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This article summarizes direct imaging methods designed to separate water and fat signals in proton magnetic resonance imaging. The
methods presented fundamentally rely on the difference in resonance frequencies between water (hydroxyl) and predominant fat (methylene)
protons. The discussed techniques are divided into two cateqories, (i) RF-based approaches that selectively suppress or excite water and
fat signals and (ii) multiecho imaging strategies that separate water and fat signals based on chemical shift-encoding. The various clinical
utilities of these methods are detailed, from traditional fat suppression endpoints to more recent trends toward quantitative fat-fraction
imaging. Comparative examples are illustrated, along with some discussion of the advantages and limitations of each method. In the context
of quantitative fat imaging, the impact of modeling fat more realistically, as a multipeak triglyceride signal versus a traditional simplified
single-methylene-peak representation, is highlighted, and similarly, the effects of confounding factors on quantitative accuracy and precision
are summarized. Approaches to multiecho chemical shift-encoded data acquisitions and reconstructions are presented, and methodological
considerations for echo-time selection and main magnetic field inhomogeneity are outlined. Finally, recent advances in chemical shift-encoded
imaging toward the characterization of triglyceride properties (e.qg., chain length and unsaturation degree) are briefly discussed.
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Introduction

This article’s content was largely motivated by proceed-
ings from the 2012 International Society for Magnetic
Resonance (ISMRM) workshop on water—fat imaging
(http://ismrm.org/workshops/FatWater12/).! The goal is to
provide the reader with a concise overview of chemical
shift-based water—fat proton magnetic resonance imaging
(MRI) techniques, including chemical shift-selective (CHESS)
and chemical shift-encoded (CSE) methods. Specifically, the
article will describe how CSE water—fat imaging approaches
fundamentally differ from traditional single-voxel magnetic
resonance spectroscopy (MRS) and multivoxel chemical
shift-imaging (CSI) (see CSI and SENSE CSI; 2D MRS). As
summarized in Table 1, CSE MRI methods can be considered
as a subset of CSI approaches. Reconstruction of CSE water—fat
MRI data is performed using well-defined spectral models,
where strong constraints in the form of known chemical
frequency shifts and relative amplitudes of the chemical species
to be separated (e.g., water and fat) are established a priori. In
contrast, the spectral model is less constrained in traditional
CSI postprocessing algorithms. By exploiting this a priori
knowledge of the water—fat spectral model, gains in both
imaging speed and spatial resolution can be achieved with CSE
imaging methods.

The article will highlight the clinical utility of chemical shift-
based water—fat MRI techniques. Cartesian data sampling of
k-space is considered herein, and the word ‘fat’ is used to
denote triglyceride molecules. The section titled ‘Chemical
Shift-Selective Imaging’ briefly summarizes conventional RF
(transmit field, B, )-based approaches that selectively suppress
fat or excite water signals, and showcases examples where the
uniform suppression of fat signals is critical to the diagnostic
quality of the resultant clinical images. In the context of these
discussions, a simplified two-peak water—fat spectral model is
considered. In this simplified model, the triglyceride spectrum
is represented only by its predominant methylene peak, which
is 3.4 ppm downfield from the water resonance. For the purpose
of fat suppression, this simplified model is adequate. Extensive
reviews on CHESS approaches can be found in the literature.> >
For brevity, conventional spin lattice (T )-based water and fat-
suppression methods based on inversion recovery® are not
discussed here (see Tissue Water and Lipids: Chemical Shift
Imaging and Other Methods).

In the section titled ‘Chemical Shift-Encoded Water—Fat
Imaging’, emphasis is given to multiecho CSE MRI, histori-
cally referred to as Dixon water—fat MRI. Over the past three
decades since W. T. Dixon’s seminal 1984 paper, there have
been significant methodological advances and increased use of
CSE MRI techniques in both research and clinical settings.”*
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Table 1. Fundamental differences between spectroscopy and chemical shift-encoded (CSE) water—fat MRI

Spectroscopy

CSE MRI

1-D single voxel MRS

2-D and 3-D CSI

Spatial encoding (matrix size) No
Spatial (voxel) resolution Low (mm to cm)
Frequency (spectral) resolution High

Model based: A priori assumption of Weak constraints
resonance frequencies and relative
spectral peak areas of chemical species

Relative acquisition speed Can be fast (depending on

application)

Yes (16 x 16 to 32 x 32)
Low (mm to cm)

High

Weak constraints

Yes (256 x 256 to 512 x 512)

High (sub-mm to mm)

Low (predefined components)

Strong constraints (single and multipeak
fat models)

Slow Typically fast

Note the tradeoff between spectral and spatial resolutions.

