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Three-tesla imaging of the knee:

initial experience

Abstract Purpose: To assess 3-T
imaging of the knee. Materials and
methods: We reviewed 357 3-T
magnetic resonance images of the
knee obtained using a dedicated knee
coil. From 58 patients who had
arthroscopy we determined the sensi-
tivity and specificity for anterior cru-
ciate ligament (ACL) tear and medial
and lateral meniscal tear. Results: A
chemical shift artifact showed promi-
nently at 3 T even after improvements
had been made by increasing the
bandwidth. For complete ACL tear
the sensitivity was 100% (95% con-
fidence interval, CI, 75.30–100.00),
and the specificity was 97.9% (95%
CI 87.7–99.9). For the medial menis-
cus the sensitivity was 100.00% (95%

CI 90.0–100.00), and the specificity
was 83.3%(95% CI 66.6–95.3). For
the lateral meniscus the sensitivity
was 66.7% (95% CI 38.4–88.2), and
the specificity was 97.6% (95% CI
87.1–99.9). Conclusions: In general
3-T imaging allows a favorable dis-
play of anatomy and pathology. The
lateral meniscus was assessed to be
weaker than the other anatomic
structures. Three-tesla imaging allows
increased signal-to-noise ratio, in-
creased resolution, and faster scan-
ning times.
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Introduction

Magnetic resonance (MR) is of proven value in assessment
of the knee. Tears of the anterior cruciate ligament and
menisci can be assessed with high accuracy [1–15]. High-
field-strength 3-T imaging allows increased signal-to-noise
ratio (SNR), increased resolution, and faster imaging. Clin-
ical 3-T imaging has only recently become available for
routine clinical use. In this paper, we present our initial
experience with 3-T imaging of the knee.

Materials and methods

With the approval of our Institutional Review Board we
reviewed the knees of 343 patients (177 male, 166 female,
age range 12–88 years) who had an MR examination of

the knee with a 3-T magnet. Fourteen patients had bilateral
knee examinations to give a total of 357 consecutive knees
(183 right knees, 174 left knees). The scans were carried
out with a dedicated 3-T Signa Clinical Magnet (GE Med-
ical Systems, Milwaukee, WI, USA). We modified our
regular 1.5-T knee protocol for 3-T imaging. The 3-T reg-
ular knee protocol consists of sagittal and coronal proton-
density-weighted fast spin echo sequences (echo train 7–8,
repetition time, TR, 3,000–4,000 ms, echo time, TE, 11–
12 ms, bandwidth 62.5 kHz, 512×256 acquisition matrix,
3-mm/1-mm interspace, one signal average), and axial and
coronal fast spin echo fat-suppressed T2-weighted se-
quences (echo train 10–12, TR 3,000–4,000 ms, TE 80–
90 ms, bandwidth 31.25 kHz, 352×192 matrix for the ax-
ials, 384×192 for the coronals, 4-mm/1-mm interspace with
two signal averages). To obtain our final 3-T protocol pro-
gressive adjustments were made to the 1.5-T protocol. Ini-
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tially 22 coronal proton density examinations were ac-
quired with a 320×256 matrix, and one with a 256×192
matrix. Six sagittal proton density series were acquired with
a 512×192 matrix, and one with a 256×192 matrix. Two
coronal proton density sequences were acquired with a TR
of 2,000–3,000 ms. Thirty-four coronal proton density se-
quences were acquired with a TR of 4,000–5,000 ms, the
majority just above 4,000 ms. One coronal proton-density
sequence had a TR of 6,517 ms. Thirty-two sagittal proton
density sequences were acquired with a TR of 2,000–3,000
ms, all but one of these having a TR of 2,500–3,000 ms.
Four sagittal proton density sequences had a TR of 4,000–
5,000 ms. For the axial T2 sequences 14 were acquired
with a TR of 2,500–3,000 ms, the majority just below
3,000 ms. Three axial T2 sequences had a TR just above
4000 ms, a fourth had a TR of 4,800 ms and a fifth had a
TR of 5,550 ms. Fifty-seven coronal T2 sequences were
acquired with a TR of 5,000–6,500 ms. Two further se-

quences had TRs of 6,600 and 6,950 ms, respectively. Of
the T2 sequences 18 had and an echo train of 6–9, and
127 an echo train of 13–16. In the majority of knees (287)
the proton density series were reconstructed with a 1,024×
1,024 matrix. The field of view was 14–18 cm. All of the
knee examinations were obtained using a dedicated GE
Medical Systems Quadrature extremity knee coil. The total
scanning time was in the order of 10–12 min. The MR
examinations were read by one of four experienced mus-
culoskeletal radiologists.

