 23 years (GS, LS, TML) on PACS workstations
(Agfa, Ridgefield Park, NJ). At the time of analysis, the
radiologists were blinded to the clinical history, previous
reports and sequence parameters. One of the investigators
(OR) brought up the images and recorded each of the
readers’ findings. During the reading session, ambient light
was kept at a minimum, and no time constraints were used.

Image analysis by the radiologists was performed in two
steps. First, sagittal 3D FSE sequences and sagittal 2D FSE
sequences were analyzed separately, in random order, not
more than 25 sequences at one time. Time between reading
sessions was at least 96 h in order to reduce a potential
learning bias. Radiologists were asked to grade image
quality, using the following criteria: edge sharpness,
amount of blurring, artifacts, contrast between fluid and
cartilage, contrast between fluid and soft tissue, delineation
of small ligamentous structures, and amount of noise. A
four-level scale was used, in which 1 indicated optimal
image quality. If one or two criteria were not optimal,
image quality was graded as 2. If the diagnosis was limited
by the criteria listed above, image quality was graded as 3,
and if diagnosis was substantially limited, image quality
was graded as 4. In addition, presence and absence of an
abnormality was graded focusing on cartilage, menisci,
ligaments, patellar tendon, bone marrow, intra-articular
bodies and joint effusion. A five-level scale was used to
grade these abnormalities: grade 1 normal, grade 2
probable absence of disease, grade 3 indicated equivocal
findings, grade 4 probable presence of a lesion and grade 5
definite presence of an abnormality.
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In a second step, the radiologists reviewed the 3D FSE
sequences including axial and coronal reformations side by
side with the three sagittal, axial and coronal 2D FSE
sequences. They were asked to assess how the 3D FSE
sequence compared in performance with the standard 2D
FSE sequence by evaluating the three major abnormalities
in each study. These abnormalities were selected by an
experts’ panel prior to the study based on all sequences
available, the report and clinical findings (OR, BM, TML).
A three-level scale was used to score the images: 1= the 3D
FSE sequence and reformations were better in visualizing
lesions than the standard 2D FSE sequences, 2=3D and 2D
FSE images were similar in performance, and 3=2D FSE
sequences were better than 3D FSE sequence and
reformations. Finally, radiologists were asked to decide
(1) whether the 3D FSE sequence was better =1, same =2
or worse =3 than the standard 2D FSE sequences, (2)
whether the 3D FSE sequence including axial and coronal
reformations could replace the standard 2D FSE sequences
in a routine clinical setting and (3) whether the 3D FSE
sequence provided any additional information compared to
standard 2D FSE sequences.

Quantitative analysis was also performed calculating
effective signal-to-noise-ratios (SNRE) for both the 3D and

2D FSE sequences with SNRE ¼
SITissue

SDBackground
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

data aquisition time
p , where

SITissuewas the signal intensity of cartilage and SDBackground

was the standard deviation of the background. Effective
contrast-to-noise ratios (CNRE) were calculated for carti-
lage (Tissue 2) versus fluid (Tissue 1) using the formula

CNRE ¼
SITissue1�SITissue2

SDBackground
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

data aquisition time
p . Effective SNR and CNR values

were calculated to account for the differences in acquisition
time between the individual sequences.

Standard of reference

The standard of reference for the MR abnormalities was
based on arthroscopic findings in 25 subjects performed by
an experienced orthopedic surgeon (BM); knee arthrosco-
pies were performed within an average time interval of 59±
39 days to the MR studies. In 25 subjects the standard of
reference was based on image analysis by two senior
radiologists (TML and LS) in consensus, performed
independently, after the study readings, with all available
sequences as well clinical examinations, history of each
patient and follow-up MR examinations.