We will discuss several technical considerations for CSE data
acquisition and data reconstruction. While the original moti-
vation for qualitative CSE was to achieve superior water—fat
separation and fat suppression compared to CHESS techniques,
the emerging concept of quantitative fat-fraction imaging from
CSE MRI s highlighted (see Ultrafast Multidimensional NMR:
Principles and Practice of Single-Scan Methods). Quantitative
fat-fraction imaging is becoming increasingly popular in obesity
and metabolism research (see Body Fat Metabolism: Obser-
vation by MR Imaging and Spectroscopy, Insulin resistance,
type 2 diabetes and obesity and other metabolic disorders
studied by MRS, In Vivo MRS of Lipids in Adipose Tissue,
Bone Marrow, and Liver), either in conjunction with or in lieu
of spectroscopy, to assess adipose tissue volume and triglyc-
eride properties (see Body Fat MRS) and ectopic fat content
in the liver (see Monitoring Fatty Liver), the heart (see Car-
diac Lipids by '"H MRS), the pancreas, and the skeletal muscle
(see Muscle studies by 'H MRS). In the context of quantita-
tive imaging, and in the interest of improving the accuracy
and reproducibility of fat-fraction estimates, a more general
multipeak water—fat spectral model is considered, where the
triglyceride spectrum is represented more realistically by mul-
tiple resonances (e.g., methyl, olefinic, carboxyl, and glycerol),
in addition to the primary methylene component. The article
will conclude with a brief outlook of future research directions
in CSE MRI.

Chemical Shift-Selective Imaging

In CHESS MRI, magnetization preparation is achieved by
spectrally selective RF pulses that either excite or suppress
water or fat resonance frequencies before data acquisition (see
Selective Excitation in MRI and MR Spectroscopy). In one
approach, spectral-spatial RF pulses are applied to selectively
excite either the water or the methylene fat protons before
data acquisition. The resultant image reflects signals only from
the component that was spectrally excited. In another strat-
egy, frequency-selective RF pulses are first applied to suppress
signals from water or methylene protons. Subsequently, sig-
nals from the nonsuppressed component are acquired for
image formation.”~!! Some of the major advantages of CHESS
techniques include their versatility in coupling to nearly all
MRI pulse sequences, and their ease of implementation and
availability on all commercial human MRI platforms.

Selective Fat Suppression

The suppression of typically hyperintense signals from
fat in proton-density-weighted, spin—lattice relaxation
(T,)-weighted, and spin—spin relaxation (T,)-weighted MRI
images is routine in clinical applications. As summarized in
Table 2 and illustrated in Figure 1, fat suppression is useful
for improving lesion conspicuity; in expanding the dynamic
range of tissue contrast, especially on contrast-enhanced
images; in determining whether fat is present or absent in a
lesion; in minimizing artifacts from imaging techniques that

Table 2. Common reasons to use fat suppression (and water excitation) versus fat quantification protocols in MRI

Fat suppression and water excitation

Fat quantification

Improve lesion conspicuity
Increase tissue contrast dynamic range

Establish absence or presence of fat in a lesion

Minimize image artifacts that arise from fat signals

e Chemical-shift artifacts (e.g., DWI EPI)
® Subtraction artifacts (e.g., CE-MRA, ASL)
® Respiratory motion artifacts

Body composition and assessment of adiposity
Tissue fat content and characterization

Liver

Pancreas

Heart

Skeletal muscle

Brown adipose tissue

Bone marrow

Longitudinal assessment of change in fat content due to
therapy and intervention

DWI, diffusion-weighted imaging; EPI, echo-planar imaging; CE-MRA, contrast-enhanced MR angiography; ASL, arterial spin labeling.
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Without fat suppression With fat suppression

