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Fat suppression is an important technique in musculoskeletal imag-

ing to improve the visibility of bone-marrow lesions; evaluate fat in
soft-tissue masses; optimize the contrast-to-noise ratio in magnetic
resonance (MR) arthrography; better define lesions after admin-
istration of contrast material; and avoid chemical shift artifacts,
primarily at 3-T MR imaging. High-field-strength (eg, 3-T) MR
imaging has specific technical characteristics compared with lower-
field-strength MR imaging that influence the use and outcome

of various fat-suppression techniques. The most commonly used
fat-suppression techniques for musculoskeletal 3-T MR imaging
include chemical shift (spectral) selective (CHESS) fat saturation,
inversion recovery pulse sequences (eg, short inversion time inver-
sion recovery [STIR]), hybrid pulse sequences with spectral and
inversion-recovery (eg, spectral adiabatic inversion recovery and
spectral attenuated inversion recovery [SPAIR]), spatial-spectral
pulse sequences (ie, water excitation), and the Dixon techniques.
Understanding the different fat-suppression options allows radi-
ologists to adopt the most appropriate technique for their clinical
practice.
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After completing this journal-based SA-CME activity, participants will be able to:

m Describe the physics underlying the various mechanisms of fat suppression for 3-T

MR imaging.

m Discuss the advantages and disadvantages of the different methods of fat-suppres-
sion for MR imaging of the musculoskeletal system.

m List the vendor-specific implementation strategies, pulse sequence names, and pa-
rameters currently available for 3-T MR imaging.

See www. rsna.orgleducation/search/RG.
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Introduction
Fat-suppression techniques are an important part
of musculoskeletal imaging. There are several key
situations in which it is desirable to remove the
fat contribution from the total magnetic reso-
nance (MR) imaging signal with no or a minimal
effect on the water signal. In general, fat-suppres-
sion techniques may be used to enhance contrast
resolution and improve the visibility of lesions
to determine their lipid content and remove
some artifacts. In musculoskeletal MR imaging,
fat suppression is specifically used to improve
depiction of bone-marrow edema (ie, lesions),
confirm or exclude the presence of fat in soft-
tissue tumors, differentiate high-signal-intensity
structures on T'1- and T2-weighted images (eg,
protein-rich fluid and methemoglobin), eliminate
chemical shift artifacts, better visualize enhancing
lesions on T'1-weighted gadolinium contrast ma-
terial-enhanced images, and better differentiate
tissues of interest (eg, cartilage, ligaments, and
bone metastases) from surrounding fat (1-3).

High-field-strength (3-T) MR imaging is be-
coming more widely used for a variety of mus-
culoskeletal applications, such as high-resolution
imaging of small joints, hyaline cartilage, neo-
plasms, and peripheral nerves (neurography).
Although these applications benefit from the
improved image quality afforded by 3-T MR
imaging, modifications in imaging strategies and
protocols are required to effectively operate at
this higher field strength, depending on the type
of imaging needed. Most of the clinical applica-
tions for which 3-T MR imaging is used still
exploit 'H imaging, and the signal used to create
images is induced by hydrogen nuclei. Compared
with 1.57T, 3-T MR imaging has several different
properties related to its field strength, includ-
ing T'1 lengthening, higher signal-to-noise ratio
(SNR), wider chemical shift between the fat- and
water-signal peak, larger susceptibility effects
with resultant artifacts, higher specific absorption
rate (SAR), and greater B, and B, heterogeneity
(4,5). These differences affect the reliability and
consistency of fat suppression, require modifying
certain pulse-sequence parameters, and, thus,
alter the protocol choices used with musculoskel-
etal 3-T MR imaging in clinical practice.

In this article, we review the different op-
tions for fat suppression available with 3-T MR
imaging with respect to their basis in physics;
pulse-sequence design, with an emphasis on their
strengths and limitations for musculoskeletal
imaging; and any vendor-specific implementa-
tion strategies and nomenclature. The four 3-T
MR imaging vendors are referred to in alpha-
betical order as follows: GE (General Electric
Healthcare, Milwaukee, Wis); Philips (Philips

radiographics.rsna.org

Medical Systems, Best, the Netherlands);
Siemens (Siemens Medical Solutions, Erlangen,
Germany); and Toshiba (Toshiba Medical
Systems, Tokyo, Japan). It should be noted that
information about the vendors’ implementation
strategies and comparisons between vendors has
been described as much as possible because such
information is often considered proprietary and,
therefore, is not available.

Physics
Because of their spin properties, hydrogen nuclei
in water and fat molecules are the main contribu-
tors to MR signal. The two hydrogen nuclei in
water molecules provide the same contribution
to the signal, whereas in adipose tissue, many hy-
drogen nuclei in different chemical environments
contribute to the signal. The remaining hydrogen
nuclei in the body (ie, outside the water and fat)
are not significantly involved in signal generation
because they either decay too rapidly (eg, protons
in macromolecules) or have only a small relative
abundance with respect to fat and water, making
them undetectable with nonspectroscopic meth-
ods (eg, metabolites) (6).To generate an MR
signal in which the fat contribution is minimized
and the water contribution is not substantially af-
fected, the two main differences in the MR prop-
erties of fat and water—precessional (Larmor)
frequencies and T'1 relaxation times—may be
exploited.

