Comparison of New Methods for Magnetic
Resonance Imaging of Articular Cartilage
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Introduction

Methods and Results

In MRI, there has recently been a renewed interest in steady-state freeprecession (SSFP) imaging, also known commercially as True-FISP,
FIESTA or balanced FFE. SSFP provides a high SNR-efficiency, and
"T2/T1" contrast. Recently three different implementations of fatsuppressed steady-state imaging have been presented [1-3].
We have optimized these steady-state sequences for cartilage imaging
and compared them with current clinical techniques. In both theoretical
and experimental comparisons, the new pulse sequences improve cartilage
SNR-efficiency by more than 25%, while significantly improving contrast
between cartilage and synovial fluid. The improved SNR-efficiency can
be traded-off to reduce scan times or to provide higher resolution.

MRI Pulse Sequences
We have compared two standard clinical pulse sequences to four
research pulse sequences for cartilage imaging. All sequences include fatsuppression to provide contrast between cartilage and bone marrow.
Fast Spin Echo (FSE) is the most common method of imaging
cartilage [4], which produces proton-density or T2 contrast between
cartilage and synovial fluid. In our comparison, FSE1 is the optimized
sequence, while FSE2 is a standard clinical protocol using a longer TR to
allow interleaving of many slices at a slight SNR-efficency cost.
Spoiled-Gradient Echo (SPGR) produces T1 contrast that results in a
low synovial fluid signal, but bright cartilage signal [4].
Driven Equilibrium (DEFT) is a research sequence similar to FSE, but
produces higher contrast between cartilage and synovial fluid [5]. DEFT
enhances fluid signal by using a "tip-up" pulse following a spin-echo train.
In this study, a 3D echo-planar DEFT sequence provides volume coverage.
Steady-state free-precession (SSFP) imaging methods use rapid
excitations. Unlike SPGR, DEFT or FSE, they are quite sensitive to the
resonant frequency of the material. Fluctuating equilibrium MR
(FEMR) and linear combination SSFP (LCSSFP) actually use this
sensitivity for fat suppression [1, 2]. A final method, fat-saturated SSFP
(FS-SSFP) uses a more complex fat suppression scheme than FEMR or
LCSSFP, but has a 40% lower scan time [3].

Image SNR

Table 1. MRI Sequence Parameters
Quantity

FSE1

FSE2

SPGR

DEFT

2D/3D
Rep. Time (ms)
Echo Time (ms)
Flip Angle (deg)
ETL
Bandwidth (kHz)
#Averages
Scan Time

2D
1800
15
90
4
16
1
2:04

2D
3200
15
90
4
16
1
3:30

3D
50
8
30
1
16
0.75
5:11

3D
400
18
90
5
62.5
1
11:22

FS-SSFP LCSSFP
3D
6.8
3.4
28
1
42
1
1:04

3D
6.8
3.4
21
1
42
1
1:48

FEMR
3D
6.8
3.4
17
1
42
1
1:48

For each of the six pulse sequences, we selected the sequence
parameters to maximize the SNR efficiency. Next we adjusted the
parameters to maximize contrast between cartilage and synovial fluid
while keeping the SNR efficiency within 5% of the maximum. For this
optimization, we assumed T1/T2 = 800/30 ms for cartilage and
2500/200 ms for synovial fluid. For the steady-state sequences, the signal
was averaged over a +/- 30 Hz bandwidth. Table 1 shows the optimal
sequence parameters for each pulse sequence, and Fig. 1 shows the
simulated relative cartilage SNR efficiency for these parameters.
Using a 1.5 T MRI scanner and a 3" surface receive coil, we scanned
the patellofemoral joints of 15 volunteers. The in-plane image resolution is
0.55 x 0.55 mm2 over a 14 x 14 x 4.8 cm3 FOV with 1.5 mm-thick
slices. All images were true 3D acquisitions, except FSE which used a
multislice acquisition.
Representative images using each method are shown in Fig. 2. We
measured the SNR of cartilage and synovial fluid from the images and
normalized them by the square-root of scan time to compare relative
values. Figure 3 shows the simulated and measured relative SNRefficiency values.
To show the potential of steady-state imaging methods, we repeated the
FSE2 and FS-SSFP protocols with a 384 x 384 matrix for ultra-high
resolution imaging (360 x 360 mm in-plane). Other parameters were the
same as the comparison protocol above, but for FS-SSFP, the slice
thickness was reduced to 1 mm, the number of slices increased to 64, and
the readout bandwidth increased to 62.5 kHz. This resulted in scan times
of 5:15 for FSE and 3:12 for FS-SSFP.
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Figure. 2.
Comparison of axial images of patellofemoral
cartilage in a normal volunteer. Cartilage, synovial fluid and bone
marrow are shown by white solid and dashed arrows respectively.
Steady state sequences provide clear cartilage depiction and
excellent contrast in short scan times. FSE images show some
blurring compared with other methods (yellow arrow). Brightness
variations in the LCSSFP and FEMR images are caused by the
sensitivity of these methods to frequency variations (green
arrows). The scan time for each method is shown in the top right
corner.
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Figure. 1. Cartilage signal as a function of resonant frequency
shift for different pulse sequences. Unlike FSE, DEFT and SPGR,
the steady state sequences (FS-SSFP, LCSSFP and FEMR) are
very sensitive to resonant frequency shifts, which can result in
brightness variations across the image.
The frequencydependence is used to suppress the signal from fat in LCSSFP
and FEMR by placing a frequency-response null over the fat
spectrum. The steady-state sequences all produce high cartilage
signal, but FS-SSFP is much less sensitive to resonant frequency
shifts than FEMR or LCSSFP.
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Discussion