Statistical analysis

Differences in image quality, SNRE and CNRE between 3D
and 2D FSE sequences were assessed using an ANOVA
analysis with a significance threshold of p<0.05. Differ-

ences in specificity and sensitivity as well as in confidence
scores in detecting knee abnormalities were assessed using
the Wilcoxon signed rank test. Receiver-operator charac-
teristic (ROC) analyses were performed based on the
confidence of diagnosing the absence or presence knee
abnormalities. Corresponding “area under the curve” (AZ)
values were calculated to estimate the diagnostic perfor-
mance of each cartilage protocol for detecting a lesion.
Ninety-five percent confidence intervals were calculated
for all AZ values to evaluate significant differences
between the protocols [15, 16]. In addition, descriptive
statistics were used to present results of direct comparisons.
All of the statistical computations were processed using
JMP 5.1 (SAS Institute Inc., Cary, NC) and SPSS 11.5
software (SPSS Inc., Chicago, IL).

Results

Image quality

Each of the radiologists scored image quality of the 3D
FSE sequences significantly lower (p<0.05) than that of
the standard fs 2D FSE sequences for all anatomical
structures except for joint fluid (Table 1). For all evaluated
structures, an average score of 1.90 (±0.23) was calculated
for the 3D FSE images while a corresponding score of 1.25
(±0.19) was calculated for the 2D FSE images. In
particular, a higher amount of image blurring and
indistinctness of the structural edges was noted on the 3D
FSE images as shown in Figs. 1 and 2. This decreased
visualization of low contrast objects in particular within the
bone marrow (Fig. 1) and tears of the menisci (Fig. 2).
Figure 1 shows images of a patient who underwent
cartilage repair with mosaicplasty; the implanted osteo-
chondral plug is not visualized on the 3D FSE image, while
it is well shown on the 2D FSE image. The largest
difference between individual scores was found for the
bone marrow for all radiologists. Bone marrow on the 3D

Table 1 Image quality scores

Structure 3D FSE 2D FSE

Meniscus 2.03 (± 0.39) 1.27 (± 0.36)*

Ligaments 2.06 (± 0.42) 1.28 (± 0.28)*

Cartilage 1.95 (± 0.39) 1.22 (± 0.33)*

Bone marrow 2.24 (± 0.42) 1.23 (± 0.44)*

Joint fluid 1.24 (± 0.28) 1.26 (± 0.22)

All structures 1.90 (± 0.23) 1.25 (± 0.19)*

Mean image quality scores for the 3D and 2D FSE sequences for all
three radiologists. Mean values and standard deviations are shown
for all evaluated structures separately and as an average for all
structures (1= excellent, 4= poor). Except for joint fluid, differences
were significant for all structures (*p<0.05)

1265



FSE images appeared noisy and indistinct, which limited
visualization of bone marrow lesions.

However, high contrast objects, such as small fissures
within the cartilage surrounded by joint fluid (Figs. 3, 4, 5)
or intra-articular bodies surrounded by fluid (Fig. 6), were
better visualized with the 3D FSE sequence due to the thin
slice thickness with reduced partial volume effects. For
each of the radiologists the smallest difference in image
quality between 3D FSE and 2D FSE sequences was found
for joint fluid (p>0.05). Visualization of small structures
within the joint fluid, such as synovial debris and synovial
bands (Fig. 7), in addition to bodies, was improved.

SNR measurements

Effective SNR and CNR values with standard deviations
were calculated for the sagittal 2D and 3D FSE images as
well as for the reconstructed 3D FSE sequences. Higher
SNR values were found for the 2D FSE sequence (22.7±

11.6) than for the 3D FSE sequence (8.9±4.4), which was
expected given differences in slice thickness and image
quality documented by the above-presented scores. The
corresponding effective CNR values with standard devia-
tions were 58.6 (±20.7) for the 2D FSE and 17.4 (±7.7) for
the 3D FSE sequence, indicating higher contrast between
cartilage and fluid for the 2D FSE sequence. To better
control for voxel size, we also measured the effective SNR
and CNR values in the reconstructed 2-mm images and
obtained similar values as in the 2D sequences (22.3±10.2
and 57.2±33.1, respectively), indicating that reconstruc-
tion with larger slice thickness improved SNR and CNR.