Precessional Frequencies

The different precessional frequencies of fat
and water are a result of the greater electronic
shielding of the protons in fat molecules com-
pared with water molecules. The protons in fat
molecules precess at a slightly lower frequency
than the protons in water (2). This difference in
frequency is also known as chemical shift, which
is linearly proportional to the external magnetic
field B, as shown in Equation 1:

Y
CSZEBOAa [ppm] 1076, (1)
where
v
27

is the gyromagnetic ratio in Hz/T (42.6 Mhz/T) (2).
It is also possible to exploit this effect for
chemical shift-based fat-suppression techniques,
such as chemical shift-selective (ie, spectral) fat
suppression (CHESS), spatial-spectral sequences,
and Dixon (fat-water separation) techniques.
Compared with a weaker magnetic field, the
wider chemical shift separation between water
and fat that occurs at 3-T allows for more selec-
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Fat suppression techniques

Figure 1. Chart

shows the major types

[
Chemical shift based
|
| | ]

CHESS Water Dixon techniques
(fatsat) excitation (fat water separation)

tive fat saturation, which is limited only by the
higher B and B, heterogeneity of 3-T MR imag-
ing. The main fat peak has a resonance frequency
420 Hz lower than that of water at 3T, compared
with 210 Hz lower at 1.5 T and 145 Hz lower at
1.0T.

T1 Relaxation Time

T1 relaxation time, also called longitudinal relax-
ation time and spin-lattice relaxation, is the time
constant by which protons restore their longitu-
dinal magnetization toward the equilibrium state
after the excitation of the radiofrequency (RF)
pulse. T1 relaxation time is a characteristic of
each tissue and is longer with stronger magnetic
fields (7-10). Fat has a shorter T'1 relaxation time
than water and is approximately 288 msec at 1.5
T and 371 msec at 37T (8).T1 relaxation time is
the basic principle of inversion-based fat-suppres-
sion techniques.

Pulse Sequences

In general, to suppress the fat-signal contribu-
tion for any given MR imaging sequence, a fat-
suppression module is inserted into the sequence,
usually at the beginning or as a replacement for
the excitation pulse, or, with Dixon techniques, at
the time of signal acquisition after the excitation
pulse. A variety of fat-suppression techniques may
be used to capitalize on the available MR imaging
properties to minimize the fat-signal contribution.
The main categories (families) of fat-suppression
pulse sequences are CHESS, short inversion time
inversion recovery (STIR), hybrid techniques, wa-
ter excitation, and Dixon techniques (Fig 1).

Chemical Shift-
selective Fat Suppression

Physics Basis

In 1985, Haase et al (11) described a CHESS
sequence that may be used to obtain either pure
water or pure fat images on the basis of the chemi-
cal shift difference between water and fat. For fat
suppression, an excitation pulse with a narrow
bandwidth centered on the resonance frequency
of fat (chemically selective RF pulse) and a flip
angle of 90° tips the magnetic vector of fat in the

of fat suppression—

chemical shift-based,
inversion-based, and

hybrid—used in 3-T
musculoskeletal MR

imaging.

| SPAIR | l SPIR I

transverse plane. This process is immediately fol-
lowed by a “homogeneity” spoiler gradient that is
applied to dephase the protons and, thus, suppress
the fat signal (11,12). Images are acquired as soon
as the dephasing gradient is finished and before
the recovery time of longitudinal magnetization
for fat begins (Fig 2a) (2). The distance between
the water peak and the fat peak increases with the
magnetic field strength, a trait that is beneficial for
more selective fat suppression at 3T compared
with a weaker magnetic field. In fact, on MR im-
ages obtained with a weaker magnetic field, the
two peaks tend to overlap, which may lead to het-
erogeneous fat suppression (6).

Clinical Considerations

CHESS is a technique that is commonly used in
musculoskeletal MR imaging to suppress fat in

a number of joints, such as the knee, hand, and
wrist. It is also used in MR arthrography because
of its selectivity for fat, high SNR, and relatively
fast examination time. Compared with inversion-
recovery techniques, the fat selectivity of CHESS
is crucial to optimize visualization of lesions on
contrast material-enhanced T'1-weighted images
and tissue characterization. However, CHESS is
B,- and B -sensitive, a characteristic that may pro-
duce heterogeneity in fat suppression (1).

Fat-suppression techniques that are based on
chemical shift fat selection tend to work better
at higher magnetic field strengths, presuming B
and B, homogeneity. B, heterogeneity may shift
the water and main fat peaks so that the fat-sat-
uration RF pulse falls outside the fat frequency
range (2). A large field of view, off-center imag-
ing, and anatomic regions with challenging geo-
metric features (eg, the neck) are less suitable for
CHESS because of their higher B heterogeneity
(Figs 3, 4). Because of the increased number of
susceptibility artifacts, CHESS is not suitable
for patients with metallic implants and should be
avoided for evaluation of arthroplasty and other
postoperative conditions in which substantial
amounts of metal are present (Table 1).

B, heterogeneity is another limitation of
chemical fat suppression. To achieve homoge-
neous fat saturation, the saturation of the fat
peak requires a well-defined flip angle (FA),
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Figure 2. Fat suppression techniques. Dashed arrow =
water, solid arrow = fat. (a) Diagram shows the mecha-
nism of CHESS fat suppression, in which fat is selectively
excited by an RF pulse, and a gradient pulse is applied
to disperse the magnetization in the transverse plane.