(b)

(d)

Figure 1. Clinical examples of the utility of CHESS fat-suppression MRI
protocols in minimizing chemical-shift artifacts from fat along the phase-
encoding direction in (a, b) diffusion-weighted imaging with an echo-
planar acquisition and in (¢, d) abdominal imaging owing to respiratory
motion. All images were acquired on a 3 T Achieva platform from Philips
Healthcare. (Courtesy of Jonathan M. Chia, M.S., Philips Healthcare)

require subtraction of paired images; and in reducing ghosting
and spatial distortion artifacts from free-breathing and
echo-planar imaging, respectively. Several common strategies
for fat-suppression schemes are commercially available.

In one approach, a 180° CHESS RF pulse centered on
the methylene fat resonance can be applied to invert the
fat magnetization before data acquisition. After an inversion
time delay during which the inverted magnetization recovers
longitudinally and passes through the zero crossing, the data
are acquired and frequency- and phase-encoded such that
the signal contribution from methylene fat is minimal. The
technique is referred to as SPECIAL (SPECtral Inversion At
Lipid) and differs from the conventional T,-based inversion-
recovery approaches (i.e., STIR)® in that the inversion pulse
for magnetization preparation is fat-selective, and thus, does
not affect the water protons. Recent variants of SPECIAL
include spectral presaturation with inversion recovery (SPIR)
and spectral attenuated inversion recovery (SPAIR). In the
former, a fat-selective inversion pulse less than 180° (usually
just slightly greater than 90°) is employed, followed by spoiling
gradients that dephase the transverse fat magnetization. In the
latter, the 180° fat-selective inversion pulse is adiabatic (see
Adiabatic RF Pulses for MRS), making the SPAIR approach
less sensitive to transverse RF field (B, ) inhomogeneities across
large fields-of-view. Figure 2 and Figure 7 illustrate the clinical
utility of selective fat suppression in multiple anatomies.

Without fat suppression With SPIR fat suppression

With SPAIR fat suppression

Without fat suppression

Figure 2. Clinical examples illustrating the utility of CHESS fat suppres-
sion. Comparisons are provided against nonfat suppressed counterparts.
Pathologies (arrows) in both instances are better visualized with fat sup-
pression, which effectively removes hyperintense signal from fat in bone
marrow and adipose tissue. Sagittal images of the spine were acquired on
a 3T Signa platform from GE Healthcare. Axial images of the pelvis were
acquired on a 3T Ingenia platform from Philips Healthcare. (Courtesy
of Jeffrey Miller, M.D., and Amber Pokorney, R.T., Phoenix Children’s
Hospital)

Selective Water Excitation

In lieu of fat suppression, another approach to selectively
excite water protons can be achieved with a composite train
of binomial RF pulses. The goal of such a series of amplitude-
weighted RF pulses (e.g., 1:1, 1:2:1, and 1:3:3:1) is to
successively nutate the magnetization of on-resonant water
protons into the transverse plane, while the magnetization of
off-resonant methylene fat protons is returned to the longitu-
dinal plane, unaffected. This elegant approach, illustrated in
Figure 3, is based on setting each of the interpulse delays in
the binomial RF pulse train to the time when the water and
methylene fat magnetizations are periodically opposed-phase
(OP), or equivalently t5p =1/(2 - f), where f; is the resonant
frequency difference between water and methylene fat. Figure 4
illustrates clinical examples of selective water excitation in
musculoskeletal applications.

Selective Water Suppression and Fat Excitation

As an alternative to the aforementioned fat suppression and
water excitation, complementary fat excitation and water sup-
pression techniques (see Water Suppression in Proton MRS
of Humans and Animals) have also been described for spe-
cific applications in obesity and metabolism research. The
utility of fat-selective excitation has been demonstrated in
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Figure 3. Thebasic premiseofal:3:3: 1 amplitude-weighted binomial water selective excitation pulse train. The behavior of water and fat magnetizations
are shown separately. In each diagram, the magnetization immediately before (solid) and after (dotted) the applied RF pulse are shown. The diagram
is shown in the rotating frame centered on the water Larmor resonance. An interpulse period, Lops equal to the time when water and methylene fat
magnetizations are oppose-phased, is assumed. Relaxation effects between the RF pulses are negligible and are not shown, for simplicity. While each
nonselective pulse constructively adds to the previous one by further nutating the water magnetization into the transverse plane, the fat magnetization
experiences a destructive cancellation effect. The net outcome of this RF excitation train is the nutation of the water magnetization by 90° into the