Confidence scores

Reviewing the radiologists’ confidence scores in diagnos-
ing knee joint abnormalities revealed that fewer lesions
were classified as definite with the 3D FSE sequence than
with the 2D FSE sequence. With the 3D FSE sequence, 527

Fig. 2 A 45-year-old male pa-
tient with an oblique tear of the
medial meniscus posterior horn.
Sagittal images obtained with
2D (a) and 3D FSE sequences
(b) at 3 T. Finding was classified
as probably no meniscal lesion
by all radiologists in the 3D FSE
sequence (arrow in b), whereas
the tear is well visualized on the
2D FSE sequence and was
diagnosed as a definite tear
(arrow in a). This also correlated
to the arthroscopic findings

Fig. 1 A 24-year-old female
patient, who underwent cartilage
repair with mosaicplasty. Sagit-
tal MR images obtained with 2D
(a) and 3D FSE sequences (b) at
3 T. Note the differences in
image quality between se-
quences, with a substantially
lower amount of noise in (a).
The implanted osteochondral
plug is well visualized on the
2D FSE sequence (arrow in a),
but not on the 3D FSE sequence
(arrow in b)

1266



definite diagnoses were made and 573 with the 2D FSE
sequence. With the 3D FSE sequence, 208 abnormalities
were classified as probable, whereas only 177 were
classified as probable with the 2D FSE sequence. Classi-
fication varied according to the anatomic site: while for
meniscal, ligament and cartilage abnormalities confidence
scores were similar, for bone marrow abnormalities
performance of the 2D FSE sequences was substantially
better. Presence or absence of bodies, however, was graded
with higher confidence on the 3D FSE images.

Diagnostic performance

Abnormal findings covered a wide spectrum of mild to
severe cartilage, meniscus and ligamentous lesions. Thirty-
three cartilage lesions were diagnosed using the available
standard of reference. Seven lesions were located at the
medial and three at the lateral femoral condyle; three
lesions each were located at the medial and lateral tibial

plateau. At the trochlea, 4 lesions were found, while 13
defects were located at the patella. Twelve full thickness
lesions (grade 4) were diagnosed, nine more than 50%
thickness lesions (grade 3) and 7 less than 50% thickness
lesions (grade 2). Five lesions were grade 1 lesions,
consistent with softening of the cartilage arthroscopically
and signal changes and/or swelling on MR images. Thirty-
six meniscal abnormalities were diagnosed; 25 were
located at the medial meniscus and 11 at the lateral
meniscus. Seven were graded as intrasubstance degener-
ation (grade 1), 12 as simple tears (horizontal or vertical)
without deformation (grade 2), 7 as complex tears without
deformation (grade 3) and 10 as meniscal tears with
deformation (grade 4). Twenty-one ligamentous abnorm-
alities were diagnosed. Six were graded as grade 1 sprain
with signal change, nine as partial tear (grade 2 sprain) and
six as a complete tear (grade 3 sprain). In addition, other
abnormalities were diagnosed, such as bone marrow
abnormalities, loose bodies and joint effusions, adding up
to a total of 131 abnormalities.

Fig. 3 A 41-year-old male
patient with a full thickness
cartilage fissure at the weight-
bearing area of the medial fem-
oral condyle. Sagittal 2D (a) and
3D FSE sequences (b). The
lesion can be seen with both
sequences, but the lesion mor-
phology is better visualized with
the 3D FSE sequence (arrows)

Fig. 4 A 16-year-old male pa-
tient with a cartilage defect at
the patella. Sagittal 2D (a) and
3D FSE sequences (b). Images
show a less than 50% depth
cartilage fissure at the patella
(arrows). This lesion was missed
on the 2D FSE images (a) and
diagnosed as a definite lesion on
the 3D FSE sequence (b), high-
lighted by the surrounding joint
fluid
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The diagnostic performance in detecting knee abnorm-
alities was evaluated based on the confidence scores used
by the radiologists and the previously described standard of
reference. The number and percentage of correctly detected
abnormalities for definite scores as well as a combination
of definite and probable scores were determined and are
shown in Table 2. Using definite scores and data from all
radiologists, there was only a 6% overall difference in
correct detection for all knee joint abnormalities between
the 3D FSE and 2D FSE sequences; in 50 patients with a
total of 393 abnormalities (131 assessed by 3 radiologists),
230 (59%) abnormalities were correctly diagnosed with
high certainty (definite) using the 3D FSE sequence and
254 (65%) with the 2D FSE sequence.