FSE - images show moderate contrast, and will work well in the presence
of metallic implants. However, FSE is a 2D method and images
show blurring (yellow arrow). Measurements from FSE images
over-estimate the cartilage SNR efficiency, due to this blurring.
SPGR - images show bright cartilage, but poor contrast between cartilage
and synovial fluid. Although 3D, SPGR is relatively slow.
DEFT - images have improved contrast compared with FSE, but the
sequence is complex to implement and currently not performing
as well as predicted.
Steady-State Techniques - All provide higher SNR and CNR efficiency
with rapid imaging, but sensitivity to resonant frequency shifts.
Individually:
FS-SSFP - about 40% faster than FEMR or LCSSFP and only half as
sensitive to resonant frequency shifts (green arrows). Some
transient artifacts, as well as fat-suppression will be
improved in future developments. A shorter TR could be
used to further reduce sensitivity to off-resonance.
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LCSSFP - slower, but simpler than FS-SSFP. Provides images
centered on bone-marrow without additional scan time.
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FEMR - similar to LCSSFP in every respect, but possibly less
susceptible to patient motion.
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Figure 4. Ultra-high resolution cartilage images obtained using
FS-SSFP and FSE2 with a 3-inch surface coil. In-plane resolution
of 360 x 360 µm is achievable in reasonable scan times. Despite
a 33% smaller voxel and 40% shorter scan time, the SNR of the
FS-SSFP image is significantly better than that of FSE, with less
blurring and superior image contrast.

Relative SNR and CNR Efficiency Comparison
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Results of this study show that steady-state imaging techniques are
strong candidates for in vivo imaging of articular cartilage. The
following points describe how each sequence compares to the the group
as a whole:
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In addition to high image SNR, cartilage imaging demands contrast
between cartilage and structures such as synovial fluid and bone. This is
usually provided by T2 contrast and fat suppression respectively.
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SNR-efficiency is the ratio of SNR to the square-root of total imaging
time. SNR-efficiency can be increased by using an efficient pulse
sequence, by optimizing sequence parameters or by using improved
receive coils [6].

Signal (arbitrary units)

Magnetic resonance imaging is the most accurate non-invasive method
of diagnosing cartilage lesions. However, MRI of articular cartilage still
suffers from inadequate spatial resolution and lengthy scan times. Both of
these limitations could be improved by using a method that provides
higher signal-to-noise ratio (SNR) of cartilage in images. The goal of this
work is to investigate new high-SNR imaging sequences and to compare
them with currently-used methods.
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Figure. 3. Comparison of cartilage and fluid SNR-efficiency for
different sequences.
The difference between tissue SNRefficiencies is the CNR-efficiency. All quantities are normalized by
SNR-efficiency of FSE1. These results show that the steady state
sequences (FS-SSFP, LCSSFP and FEMR) all produce better
SNR-efficiency and CNR-efficiency than the standard sequences.
This increase in efficiency allows scan-time reduction and/or higher
resolution imaging.

We have shown, both in simulations and in vivo images that steadystate imaging methods provide significantly higher SNR efficiency and
CNR efficiency for imaging articular cartilage. Fat-saturated SSFP
imaging provides the highest SNR-efficiency combined with the lowest
minimum scan time of all sequences tested. Combined with improved
coils, this sequence can significantly improve the resolution and scan
time of clinical knee imaging without sacrificing volumetric coverage.
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