(b) Diagram shows the mechanism of coronal STIR fat
suppression, in which the fat signal is inverted with a non-
selective 180° pulse, and acquisition is begun after the
inversion time (71) that nulls the fat signal, resulting in a
water signal with reduced magnitude. (c) Diagram shows
the mechanism of spectral adiabatic inversion-recovery
(SPAIR) fat suppression, in which the fat signal is inverted
with an adiabatic spectrally selective pulse, and acquisition
is begun after the inversion time that nulls the fat signal.
(d) Diagram shows the mechanism of water excitation,
in which an excitation pulse with an FA that equals one-
half the desired FA is applied, and a delay is introduced
to allow the water and fat magnetization to fall out of
phase. At this point, a second excitation pulse is applied,
which brings the fat magnetization back to the longitudi-
nal axis and finishes flipping the water magnetization onto
the transverse plane. (e) Diagram shows the mechanism

of the Dixon technique, in which both water and fat are
excited, and the first echo (TE1) is acquired when the two
magnetization vectors in the transverse plane are out of
phase, creating destructive interference. The second echo
(TE2) is acquired when the two vectors are in phase, creat-
ing constructive addition.

with an acceptable variation range of 5°-10°.
FAs that fall outside this range will only partially
saturate the fat (2).To achieve effective fat sup-
pression, the RF pulse must excite spin only in
fat molecules. The central frequency of the RF
pulse should be 420 Hz lower than that of wa-
ter, and the frequency range should be carefully
selected so that only spins of fat molecules are
excited. The frequency range is called the spec-
tral bandwidth. Spectral bandwidth is a different
concept than readout bandwidth and increases,
along with the central frequency, as magnetic
field strength increases. Furthermore, with
conventional RF pulses, the homogeneity of fat
suppression is rendered sensitive to variations
of the FA in different spatial locations inside
the body (6). The flip angle of conventional RF
pulses is proportional to the amplitude of the
B, field, which is then modulated by the elec-
tric characteristics of the tissue. This drawback
may be overcome by using so-called adiabatic
RF pulses, which are special pulses that sweep a
range of frequencies and are largely insensitive
to the absolute amplitude of the RF field. These
pulses are usually longer and are used, for ex-
ample, in the SPAIR technique.

Because of the wider chemical shift at high-
field-strength MR imaging, the use of spectral
fat suppression yields better results at 3T than at
1.5 T near the isocenter, with a good RF coil to
mitigate the B and B, sensitivities. It is impor-

radiographics.rsna.org

-

O S >
Equilibrium  Saturation pulse Spoiling Excitation
a.
Y
EEEEEEEEE o
Equilibrium  Inversion pulse After Tl Excitation
b.
' b mememmeeeeas >
Equilibrium  Inversion pulse After Tl Excitation
C.
/ \ P
S .
Equilibrium RF 1 Before RF2 RF2
d.
A
P i LT LY LR REE S
Equilibrium Excitation TE1 TE2
e,

tant to mention that doubling of the susceptibil-
ity artifacts at 3 T is not strong enough to nullify
the benefit of wider chemical shift. Therefore, at
higher magnetic fields, better fat suppression may
be achieved with a wider bandwidth in the fat fre-
quency range and a shorter RF pulse (2,13).

Vendor-specific Implementations

Three MR imaging vendors—GE, Siemens, and
Toshiba—offer pure CHESS fat suppression with
a presaturation pulse and without inversion time,
whereas Philips uses a hybrid sequence with a
spectrally selective inversion pulse known as spec-
tral presaturation with inversion recovery (SPIR).
Toshiba uses the multisection off-resonance fat-
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(3) Sagittal T2-weighted MR image (repetition time [TR], 3000 msec; echo time [TE], 44 msec) of

the foot shows heterogeneous fat suppression with CHESS fat saturation, a result of the challenging anatomic geom-
etry. (4) Axial T2-weighted CHESS MR image (TR, 4590 msec; TE, 75 msec) of the abdomen shows that subcuta-
neous fat was not suppressed, a result of strong BO inhomogeneity in a large field of view.

Table 1: Advantages and Disadvantages of Different Fat-Suppression Techniques in Musculoskeletal

MR Imaging
Imaging Effect B, Preferred
Technique Time  SNR SAR of Metal B, Sensitivity Sensitivity Field Strength
Chemical fat ~ Short* High Medium Strong Sensitive Sensitive High
saturation
STIR Long Low High Minimal Insensitive Insensitive Indifferent
SPIR Long High High Strong Sensitive Sensitive High
SPAIR Long High High Strong Sensitive Insensitive High
Water Short  High Low Strong Sensitive Insensitive Mediumt
excitation
Dixon Long High Low Mini- Insensitive (three- or  Insensitive Mediumt
malw four-point Dixon)

Source.—Reference 2.

sion recovery.
*Depends on the pulse sequence.

Note.—All other MR imaging parameters should be considered equal. SPIR = spectral presaturation with inver-

TThere are advantages and disadvantages at both high and low magnetic field strengths.

suppression technique (MSOFT) to suppress the
fat signals on a section-by-section basis rather than
applying a global CHESS pulse. The section-selec-
tive nature of MSOFT produces uniform fat sup-
pression by adapting to magnetic field differences,
which typically worsen as a function of distance
from the isocenter, and provides more homoge-
neous fat suppression in body parts that are not
easily positioned near the isocenter, such as the
shoulder, elbow, and wrist (Table 2) (Fig 5a, 5b).