Analyzing the results according to different abnormal-
ities, sequence-specific variations were demonstrated. For
meniscal, ligamentous and cartilaginous lesions, the
detection rate showed no significant (p>0.05) differences
between the 3D FSE and the 2D FSE sequence. Yet trends

were shown with a mildly better detection rate for the 2D
FSE sequence for all three lesions and were most evident
for ligament lesions. Detection rates, however, were
significantly higher for the 2D FSE sequence regarding
bone marrow (p<0.05) abnormalities; 15% more lesions
were detected with the 2D FSE sequence than with the 3D
FSE sequence. Although the number of detected bodies
with the two sequences differed substantially, a significant
difference could not be calculated due to the small number
evaluated; 71% of intra-articular bodies were detected with
the 3D FSE sequence, while only 38% were detected with
the 2D FSE sequence, constituting a difference of 33%.

Sensitivity and specificity values were also calculated.
While average sensitivity and specificity values for all
structures were similar, with only 1% difference for the
sensitivity (3D FSE 77% versus 2D FSE 78%) and 3%
difference for the specificity (3D FSE 88% versus 2D FSE
91%), more pronounced differences were found for
cartilage abnormalities (specificity 24% higher for 2D

Fig. 5 A 17-year-old female
patient with osteochondritis dis-
secans. Sagittal 2D (a) and 3D
FSE sequences (b). The full
thickness cartilage lesion at the
medial femoral condyle is not
well shown on the 2D FSE
sequence (arrow in a), but
clearly visualized on the 3D
FSE sequence (arrow in b). In
particular, the grade of the car-
tilage defect is more precisely
illustrated with the 3D FSE
sequence. Joint fluid within the
lesion delineates the exact bor-
ders of the lesion with the 3D
FSE sequence

Fig. 6 A 43-year-old male pa-
tient with an intra-articular
body. Axial 2D (a) and 3D FSE
(b) images. Axial 3D FSE im-
ages are reformations. Chondral
body (arrows) is shown in both
images, but is better delineated
in the 3D FSE image
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FSE) and diagnosis of bodies (sensitivity 31% higher for
3D FSE). Sensitivity for cartilage lesions was mildly higher
for the 3D FSE (94%) than the 2D FSE sequence (90%).
Results were consistent among all three radiologists for all
of the different abnormalities.

Results of the ROC analysis are presented in Table 3.
Average AZ values calculated from pooled radiologist data for
all abnormalities were similar for the 3D and 2D FSE se-
quences AZ¼ 0:80� 0:09versusAZ¼ 0:83�0:12; p>0:05ð Þ .
Again, results were consistent among all three radiologists.
AZ values for bodies were not calculated since their number
was relatively small.

Using data from all radiologists cartilage abnormalities
were evaluated with the 3D versus the 2D sequence as
follows: detection rate, 76% versus 79% and AZ value,
0.78 versus 0.84 for all lesions. Decreased diagnostic
performance was found for lower grade lesions. For
meniscal lesions the detection rate for all radiologists was
56% for the 3D versus 60% for the 2D sequence, while the
AZ value was 0.86 versus 0.87.

Direct comparison

Assessment of the three major lesions was made in every
patient. By comparing the three available planes side by
side, diagnostic performance in visualizing the lesions
was scored as identical for both sequences in 53%, as
better in 11% and as worse in 36% for the 3D FSE
sequence by all radiologists. Results were consistent for
all three imaging planes and radiologists (Table 4). In
75% of the studies radiologists found that the 3D FSE
sequence could replace the sagittal, coronal and axial 2D
FSE sequences. Radiologists also found the 3D FSE
sequence to provide additional information in 14% of all
evaluated images.