transverse plane, while the fat magnetization remains in the longitudinal plane

the quantification of lower extremity, skeletal muscle fat
content.’>~1* Conversely, water-suppression techniques that
generate fat-only images have been explored as a comple-
mentary method to quantify subcutaneous adipose tissue,
intra-abdominal and visceral adipose tissue, and intermuscu-
lar adipose tissue volumes.!>!® Water and fat CHESS imaging
protocols have also been used in the liver, in conjunction with
MRS, to estimate hepatic fat content (see In Vivo Hepatic MRS
of Humans), and these methods have been further demon-
strated as an effective strategy for comprehensive abdominal
fat assessment.!”

B, Inhomogeneity

Main magnetic field (B,)) inhomogeneity, which also causes B,
off-resonance effects, remains the predominant limitation of
CHESS techniques. B, inhomogeneity refers to spatially varying
deviations of the magnetic field, which can cause unintended
resonant frequency drifts on the order of 100—1000 Hz in vivo.
Inhomogeneities arise from manufacturing imperfections, per-
turbations by metallic implants, patient and physiological
motion, and from the mere placement of a human body
inside the magnet bore. These inhomogeneities are significant
around abdominal air-tissue-bowel interfaces, and in the neck
and shoulder, the pelvis, the knee, and the ankle anatomies.
In the presence of B, inhomogeneities, RF pulses designed to
selectively suppress fat can erroneously affect water as well.

Conversely, an RF pulse intended to target water can inad-
vertently affect fat. Therefore, magnetic field shimming of the
imaging field-of-view is critical in CHESS imaging (Figure 5).
As illustrated below, alternative CSE methods provide a means
for obtaining more uniform water—fat separation, and thus,
fat suppression, in challenging anatomies where CHESS fat-
suppression techniques may be inadequate because of large B,
frequency offsets.

Chemical Shift-Encoded Water-Fat Imaging

The imaging strategies described in the section titled ‘Chemical
Shift-Selective Imaging’ depend on the use of spectrally selec-
tive RF pulses to excite or suppress water or fat resonances in
order to obtain images depicting only one of these species. An
alternative and rapidly emerging approach is CSE water—fat
imaging, where images containing both water and fat signals
are first obtained by pulse sequences that utilize nonspectrally
selective excitation pulses. In CSE MRI techniques, the fre-
quency and resultant phase shifts between water and fat signals
are strategically encoded into the acquired data by manipulating
the echo-times of the pulse sequence. Subsequently, the water
and fat signals are decomposed by mathematical algorithms
to yield water-only (i.e., fat-suppressed) and fat-only images,
the latter being particularly useful in whole-body assessment
of body composition and adiposity (see Whole-Body Contin-
uously Moving Table MRI: Principles and Applications). The
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Proton-density Selective T;-weighted Selective

-weighted with water without fat water
SPIR fat suppression  excitation suppression excitation
@ (b)

Figure 4. Two examples of CHESS water excitation in musculoskeletal MRI. (a) Two bony bridges (arrows) are observed in this patient’s knee, and
are better delineated on the selective water excitation images than on conventional proton-density-weighted images with fat suppression. The improved
conspicuity in the water excitation images is largely due to the lack of signal in fatty bone marrow. (b) Selective water excitation depicts an osteochondral
fracture (arrows) more clearly than T,-weighted images without fat suppression. All images were acquired on a 3T Ingenia platform from Philips
Healthcare. (Courtesy of Deepa Biyyam, M.D., Craig Barnes, M.D., Scott Jorgensen, M.D., Mittun Patel, M.D., and Amber Pokorney, R.T., Phoenix

Children’s Hospital)

development of CSE data acquisition techniques and recon-
struction algorithms is reviewed in the following sections.'8 =20
Table 3 highlights a few of the major methodological advances
in CSE water—fat MRI over the past three decades.