Fifty-eight patients were present in the arthroscopy
group (39 male, 19 female, 24 right knees, 34 left knees,
age range 13–68 years.) For these 58 patients we reviewed
the original radiological report and the operative note and

Fig. 1A, B Chemical shift artifact. A Sagittal proton density image
(31.25kHz, 3,000/15 eff, echo train 8) shows a chemical shift artifact
adjacent to the subchondral bone plate (long arrows) and the vessels
in the femoral condyle (short arrows). B Sagittal proton density
image at higher bandwidth (62.5 kHz, 3000/12 eff, echo train 8) still
shows the chemical shift artifact but it is less prominent than in A

Fig. 2A, B Chemical shift artifact. A Sagittal proton density image
(62.5 kHz, 3,000/12 eff, echo train 8) shows a chemical shift artifact
adjacent to the subchondral bone plate (long arrow) and the vessels
in the femoral condyle (short arrows). B Sagittal proton density
image (62.5 kHz, 3,000/12 eff, echo train 8) shows that when the
frequency is changed 90° the chemical shift artifact disappears from
the subchondral bone and the artifact adjacent to the vessels moves
90° clockwise (short arrows). The residual increased signal at the
margins of the tibial cortex (long arrows) is more difficult to explain
and may represent a chemical shift artifact in the slice-selection
direction
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then determined the sensitivity and specificity for full-
thickness anterior cruciate ligament (ACL) tear and for
meniscal tear. Two ACLs had been reconstructed and were
therefore excluded from the statistical analysis. One ACL
was read preoperatively as “intrasubstance degeneration/
tear,” and another as “sprain of the ACL.” Both of these
were included in the negative group for full-thickness tear.
Three medial menisci were read preoperatively as “me-
nisco-capsular separation.” These results were interpreted
as meaning a peripheral tear in the vascularized portion of
the medial meniscus and were included in the group

positive for meniscal tear. Two lateral menisci had been
partially resected and were excluded from the analysis. One
lateral meniscus was read as “frayed” preoperatively and
two lateral menisci were described as “frayed” intraopera-
tively. These were placed in the preoperative and postop-
erative groups negative for meniscal tear. Fifty-six of the

Fig. 3A, B Chemical shift artifact. A Sagittal proton density image
(15.6 kHz, 4,000/24 eff, echo train 8) shows a chemical shift artifact
with widening of the subchondral bone plate of the femur and
thinning of the plate of the tibia (arrows). B With the frequency
changed 90° the sagittal proton density image (15.6 kHz, 4,000/24
eff, echo train 8) shows the subchondral bone plate of the femur is
now thinned posteriorly (long arrows). Note also the chemical shift
artifact adjacent to the vessels in the posterior femoral fat has moved
90° (short arrows)

Fig. 4A, B Fast spin echo blurring versus bandwidth. A On the
sagittal proton density image (31.25 kHz, 3,000/15 eff, echo train 8)
note the blurring of the stranding in Hoffa’s fat pad and in the
anterior subcutaneous fat (arrows). B At higher bandwidth, the
sagittal proton density image (62.5 kHz, 3,000/12 eff, echo train 8)
shows the stranding to be sharper (arrows)
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arthroscopies were performed by one of five orthopedic
surgeons, four of whom were from our Sports Medicine
Department. One of two other orthopedic surgeons per-
formed the other two arthroscopies respectively. The time
from MRI to arthroscopy varied from 3 to 106 days with
an average of 56 days.

We determined the SNR when using the higher 62.5-kHz
bandwidth. The SNR was determined by measurement of
the average signal in a 2.0-cm2 region of the distal femur
and the standard deviation of the noise from air. Identical
areas at the 31.25- and 62.5-kHz bandwidths were mea-
sured to make this determination.

We initially altered the bandwidth between 31.25 and
62.5 kHz on the proton density images and also altered the
frequency direction in a small subgroup of patients to de-
termine the best protocol for the proton-density images.

For one volunteer we altered the bandwidth between
62.5, 31.25 and 15.6 kHz on the proton density images
using a 512×512 matrix to assess the subchondral bone
plate chemical shift artifact. For the 15.6-kHz series we
also changed the frequency 90° and assessed the effect on
image quality.