Discussion

The results of this study show that isotropic 3D FSE
sequences have promise in assessing lesions of the articular

Fig. 7 A 42-year-old male pa-
tient with an infrapatellar syno-
vial band. Sagittal 2D (a) and
3D FSE images (b). The syno-
vial band (arrows) is indistinct
in (a), but due to the thinner
section in (b), the band is well
demonstrated with the 3D FSE
sequence

Table 2 Number and percentage of lesions detected with absolute number of lesions for all three radiologists

Location of abnormality Confidence
score

3D FSE 2D FSE Difference

Meniscus (total n=108) 5 4&5 60/108 69/108 (56%) (64%) 65/108 76/108 (60%) (70%) (4%) (6%)

Ligament (total n=63) 5 4&5 13/63 22/63 (21%) (35%) 20/63 25/63 (32%) (40%) (11%) (5%)

Cartilage (total n=99) 5 4&5 75/99 85/99 (76%) (86%) 78/99 84/99 (79%) (85%) (3%) (1%)

Bone marrow (total n=102) 5 4&5 67/102 76/102 (66%) (75%) 83/102 90/102 (81%) (88%) (15%)* (13%)*

Intra-articular bodies (total n=21) 5 4&5 15/21 18/21 (71%) (86%) 8/21 12/21 (38%) (57%) (33%) (29%)

All abnormalities detected (total n=393) 5 4&5 230/393 270/393 (59%) (69%) 254/393 287/393 (65%) (73%) (6%) (4%)

For all three radiologists, the number of lesions detected with sagittal 3D and 2D FSE sequences with a given confidence score are provided
with the total number of lesions that were actually diagnosed using the standard of reference. Percentages of differences of detected lesions
diagnosed with 3D and 2D FSE are also shown. A confidence score of 5 indicated that an abnormality was diagnosed as definite, and a
confidence score of 4 indicated that the presence of an abnormality was probable. Except for bone marrow (*p<0.05), none of the
differences was statistically significant
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cartilage and intraarticular bodies, while they appear
limited in the detection of meniscal, ligament and bone
marrow abnormalities. While image quality consistently
scored lower with the 3D compared with the 2D FSE
sequences, the diagnostic performance was similar, though
radiologists felt more confident diagnosing abnormalities
with the 2D sequences. Interestingly, low contrast objects
were not well evaluated with the 3D FSE sequences, but
visualization of high contrast objects was enhanced.

The standard sequences for knee joint imaging are fat-
saturated IM- or T2-w FSE sequences. These sequences
allow excellent visualization of the hyaline cartilage,
menisci, tendons and ligaments as well as the capsular
structures of the joint and the bone marrow [1–5, 17]. A
potential disadvantage of these sequences is the relatively
large slice thickness (2–4 mm) with an interslice gap; thus,
partial volume effects limit visualization of small struc-

tures, and 3D reformations are not possible. In addition,
acquisition has to be performed in two or three imaging
planes with 2D sequences to fully assess the anatomy of
complex joints such as the knee.

With the new 3D FSE sequence available for this study,
imaging of the joints could potentially be accelerated by only
obtaining one sequence with isotropic voxels that could be
reformatted in any imaging plane. This could in particular
improve imaging performed under economic constraints;
however, SNR and CNR efficiencies are critical to achieve
this goal. Diagnostic performance could be potentially
improved by the small slice thickness (0.7 mm), better
directly visualizing critical structures with more detail, for
example, bodies or intra-articular bands such as scar,
synovitis or plicae. However, in-plane spatial resolution
has to be sacrificed to achieve a reasonable acquisition time
and signal-to-noise ratio with isotropic voxels.

Table 3 ROC analysis

Radiologist 1 Radiologist 2 Radiologist 3 Radiologist 1–3

3D FSE 2D FSE 3D FSE 2D FSE 3D FSE 2D FSE 3D FSE 2D FSE

Meniscus 0.84 0.87 0.89 0.85 0.83 0.89 0.86 0.87

Ligaments 0.66 0.69 0.67 0.64 0.71 0.64 0.68 0.66

Cartilage 0.82 0.86 0.79 0.84 0.74 0.83 0.78 0.84

Bone marrow 0.86 0.93 0.96 0.95 0.83 0.92 0.88 0.93

Mean 0.79 0.84 0.83 0.82 0.78 0.82 0.80 0.83

SD 0.09 0.10 0.12 0.13 0.06 0.13 0.09 0.12

AZ values obtained for 3D and 2D FSE sequences from each radiologist and average AZ values for all three radiologists are shown for all
structures separately. Mean AZ values and standard deviations (SD) combining all structures are also shown. None of the differences between
3D and 2D FSE sequences was significant