STIR Pulse Sequences

Physics Basis

The technique for STIR pulse sequences was
first introduced by Bydder et al (9,10) as a vari-
ant of the previously used inversion-recovery

sequences at low-field-strength MR imaging.
Inversion-recovery techniques are based on the
T1 relaxation time of the tissues being imaged
(9,10,14,15). After applying a 180° inversion
pulse, the longitudinal magnetization of fat re-
covers faster than that of water and crosses the
zero line (no net magnetization) after an inver-
sion time (TI) =T log 2. The application of a
90° excitation pulse at the time the fat signal
crosses the null line produces a fat-free signal
(16). However, because water has a longer T'1
relaxation time, it takes longer to reach the null
line, and it still produces a reduced signal. The
time between the 180° inversion pulse and the
90° acquisition pulse is the TT (Fig 2b) (1).
Because of its longer T'1 recovery time, the TT of
3-T MR imaging needed to nullify the fat signal
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Table 2: Vendor-specific Fat-Suppression Techniques Available for 3-T MR Imaging Systems

separation)

Vendor

Sequence GE Philips Siemens Toshiba
CHESS Fat saturation, None Fat saturation Fat saturation

chemical fat

saturation
STIR STIR STIR STIR STIR
Hybrid spectral and SPECIAL SPIR (without adia- SPAIR (with adiabatic ~ SPAIR

inversion recovery batic pulse) pulse)
SPAIR (with adiabatic
pulse)

Water excitation Spectral spatial ~ ProSet Water excitation WET, PASTA
Dixon (fat-water IDEAL®, Flex mDixon Dixon WFOP

Note.—IDEAL = iterative decomposition of water and fat with echo asymmetry and least-squares estimation,
mDixon = multi-point Dixon, PASTA = polarity-altered spectral and spatial selective acquisition, SPECIAL =
spectral inversion at lipid, WET = water excitation technique, WFOP = water-fat opposed phase.

*Also known as the three-point fat-water separation technique.

a.

b.

Figure 5. Multisection off-resonance fat-suppression technique (MSOFT). Coronal unenhanced
fat-saturated proton density—weighted MR images of a normal right shoulder (TR, 3000 msec; TE, 24
msec; FA, 90°) (a) and a normal right wrist (TR, 2150 msec; TE, 18 msec; FA, 90°) (b) show the ef-

fects of MSOFT.

is in the range of 205-225 msec compared with
100-200 msec for 1.5 T (2). By modulating T1,
it is possible to adjust the strength of the fat
suppression desired: a TT that is close to the ex-
act nulling time will have the strongest fat sup-
pression, whereas a lower or higher TT will have
weaker fat suppression (Fig 6a, 6b).

Clinical Considerations

STIR is insensitive to B and B, heterogeneity.
Thus, STIR sequences are widely used in mus-
culoskeletal imaging because of the improved fat
suppression that may be achieved in off-center
imaging (eg, the elbow, hand, and wrist, with

the patient lying supine and the arm positioned
along the body), in the presence of metal (eg,
postoperative arthroplasty), with a large field of
view (eg, the entire spine in the setting of spon-
dyloarthritis or metastatic neoplasm), and in
challenging anatomic regions with multiple air-
tissue interfaces (eg, the brachial plexus, fingers,
and toes). The presence of metallic implants has
only a minimal impact on the homogeneity of
fat suppression (Fig 7a, 7b).

The major clinical limitations of STIR se-
quences are their relatively long imaging times,
low SNR, and high SAR. Long imaging times
may be reduced by using a rapid acquisition
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a. b

Figure 6. Effects of STIR imaging in the knee. (a) STIR MR image (TR, 4500 msec; TE, 27 msec;
TI, 205 msec) shows weak fat suppression of bone marrow. (b) STIR MR image (TR, 4500 msec;
TE, 27 msec; T, 220 msec) shows stronger fat suppression. (Images courtesy of Rory Johnson, RT,
Siemens Medical Solutions, and Peter Cazares, Senior MR Education Specialist, Siemens Medical

Solutions.)

a.

Figure 7. Axial T2-weighted SPAIR fat-suppressed (TR, 4000 msec; TE, 74 msec) (a) and STIR (TR, 3970 msec;
TE, 54 msec; T1, 220 msec) (b) MR images show that susceptibility artifacts from metal hip implants are more pro-
nounced on SPAIR images, which are B sensitive, than they are on STIR images, which are not.

with relaxation enhancement (RARE), such as

a fast or turbo spin-echo pulse-sequence tech-
nique. Low SNR is a major drawback in applica-
tions, such as the wrist and foot and MR neu-
rography, that require a high SNR. SNR may be
improved with use of a shorter TE, although this
technique reduces the T2 weighting of the se-
quence. Furthermore, STIR is not a fat-specific
suppression technique because a TT that sup-
presses fat signal has the same effect on other
tissues and substances with a short T'1 relax-
ation time, such as methemoglobin, mucoid tis-
sue, proteinaceous material, and melanin (17).
Similarly, gadolinium contrast material shortens
the T'1 relaxation time of enhanced tissues, and,
for the same reason, gadolinium-containing
intraarticular fluid may be suppressed by the

inversion pulse. Therefore, STIR sequences are
not suitable for contrast material-enhanced im-
aging or MR arthrography (Table 1) (1). STIR
is available from all four 3-T MR imaging ven-
dors (GE, Philips, Siemens, and Toshiba), with
no substantial differences in implementation
(Table 2).

Hybrid Techniques

Physics Basis

Hybrid techniques for fat suppression are a
combination of CHESS and inversion-recovery
sequences. A spectrally selective inversion pulse is
applied to flip the fat spins by 180°. After an in-
version (recovery) time (TT), a conventional exci-
tation pulse is applied; this technique is known as
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(a) Axial T2-weighted CHESS MR image (TR, 5550 msec; TE, 10 msec) shows heterogeneity of the fat

suppression signal in the posteromedial aspect of the right thigh and the anteromedial aspect of the left thigh. (b) Axial
T2-weighted SPAIR MR image (TR, 5550 msec; TE, 10 msec) shows more homogeneous fat suppression.