Results

Three-tesla imaging allowed increased SNR, faster imag-
ing, and increased resolution. A chemical shift artifact was
more noticeable at 3 T with both the 31.25- and the 62.5-

kHz bandwidths although it was less with the higher
bandwidth (Figs. 1, 2, 3).

Use of the higher 62.5-kHz bandwidth resulted in less
blurring of the fast proton density images (Fig. 4).

The SNR of the muscle when scanned with a receive
bandwidth of ±31.25 kHz was 34.5 and with a bandwidth
of ±62.5 kHz it was 28.2 (Fig. 5). The change was 18.3%.
The minimum effective TE changed with the bandwidth
from 15 to 12 ms at 32.25 and 62.5 kHz, respectively.

There was excellent visualization of hyaline cartilage on
the fast proton density images (Figs. 6, 7).

Fig. 6A, B Normal cartilage on fast proton density images. A Sag-
ittal fast proton density image (3,000/12 eff, echo train 8, 512×256,
62.5 kHz, 14-cm field of view, FOV) shows excellent definition of
hyaline cartilage. Note the changes in the tibial hyaline cartilage.
A low-signal-intensity deep layer is present with vertical striations
(long arrow). Above this is a higher-signal-intensity transitional
layer (short arrow) and a thin low-signal-intensity superficial layer
(arrowhead). Note also the thickness of this stratification varies
across the tibial cartilage. B Coronal fast proton density image
(3,000/12, echo train 8, 512×256, 62.5 kHz, 14-cm FOV) also
shows an excellent definition of cartilage. Note again the changes
in the tibial hyaline cartilage (arrows, arrowhead) and observe that
the thickness of the layers varies across the tibial cartilage

Fig. 5 Signal-to-noise ratio (SNR) at 31.25 and 62.5 kHz. The SNR
was estimated from the signal in the distal femur, region 1 and the
noise as the standard deviation in the air anterior to the knee, region
2. The same slice of the same subject and identical positions were
used for the SNR comparisons at 62.5 and 31.25 kHz. The doubling
of the bandwidth should lead to a 42% decrease in SNR. However
the effective echo time decreases with bandwidth change, which
increases the signal. The net result is the SNR decreased by 18.3% at
the higher bandwidth

456



Of the ACLs 13 complete ruptures were accurately
diagnosed (Fig. 8). One false-positive diagnosis of chronic
tear of the ACL was made (Fig. 9). For the medial meniscus
34 meniscal tears were accurately diagnosed (Fig. 10).
There were four false-positive diagnoses of medial menis-
cal tear (Fig. 11). For the lateral meniscus ten lateral me-
niscal tears were accurately diagnosed (Fig. 12). There was
one false-positive diagnosis of lateral meniscal tear and
five false-negative diagnoses (Figs. 13, 14).

Our results for the ACL and the medial and lateral me-
nisci are summarized in Table 1.

Discussion

A 3-T magnetic field offers an increase in SNR. This in-
crease can be utilized to improve image quality by offering
options to increase resolution or decrease scan time and the
chance for motion artifacts. Clinical 3-T imaging has only
recently become available and allows an excellent display
of both anatomy and pathology and is capable of produc-
ing imaging superior to that at 1.5 T. We were able to move

Fig. 9 ACL tear, false positive. Sagittal proton density image
(3,000/12 eff, echo train 8) shows ill definition of the ACL near its
tibial attachment (arrows). This was diagnosed as “degeneration and
chronic tear.” At arthroscopy, the ACL was intact

Fig. 7A, B Osteochondral injury. A Coronal fast proton density
image (3,650/12 eff, echo train 8, 62.5 kHz, 512×256, 14-cm FOV)
clearly demonstrates the large osteochondral defect in the weight-
bearing portion of the medial femoral condyle. Note also the ex-
cellent definition between hyaline cartilage and fluid. B Coronal fast
fat-suppressed T2-weighted image (3,767/88 eff, 384×192, echo
train 10) clearly shows the defect with adjacent edema in the medial
femoral condyle (arrow)

Fig. 8 Anterior cruciate ligament (ACL) tear, true positive. Sagittal
proton density image (3,000/12 eff, echo train 8) through the in-
tercondylar notch shows a large hematoma secondary to an acute
ACL tear (arrows)
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to 3-T imaging of the knee with only minor modifications
of our original 1.5-T protocols. We noted in general a fa-
vorable display of anatomy and pathology with good in-
trinsic contrast between fat, muscle, fluid, fibro-cartilage,
and hyaline cartilage. In particular, very good definition of
hyaline cartilage on fast proton density images was ob-
served (Figs. 6, 7).