Table 4 Side-by-side comparison of all available imaging planes

3D FSE is Radiologist 1 Radiologist 2 Radiologist 3 Radiologist 1–3

Sagittal Better 16/119 (13%) 20/119 (16%) 11/119 (9%) 47/357 (13%)

Same 72/119 (61%) 72/119 (61%) 64/119 (54%) 208/357 (58%)

Worse 31/119 (26%) 27/119 (23%) 44/119 (37%) 102/357 (29%)

Axial Better 14/80 (18%) 10/80 (13%) 15/80 (19%) 39/240 (16%)

Same 49/80 (61%) 43/80 (54%) 39/80 (48%) 131/240 (55%)

Worse 17/80 (21%) 27/80 (33%) 26/80 (33%) 70/240 (29%)

Coronal Better 10/80 (13%) 4/80 (5%) 9/80 (11%) 23/240 (10%)

Same 61/80 (76%) 57/80 (71%) 50/80 (63%) 168/240 (70%)

Worse 9/80 (11%) 19/80 (24%) 21/80 (26%) 49/240 (20%)

Overall Better 9/50 (18%) 1/50 (2%) 7/50 (14%) 17/150 (11%)

Same 26/50 (52%) 22/50 (44%) 31/50 (62%) 79/150 (53%)

Worse 15/50 (30%) 27/50 (54%) 12/50 (24%) 54/150 (36%)

Diagnostic performance of 3D in comparison with 2D FSE sequences was directly compared based on the three major pathologic findings,
and results are listed for sagittal sequences as well as axial and coronal reformations/sequences for each radiologist and all radiologists
together. Data are shown as results/total number evaluated for every radiologist separately. Percentages for each and all radiologists together
are listed in brackets. Since not all abnormalities were visualized in all planes and not all patients had three pathologies, the total number
evaluated is inconsistent
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A small number of studies have been performed showing
the potential of 3D FSE sequences with isotropic voxels [7,
18–20]. In addition to knee imaging, 3D FSE sequences
have also been applied for the examination of the biliary
tree and the pancreatic duct on MR cholangiopancreato-
graphic (MRCP) images.

Gold et al. [7] compared a similar isotropic 3D fast spin-
echo (FSE) sequence at 1.5 T with extended echo-train
acquisition (XETA) as in our study with a 2D FSE and a 2D
fast recovery FSE (FRFSE) sequence at the knee in healthy
volunteers. These investigators concluded that the 3D FSE
sequence enables rapid isotropic imaging of the knee with
volumetric data for the diagnosis of any relevant derange-
ment while improving clinical efficiency by saving acqui-
sition time through reformations. They also showed signal
variations in tissues for the 2D and 3D FSE sequences:
while SNR of cartilage and muscle was higher for the 3D
FSE sequence (TR/TE, 2,500/38 ms), the 2D FSE sequence
(TR/TE, 4,000/38) had higher SNR for fluid and higher
CNR between cartilage and fluid. In that study, imaging
was performed at 1.5 T, while we used 3.0 T, which can
potentially enhance the performance by increasing SNR.

Some investigators also used 3D gradient echo
sequences to better study knee abnormalities [10, 11, 21–
23]. Ruehm et al. [11] investigated an optimized 3D dual
echo steady state (3D DESS) sequence. These investigators
found that fewer surface cartilage lesions were depicted
with the 3D DESS than with the standard 2D T2-weighted
FSE sequences (sensitivity: 43%, 60%; specificity: 92%,
92%) and a moderately higher sensitivity in detecting
cartilage softening with the 3D DESS sequence (73%)
compared to the 2D FSE sequence (53%). The results of
our study were more favorable for the 3D FSE sequence;
the 3D DESS sequence therefore may not be suited to
replace FSE sequences.