SPIR. Specifically designed adiabatic pulses may
be introduced to deal with RF spatial nonunifor-
mity (B, heterogeneity). Adiabatic pulses achieve
inversion of the magnetization not by applying
electromagnetic power at a single frequency, but
by sweeping through a frequency range. This
technique makes the FA relatively independent of
the absolute pulse amplitude (provided that it is
above a certain threshold) and dependent on the
frequency evolution of the pulse and is known as
SPAIR (Fig 2c¢) (18).

SPIR is a hybrid fat-suppression technique
that combines the fat selectivity of CHESS and
the inversion RF pulse of STIR. SPIR differs
from CHESS in that its RF pulse is an inversion
pulse, and it differs from STIR in that its inver-
sion pulse is selective for excitation of fat spins
only. There is no difference in the TT needed to
suppress fat between the two techniques. The
advantages of SPIR are that it has a higher SNR
than does STIR and it does not suppress other
tissues with a T'1 relaxation time similar to that
of fat. However, SPIR is B - and B -sensitive, re-
quires a good separation between fat and water
peaks to achieve effective fat suppression, and
requires a longer run time than when fat sup-
pression is not used (6).

Clinical Considerations

The SPAIR pulse sequence has two main advan-
tages: As was previously mentioned, because of
its adiabatic pulse, it is relatively insensitive to
B1 heterogeneity compared with CHESS, and

it has a higher SNR than does STIR. A SPIR-
SPAIR hybrid fat suppression technique has a
higher SNR than STIR because the inversion
pulse of the SPIR-SPAIR hybrid is fat selec-
tive, whereas that of STIR is not. At the time of
fat T'1 recovery, other tissue types do not have
enough time for T'1 recovery; therefore, the SNR
for those tissues is lower. By contrast, SPAIR
employs composite RF pulses to spectrally sepa-
rate fat and water through dephasing, with a

Figure 9. Axial T2-weighted (TR, 5000 msec; TE,
80 msec) SPAIR MR neurographic image of the pel-
vis shows homogeneous, SNR-efficient fat suppres-
sion and normal femoral nerves (arrows), which are
slightly hyperintense.

small delay between short RF pulses. Therefore,
SPAIR does not have the same loss of SNR from
inversion recovery and is a good technique to
use when homogeneous and SNR-efficient fat
suppression is needed over a large field of view,
such as in the thighs and thoraco-abdominopel-
vic regions (Figs 8, 9). Lauenstein et al (19) re-
ported that the use of SPAIR resulted in a lower
SNR (ie, superior fat suppression) for mesen-
teric and retroperitoneal fat than did inversion
recovery, a finding that is particularly important
in musculoskeletal imaging, tumor imaging, and
MR neurography (20-22).

A disadvantage of hybrid sequences is that,
because of their B sensitivity, they may show
heterogeneous fat suppression, mainly at the
edges of short MR bores when the field of
view is larger than the shimmed area. To mini-
mize this problem, it is possible to use a Dixon
technique to obtain more homogeneous, SNR-
efficient fat suppression or to acquire two sets of
images and then merge the acquisitions. STIR
is another option that provides homogeneous fat
suppression with lower SNR (Table 1) (Fig 10).
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a.

Figure 10. (a) Axial T2-weighted SPAIR MR image (TR, 4590 msec; TE, 75 msec) shows heterogeneous suppres-
sion of subcutaneous fat, a result of B inhomogeneity at the edge of the large field of view. (b) STIR MR image
(TR, 3960 msec; TE, 47 msec; TT, 220 msec) shows homogeneous suppression of subcutaneous fat.

Further disadvantages of hybrid sequences are a
longer pulse duration and higher SAR.

Vendor-specific Implementation

Spectral inversion at lipid (SPECIAL) is a non-
adiabatic sequence that uses a spectral selective
inversion pulse and is available on GE equip-
ment. SPAIR sequences are available on Philips,
Siemens, and Toshiba equipment, whereas SPIR
sequences are available only on Philips equip-
ment. SPIR is often used as a hybrid between
inversion recovery and fat saturation, with flip
angles of around 110°, and is followed by de-
phasing gradients (23). Most of the fat signal

is excited and subsequently disrupted, as in
conventional fat saturation, whereas the inver-
sion component of the pulse compensates for T'1
recovery between the SPIR pulse and the excita-
tion (Table 2).

Water Excitation

Physics Basis

Water excitation is a “spatial-spectral” pulse
sequence that was originally designed by Meyer
and colleagues (24) to simultaneously select a
spatial band (section thickness) and a spectral
band (water), which excites the water inside a
section and leaves the fat and all spins outside
the section unaltered. Water excitation is ac-
complished by using a binomial RF pulse, which
is actually a set of RF pulses with a double net
effect (ie, a 90° pulse for water spins and a 0°
pulse for fat spins) (6). In the simplest form

of water excitation (called a 1-1 pulse), an RF
pulse with a flip angle equal to one-half the de-
sired flip angle is initially applied to both water
and fat (25). Then, the fat and water begin to
lose phase coherence. When they both precess
180° out of phase (about 1 msec at 3T and
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about 2 msec at 1.5T and calculated with the
formula
1

AT*ZTAf‘ 5
where Afis the frequency shift between water and
fat), another RF pulse is applied to flip the fat
back to the longitudinal axis, and the water expe-
riences another excitation that is summed to the
previous one (Fig 2d). Other schemes with more
than two pulses or phase advances of less than
180° are also possible, but, in general, the longer
the excitation scheme, the more insensitive the
technique is to B heterogeneities.