In clinical practice a chemical shift artifact is certainly
more noticeable at 3 T when compared with 1.5 T (Figs. 1,
2, 3, 4). The doubling of the separation between the res-
onant frequencies between fat and water leads to improved
fat saturation but also introduces a chemical shift artifact.
The artifact is apparent in the image as a spatial shift of
fat in the frequency-encoded direction. When first tested
at 3 T, our 1.5-T protocol had an artifact because of the
fat shift. After increasing the scan resolution to 512 from
256 the artifact became significant, moving four pixels. To
compensate for the chemical shift artifact, we increased
the bandwidth from 31.25 to 62.50 kHz. Even with the
higher bandwidth, the artifact is still seen, although it is
not as distracting. With both bandwidths, we did not see
any cases in which a chemical shift artifact obscured rel-
evant diagnostic information. A subchondral bone plate
chemical shift artifact is certainly very prominent at 15.6
kHz (Fig. 3); however, no clinical cases were investigated
using this bandwidth. At 62.5 kHz, although still present
it is less noticeable and we did not have any cases in
which it affected our overall interpretation. It was difficult
to explain the anatomic basis of some of the chemical
shift artifact (Fig. 2). Some of this artifact may be from a
chemical shift not in the frequency direction, but in the
slice direction [16].

An advantage of increasing the bandwidth when using
fast spin echo sequences is that the blurring of the image
is less (Fig. 3). A major disadvantage, however, is that the

Fig. 11 Medial meniscal tear, false positive. Sagittal fast proton
density image (3,616/12 eff, echo train 8) shows a linear signal con-
sistent with a tear at the junction of the vascularized and nonvascu-
larized portions of the meniscus (arrow). The change was interpreted
preoperatively as a menisculo-capsular separation. At arthroscopy,
the meniscus appeared intact. There was also an acute ACL tear

Fig. 10 Medial meniscal tear, true positive. Coronal fast proton
density image (3,000/12 eff, echo train 8) shows a bucket handle
tear involving the medial meniscus (arrows). There was also a
complete tear of the ACL

Fig. 12 Lateral meniscal tear, true positive. Sagittal fast proton den-
sity (3,217/12 eff, echo train 8) shows a complex tear of the lateral
meniscus (short arrow). Note also the impaction fracture of the
posterior tibial plateau (long arrow). There was an associated ACL
tear
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SNR decreases. Clinically, there was no obvious decrease
in the SNR when comparing the lower and higher band-
width images and the higher bandwidth images appear
sharper owing to less blurring (Fig. 4). The reduction in the
SNR due to the increase in bandwidth tracks as the square
root of the change. The doubling of the bandwidth should
lead to a 41% decrease in the SNR; however, the effective
TE decreases with the bandwidth change, which increases
the signal. The net result is the SNR decreased by only
18.3% (Fig. 5).

On fast spin echo proton density weighted images, we
found that there was excellent definition of both normal
and abnormal hyaline cartilage. Of particular note, changes
of the extracellular cartilage matrix were clearly visualized
(Fig. 6). The appearance of hyaline cartilage on MRI has
previously been documented, most recently by Goodwin et
al. [17–19]. Variation in the T2 signal decay across hyaline
cartilage produces a layered appearance [19]. Tibial car-
tilage displays a thin, low-signal-intensity surface layer, a
higher-signal-intensity transition layer and a low-signal-
intensity deep layer in which vertical striations are present.
The relative thicknesses of these layers also differ. In the
central region of the tibial plateau the thick, deep layer
extends across the cartilage, whereas at the joint periph-

ery transitional and surface layers are larger [19]. These
changes reflect the structure of the extracellular matrix
and are clearly visualized on proton density images at 3 T
(Fig. 6).

Diagnosis of complete tear of the ACL was satisfactory
with one false positive. The interpretation of the single
false-positive case may have been influenced by an ap-
parent full-thickness tear of the ACL in that knee on MRI 3
years earlier. Diagnosis of medial meniscal tear was also
satisfactory with 34 true positives and four false positives.
Three of the four false-positive diagnoses were associated
with ACL tear and the changes seen on MRI were in the
vascularized portion of the meniscus or at the junction
of the vascularized and nonvascularized portions of the
meniscus (Fig. 11). In these cases it is possible that the
changes were too peripheral for the arthroscopist to vi-
sualize, or that the tear had healed prior to arthroscopy. In
the fourth case with retrospective analysis the signal went
to the tibial surface on only one section and could be con-
sidered equivocal for tear.