Duc et al. [21] used a 3D isovoxel true fast imaging with
steady-state precession (FISP) sequence with water exci-
tation and secondary multiplanar reformations (acquisition
time, 3 min) and examined 29 patients concerning the
accuracy in detecting meniscal, cartilage and anterior
cruciate ligament (ACL) abnormalities. Using arthroscopy
as their standard of reference, a diagnostic performance of
the 3D FISP sequence was found that was comparable to
the 2D FSE standard sequence.

But to the best of our knowledge, clinical studies using
3D FSE sequences for imaging of knee joint lesions at 3 T
and comparing it standard clinical sequences have not yet
been performed. The results of our study show that the new
3D FSE sequence, despite its clear deficit in image quality,
only has relatively minor limitations in diagnostic
performance compared to the standard 2D FSE sequences.
Interestingly, visualization of low and high contrast objects
was substantially different. Lesions of bone marrow and
menisci, for example, were not well demonstrated with the
3D FSE sequence, and anatomical detail appeared indis-
tinct and blurry. This made the diagnosis of subtle lesions

and fissures within those low contrast structures difficult.
This finding of decreased visualization is reflected in the
results of the image quality and confidence scores, as well
as the detection rates and ROC analysis for low contrast
structures such as bone marrow and menisci. However,
high contrast objects, including anatomical structures
adjacent to joint fluid, such as cartilage, were better
visualized with the new 3D FSE sequence than with the 2D
FSE sequence. This better visualization of high contrast
objects made it easier to depict small objects, including
bodies, linear intra-articular bands, plicae or synovial
debris within joint fluid and also better depicted small
fissures in cartilage that were highlighted by fluid.

However, a substantial difference between the 3D FSE
sequence and the standard 2D FSE sequence was also seen
in the confidence scores of the radiologists in rendering a
diagnosis. Due to the overall limited image quality with the
3D FSE sequence, radiologists gave less definite but more
probable diagnoses with the 3D FSE images than with the
2D FSE images.

The results of the side-by-side comparison showed that
the radiologists diagnosed in 53% of all evaluated images
the performance of 2D and 3D FSE sequences as equally
good. This reflects the overall impression of the other
results in our study. Still in 36% of all images radiologists
considered the diagnostic performance of 3D FSE se-
quence as worse than the performance of the standard 2D
FSE sequence. This was mainly due to the low image
quality of the reformations, which decreased visualization
of anatomical structures substantially though a 2-mm slice
thickness for the reformations was chosen. Interestingly,
however, in 75% of cases, the radiologists found that that
one 3D FSE sequence with reformations could replace
three 2D FSE sequences in a clinical routine examination.

A limitation of our study was that we compared
sequences with different slice thicknesses and spatial
resolutions. However, we wanted to compare the new
sequence with routinely used clinical sequences. Also we
did not want to reconstruct the sagittal 3D FSE sequences
with a larger slice thickness, as we wanted to assess the full
potential of the small slice thickness. An additional
limitation is the fact that we had an arthroscopic standard
of reference in only 25 of our 50 patients. However, great
care was taken to obtain the best possible standard of
reference in the other cases using all available sequences,
consensus readings, clinical information as well as follow-
up MR studies. Although all radiologists were blinded to
sequence parameters, the fact that the individual sequences
have specific morphological features and the 3D FSE has
more slices than the 2D FSE sequence may have made the
sequences easily identifiable and thus may have introduced
a bias. Additional criticism may be raised by the fact that
96 h between the two reading sessions may not be enough
time to prevent a learning bias. Also, please note that the
relatively limited number of lesions at each anatomic site is
a potential limitation of the study.
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In conclusion, this study showed that though image
quality with the new 3D FSE sequence is clearly limited
compared to standard 2D FSE sequences, diagnostic
performance was similar, and in a high percentage the
radiologists felt that the 3D FSE sequence with reformations
could replace three standard 2D FSE sequences. Though we
currently would not recommend using this sequence as a
substitute for standard 2D sequences, we found it to be useful
in better assessing high contrast structures, such as superficial
cartilage lesions, synovial structures and intra-articular
bodies surrounded by joint fluid. With further optimization,
however, we believe that one 3D FSE sequence reformatted

in multiple planes may eventually be substituted for
separately acquired 2D sequences, substantially reducing
knee MR examination time.
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