Clinical Considerations

The water-excitation technique is relatively fast
because there is no need for a spoiler gradient
to delay relaxation (6). It also has relatively high
SNR and insensitivity to B, heterogeneity. Water
excitation techniques are widely used to evaluate
cartilage because of their fast imaging time and
high SNR and contrast-to-noise ratio (CNR). In
clinical practice, water excitation techniques are
generally applied to gradient-echo sequences,
but they are also used with turbo spin-echo
(TSE), fast spin-echo (FSE), and spin-echo
(SE) sequences, as is detailed in the “Vendor-
specific Implementation” section. The ideal FA
setting for a double-echo steady-state (DESS)
sequence with water excitation at 3 T has been
reported to be 20° for maximum cartilage signal
and 90° for maximum synovial signal, which
provide the highest CNR between cartilage and
synovial fluid. At 1.5 T, these values are 30° and
90°, respectively (26). Hauger and colleagues
(27) applied water-excitation fat suppression to
three commonly used SE and FSE sequences
(contrast-enhanced T1-weighted SE, intermedi-
ate-weighted FSE, and T2-weighted FSE) and
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Figure 11. Comparison of
coherent oscillatory state ac-
quisition for the manipulation
of image contrast (COSMIC)
and SPECIAL sequences.
Three-dimensional (3D)
COSMIC (GE, Milwaukee,
Wis) MR image of the shoulder
with chemical fat saturation
(TR, 5.3 msec; TE, 1.5 msec;
FA, 45°) (a) and SPECIAL
(GE, Milwaukee, Wis) MR
image with fat saturation (TR,
5.5 msec; TE, 1.3 msec; FA,
45°) (b) show stronger fat
saturation with the SPECIAL
technique.

Figure 12. Wiater excitation technique.
Sagittal VIBE (Siemens, Erlangen,
Germany) MR image (TR, 20 msec;
TE, 2.8 msec; FA, 15°) obtained with
the water excitation technique shows a

Teaching
Point

normal knee.

compared them with CHESS fat suppression in
various joints of 83 patients. The authors found
that water excitation was faster and produced
images with higher SNR and CNR (for images
obtained with intermediate-weighted sequences)
than did CHESS. At 3 T, water excitation ben-
efits from wider spectral separation between
water and fat and shorter spaces between RF
pulses than at lower field strengths; however,
this shorter spacing also requires shorter RF
pulses and stronger gradients, which increase
SAR (Table 1) (2).

Vendor-specific Implementation
Spectral-spatial (GE, Milwaukee, Wis), ProSet
(Philips, Best, the Netherlands), water excitation
(Siemens, Erlangen, Germany), and the water ex-
citation technique (WET; Toshiba, Tokyo, Japan)
are similar water-excitation sequences. We are not
aware of any clinically relevant differences between
the vendors, except in the type of sequences that
may be used with water-excitation techniques.
The GE spectral-spatial technique must be run
with gradient-echo sequences, such as coherent
oscillatory state acquisition for the manipulation
of image contrast (COSMIC), whereas Philips
has no restriction with SE or TSE sequences (Fig
11). Similar to GE, the Siemens technique allows
water excitation to be used only in gradient-echo
sequences, such as DESS, volumetric interpolated

brain examination (VIBE), and fast imaging with
steady-state precession (FISP) sequences and not
in TSE sequences (Fig 12). The Siemens equip-
ment also allows for “fast” or “normal” water-ex-
citation schemes with different pulse schemes; the
“normal” scheme is more robust to B heterogene-
ity but slower than the “fast” version. WET may
be used with gradient-echo sequences and SE or
FSE sequences. Polarity-altered spectral and spa-
tial selective acquisition (PASTA; Toshiba, Tokyo,
Japan) is different than WET in that the excitation
pulse is so narrow as to excite only water. Because
PASTA includes a 180° pulse, it may be used only
with SE-based sequences (Table 2).
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Figure 13. Fat-water swapping in a patient with total knee replacement. Iterative decom-
position of water and fat with echo asymmetry and least-squares estimation IDEAL; GE,
Milwaukee, Wis) MR images (TR, 3000 msec; TE, 13 msec) with fat (a) and water (b) only

show severe field heterogeneity and fat-water swapping.

Dixon Techniques

Physics Basis

The chemical shift-based fat-water separation
method was described by Dixon in 1984 (28) as
a two-point method. Now, various techniques
exist that are commonly referred to as the Dixon
techniques. Two-point Dixon techniques acquire
either two different images or two images with
two different TEs in each image to decompose
the fat signal from the water signal in the same
voxel (6). Because the water and fat spins precess
at different frequencies, their magnetization vec-
tors rotate with respect to each other between
excitation and acquisition, becoming alternatively
“in phase” (ie, pointing in the same direction)
and “out of phase” (ie, pointing in opposite di-
rections). Because the acquired signal is propor-
tional to the vector sum of the magnetizations
when the spins are in phase, the total signal is
proportional to the sum of the magnitude; when
the spins are out of phase, the signal is propor-
tional to the difference.

One image is obtained with the fat and water
spins in phase (signal in-phase [SIP]), and one
image is obtained with the spins out of phase
(signal out-of-phase [SOP]). At 1.5 7T, the differ-
ence in echo time (TE) between the two states
is about 2.2 msec (out-of-phase TEs: 2.2 msec,
6.6 msec, etc.; in-phase TEs: 4.4 msec, 8.8
msec, etc). At 3T, the difference in TEs is about
1.1 msec (29). Pure water images are obtained
by adding the SIP to the SOP (Eq 2), and pure

fat images are obtained by subtracting the SOP
from the SIP (Eq 3).