The sensitivity result for the lateral meniscus was dis-
appointing. Five lateral meniscal tears were missed. It has
been noted that associated ACL tear decreases the sensi-
tivity for lateral meniscal tear [8], although only two of the
missed tears were associated with this. With retrospective
analysis three of the five tears could still not be seen; one
was marginal at best; in the fifth case the tear could be
visualized but the meniscus was called “frayed” rather than

Fig. 13 Lateral meniscal tear, false positive. Sagittal fast proton
density image through the lateral femoral condyle (3,000/12 eff,
echo train 8) shows an irregular anterior horn with signal going
to the tibial surface (short arrow), called a “complex tear.” At
arthroscopy, the meniscus was noted to be “frayed but intact.” Some
of the changes around the anterior horn may relate to scarring from
the prior arthroscopy portal used for an ACL reconstruction (long
arrows)

Fig. 14 Lateral meniscal tear, false negative. Sagittal fast proton
density image through the lateral femoral condyle (3,200/12 eff,
echo train 8) shows an unremarkable lateral meniscus. At arthros-
copy, a small radial tear between the anterior and the middle thirds
was noted. There was an associated ACL tear
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torn. Our arthroscopy numbers are not large, and in par-
ticular the numbers for lateral meniscal tear are small as
reflected in the wide CIs in the statistical analysis. Whether
the low sensitivity reflects problems with interpretation of
the tear at the original reading, a particular problem with
3-T imaging for the lateral meniscus, or simply the small
numbers cannot be stated with certainty. However, the lat-
ter possibility seems most likely.

Limitations of this study include the fact that the imag-
ing parameters were not standardized and hence it is dif-
ficult to make a categorical analysis of the results. The
very disappointing results for lateral meniscal tear are also
a problem although, as discussed earlier, the arthroscopy
numbers are not large and there are wide CIs in the sta-
tistical analysis. A prospective study with standardized
technical parameters would better address this last point.
With the increased number of 3-T scanners used for clin-
ical imaging, primarily at present for neuroradiology im-

aging, there will be further musculoskeletal applications
including the knee, but further research is needed to in-
vestigate and document advantages of the higher field
strength.

In summary, we reviewed 357 3-T images of knees, with
58 patients having arthroscopy. Very good intrinsic contrast
was noted between fat, muscle, hyaline cartilage, fibro-
cartilage, and fluid. We were able to produce excellent
images with fast scanning times (the total examination
scanning time was 10–12 min, more recently with an up-
grade to 8.5–9 min). Diagnosis of ACL tear and medial
meniscal tear was satisfactory, but the sensitivity for lateral
meniscal tear was disappointing, although our numbers are
small. With very little motion and good intrinsic contrast
between fat, muscle, fluid, hyaline, and fibro-cartilage the
musculoskeletal system seems ideally suited to 3-T imag-
ing and certainly there will be further applications.

Table 1 Results for the
anterior cruciate ligament, the
medial meniscus, and the lateral
meniscus

*To be significant the p values
in order (smallest to largest)
must be less than 0.0167,
0.0250, and 0.0500,
respectively.

Estimate 95% confidence
interval

Anterior cruciate ligament Sensitivity 100.0 (13/13) 75.3–100.0
Specificity 97.7 (42/43) 87.7–99.9
Predictive value
positive

92.9 (13/14) 66.1–99.8

Predictive value
negative

100.0 (42/42) 91.6–100.0

Medial meniscus Sensitivity 100.0 (35/35) 90.0–100.0
Specificity 83.3 (20/24) 62.6–95.3
Predictive value
positive

89.5 (34/38) 75.2–97.1

Predictive value
negative

100.0 (20/20) 83.2–100.0

Lateral meniscus Sensitivity 66.7 (10/15) 38.4–88.2
Specificity 97.6 (40/41) 87.1–99.9
Predictive value
positive

90.9 (10/11) 58.7–99.8

Predictive value
negative

88.9 (40/45) 75.9–96.3

p values*
Comparison Sensitivity Specificity Predictive value

positive
Predictive value
negative

All vs. medial meniscus 0.9999 0.0517 0.9999 0.9999
All vs. lateral meniscus 0.0437 0.9999 0.9999 0.0561
Medial meniscus vs. lateral
meniscus

0.0016 0.0579 0.9999 0.3128
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