_ SIP + SOP

L4 5 @

_ SIP-SOP

F 3 3)

Thus, it is possible to obtain a pure water image
with fat suppression and a pure fat image with
water suppression (2). This technique is insensi-
tive to B, heterogeneity and may be used with
several sequences, such as T'1- and T2-weighted
FSE, gradient-echo, and steady-state free preces-
sion (SSFP) imaging (Fig 2e) (2).

Two-point Dixon techniques may be limited
by B, heterogeneity, which may shift fat and
water peaks and suppress the unwanted compo-
nent (eg, fat instead of water), an effect called
fat-water swapping that may be avoided by us-
ing unwrapping algorithms that compensate
for the B field heterogeneity (Fig 13). Several
modifications followed the original two-point
Dixon methods. The first was proposed by Glover
and Schneider (30) and added a third image to
compensate for the B sensitivity of the original
two-point Dixon method. The authors called
this modified technique the three-point Dixon
method and used a three-phase difference of 0,
1, and —1 between the fat and water signals (30).
Later, Glover (31) proposed an extension of the
three-point Dixon method called the four-point
Dixon method, which used four images with
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(a) Sagittal T1-weighted MR image with chemical fat saturation (TR, 500 msec; TE, 10 msec)

shows heterogeneous fat saturation of the subcutaneous fat in the posterior side of the neck. (b) Dixon
(Siemens, Erlangen, Germany) MR image (TR, 610 msec; TE, 12 msec) of the cervical spine shows robust
fat suppression. (Images courtesy of Rory Johnson and Peter Cazares.)

phase differences of 0, n, 27, and 37. Three- and
four-point Dixon techniques are more robust to
field heterogeneity than two-point Dixon meth-
ods, but they have longer examination times and
lower SNR efficiency (SNR per unit time). Over
the next few years, several modifications of the
original Dixon technique were developed, with
several application schemes and algorithms; how-
ever, detailed descriptions of these modifications
are beyond the scope of this article.

Clinical Considerations

Because it is insensitive to B) and B, heterogene-
ity, the Dixon technique offers robust and SNR-
efficient fat suppression, even in areas with high
magnetic susceptibility (eg, metallic implants), in
anatomic regions that are difficult to image, and
in the extremities in pediatric and elderly patients
who cannot tolerate uncomfortable positions
(Figs 14-16) (32,33). In two different studies,
fast three-point Dixon techniques were compared
with T2-weighted CHESS fat suppression in
pediatric imaging of the musculoskeletal system
and spine at 1.5T MR imaging in clinical prac-
tice (34,35). In both studies, the fast three-point
Dixon technique led to more homogeneous and
robust fat suppression in the extremities and spine,
particularly in the hands and feet among pediatric
patients, whereas CHESS was more prone to field
heterogeneity. In both studies, lesion visibility was
significantly better with the fast three-point Dixon
method than with CHESS; thus, fast three-point
Dixon techniques may be used in musculoskeletal

imaging as an alternative to T2-weighted CHESS
fat suppression. When a large field of view—such
as the abdomen, spine, and pelvis—is used, fat-
suppression techniques often have problems with
heterogeneous fat suppression (eg, CHESS fat
suppression) because of B heterogeneity or inef-
fective fat suppression (eg, STIR sequences). The
use of Dixon techniques may help minimize these
limitations (Table 1) (36).

The original Dixon technique was a relatively
long sequence because it acquired multiple im-
ages at fixed TEs. The development of several
reconstruction algorithms made it shorter and
more suitable for clinical practice. Furthermore,
the time savings that may be achieved with the
use of parallel imaging make it a good addition
to the Dixon technique at high magnetic field
strengths. The higher SNR of 3 T with the higher
SNR of the Dixon technique may easily offset
the decreased SNR of parallel imaging, making
it possible to obtain SNR-efficient homogeneous
fat suppression in clinical practice (37,38).

Another important advantage of the Dixon
technique is the potential for absolute quantifi-
cation of the percentage of fat in each voxel, a
feature that may result in some interesting ap-
plications in musculoskeletal imaging. MR spec-
troscopy may be used to differentiate between
extra- and intramyocellular lipid on the basis of
the frequency difference between them and could
be important in identifying insulin resistance that
may be treated with diet and exercise (39-43).
Another interesting application is monitoring of
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Figure 15. Sagittal
T1-weighted MR
image with chemical
fat saturation (TR,
510 msec; TE, 10
msec) (a) and Dixon
(Siemens) MR im-
age (TR, 692 msec;
TE, 12 msec) (b)

of the lumbar spine
obtained in a patient
with metal artifacts
show that suscep-
tibility artifacts are
significantly greater
with CHESS than
fat-water separation.
(Images courtesy of
Rory Johnson and
Peter Cazares.)

Figure 16. Coronal Dixon (Siemens) (TR, 3500 msec; TE, 90 msec) (a) and 3D SPACE STIR (TR,
5040 msec; TE, 47 msec; T1, 220 msec) (b) MR images of the sacrum show that SNR is lower with STIR
than it is with fat-water separation. (Images courtesy of Rory Johnson and Peter Cazares.)

the fat and water levels in red bone marrow dur-
ing therapy for hematologic disease; however,

to date, several problems—such as different T'1
weighting of the fat and water signals, T2* decay,
and complex decay of fat due to its multipeak
spectrum—Ilimit accurate quantification of fat at
MR imaging (2,44-46). Therefore, the develop-
ment of a fat quantification algorithm will be an
important topic in the near future. Similar to

the water excitation method, the precession fre-
quency increases at higher field strengths, making
the echo spacing required for a specific phase
offset between water and fat shorter and, thus,
enabling faster acquisitions.

Vendor-specific Implementation

Although the principles for fat-water separation
all derive from the original work of Dixon more
than 2 decades ago, the 3-T MR imaging ven-
dors have several different strategies for apply-
ing fat-water separation techniques, including
the use of reconstruction algorithms to decrease
sequence time, avoid fat-water swapping, and
increase homogeneity (28). The iterative decom-
position of water and fat with echo asymmetry
and least-squares estimation (IDEAL; GE,
Milwaukee, Wis) is a fat-water separation tech-
nique used by GE and based on a three-point
Dixon method with a bespoke reconstruction
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Figure 17. (a—c) Sagittal in-phase (a), fat (b), and water (c) IDEAL (GE) MR images (TR,
3800 msec; TE, 28 msec) obtained in a patient who underwent anterior cruciate ligament re-
construction show a fluid collection near the interference screw (arrow in ¢), with no artifacts.
(d) Sagittal proton density—weighted MR image with chemical fat saturation (TR, 4000 msec;
TE, 32 msec) shows unsuppressed fat near the screw (arrow).

algorithm (Fig 17) (32,47). IDEAL is widely
used in general musculoskeletal imaging and
allows robust fat suppression in body areas
with challenging anatomy, such as the fingers
and neck (48-52). Flex (GE; Milwaukee, Wis),
a two-point technique also offered by GE, is
another option for fat-water separation (Fig
18). FLEX is faster (two acquisitions instead of
three) and is usually used in areas where speed
is important, such as in dynamic contrast imag-
ing or in patients who are more prone to move
during the examination, but its fat suppres-

sion is lower than that achieved with IDEAL.
Multipoint Dixon (M Dixon; Philips, Best, the
Netherlands) may be used as a two-, three-, or
four-point Dixon technique with a different re-
construction algorithm. It is mainly used in ab-
dominal imaging but is applicable for musculo-
skeletal imaging as well (Fig 19). Siemens has a
two- and three-point Dixon method that may be
used with several musculoskeletal applications,
and Toshiba has a dual-echo sequence that al-

lows for in-phase and out-of-phase visualization
(Table 2).
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Figure 18. Three-dimensional (3D) maximum
intensity projection Cube Flex (GE, Milwaukee,
Wis) MR neurogram of the lumbar plexus (TR,
1800 msec; TE, 35 msec) shows fat-water separa-
tion and FSE contrast. Cube Flex uses a 3D FSE
acquisition and a two-point fat-water separation
method to obtain high-resolution 3D images.

C.

Figure 19. Multipoint (four-point) high-resolution 3D (0.5 x 0.5 X 1.5 mm?®) Dixon (Philips, Best,
the Netherlands) MR images (TR, 10.4 msec) obtained in phase (a), out of phase (b), with water
suppression (c), and with fat only (d) show a normal knee.
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Summary
It is important that radiologists and technologists
be aware of the advantages and disadvantages of
the various fat suppression techniques available
for musculoskeletal 3-T MR imaging in order to
select the most appropriate technique for a par-
ticular situation in clinical practice. In particular,
STIR is a robust fat suppression technique at every
field strength, including 3 T, but it may have low
SNR. CHESS has higher SNR than STIR, but
it is limited by field heterogeneity at 3 'T. Hybrid
(spectral and inversion-recovery) sequences and
Dixon techniques offer SNR-efficient and robust
fat suppression that, when combined with parallel
imaging, could play a central role in 3-T muscu-
loskeletal imaging in the future. Water excitation
takes advantage of the wider spectral fat-water
separation in these hybrid sequences and will likely
be an important technique for cartilage imaging
because of its relatively fast acquisition times and
high CNR. In addition to several advantages, ev-
ery technique also presents some challenges that
should be considered in clinical practice.
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Page 219
Fat-suppression techniques that are based on chemical shift fat selection tend to work better at higher
magnetic field strengths, presuming B and B, homogeneity.
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STIR is insensitive to B and B, heterogeneity. Thus, STIR sequences are widely used in musculoskel-
etal imaging because of the improved fat suppression that may be achieved in off-center imaging (eg,
the elbow, hand, and wrist, with the patient lying supine and the arm positioned along the body), in
the presence of metal (eg, postoperative arthroplasty), with a large field of view (eg, the entire spine
in the setting of spondyloarthritis or metastatic neoplasm), and in challenging anatomic regions with
multiple air-tissue interfaces (eg, the brachial plexus, fingers, and toes).
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The SPAIR pulse sequence has two main advantages: As was previously mentioned, because of its adi-
abatic pulse, it is relatively insensitive to B1 heterogeneity compared with CHESS, and it has a higher
SNR than does STIR.
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At 3T, water excitation benefits from wider spectral separation between water and fat and shorter
spaces between RF pulses than at lower field strengths; however, this shorter spacing also requires
shorter RF pulses and stronger gradients, which increase SAR (Table 1) (2).
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Because it is insensitive to B and B, heterogeneity, the Dixon technique offers robust and SNR-efficient fat
suppression, even in areas with high magnetic susceptibility (eg, metallic implants), in anatomic regions that
are difficult to image, and in the extremities in pediatric and elderly patients who cannot tolerate uncom-
fortable positions (Figs 14-16) (32,33).