Basic Pulse Sequences and Signal Model

CSE acquisitions, typically consisting of multiechoes, or points,
can be performed utilizing both spin echo (SE), gradient
recalled echo (GRE), and hybrid (SE-GRE) pulse sequences
(i.e., GraSE). In SE sequences, the center of the frequency-
encoding readout gradient is shifted by a specific duration, £,
leftand right, relative to the center of the Hahn SE. Alternatively,
the 180° refocusing RF pulse can be similarly shifted by 7,/2
(nott, ) to impart the same net effect. In GRE sequences, images
with specific echo shifts can be straightforwardly acquired by
setting the appropriate echo times with respect to the center
of the excitation RF pulse (Figure 6). These echo-time shifts
are needed in order to induce the desired phase differences
between water and fat signals, which will enable subsequent
water—fat separation algorithms.

Regardless of the acquisition pulse sequence, the collective
signal acquired within a single voxel in a CSE imaging exper-
iment can be represented by equation (1).2! It is assumed
that both water and fat magnetizations are present and that

the rotating frame of reference is aligned with the Larmor
frequency of water. In addition, T, and T, relaxation effects
are ignored for simplicity. Furthermore, a simplified, two-
peak water—fat spectral model is again considered at this
point.

5(t) = [syy-€ PV 4 spoe TP ]2 (=1 N)
(1)

s(t,) = [sw + SF.eianptn]_ei¢_ei2nf3tn 2

In these equations, sy, and s are the intensities of water
and fat signals (denoted by subscripts w and f, throughout),
respectively; and f; is the frequency shift of the predominant
methylene fat resonance in triglycerides, located approximately
3.4 ppm downfield from the water peak at 37 °C. The frequency
shift between water and methylene fat signals is approximately,
217Hz at 1.5T and 434 Hz at 3T. ¢y represents the initial
phase of the water and fat signals, respectively, and f is the
frequency offset owing to local By-field inhomogeneity. For
many GRE and SE pulse sequences, a common initial phase
¢ for water and fat signals can be assumed at the center of
the RF excitation pulse (t=0ms), as shown in equation (2),
thereby slightly reducing the number of unknown parameters.
The limitations of the simplified spectroscopic model shown
in equations (1) and (2) will be discussed in the section
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Figure 5. Failure of adequate fat suppression by the SPIR and SPAIR
technique owing to B, inhomogeneity. In (a), the MR technologist was
unable to achieve uniform fat suppression in these ankle T,-weighted
images, after two attempts to shim the imaging field-of-view. Note that,
between the two attempts, different regions of the anatomy are fat-
suppressed, suggestive of significantly varying B, inhomogeneity. The
venous malformation on the dorsum of the foot (solid arrow) can be seen
in only one of the attempts. In (b) and (c), poor fat suppression can be
observed along the perineum and posterior subcutaneous adipose tissue
of the knee (dotted arrows), respectively. In these cases, visualization of
the abscess and synovial enhancement (solid arrows) are, however, not
significantly affected. All images were acquired on a 3 T Ingenia platform
from Philips Healthcare. (Courtesy of Deepa Biyyam, M.D., Craig Barnes,
M.D., Scott Jorgensen, M.D., Mittun Patel, M.D., and Amber Pokorney,
R.T., Phoenix Children’s Hospital)

titled ‘Quantitative Techniques’ in the context of quantitative
water—fat imaging.

Equation (2) can be solved using either the natively acquired
complex-valued signal s(z,), or using only the signal magni-
tude. By removing the phase information, magnitude-based
water—fat separation has several inherent advantages, includ-
ing its insensitivity to phase errors in the acquired source data
(e.g., owing to eddy-currents, gradient delays, concomitant
gradients, and bipolar readouts), as well as the elimination of
phase variations arising from B inhomogeneity.?? The primary
disadvantage of magnitude-based reconstruction techniques is
areduced SNR in the resultant water- and fat-separated images
(seealso the section titled ‘Qualitative Techniques’ and Figure 8,
below). Furthermore, magnitude-based techniques are able to
resolve only a range of 0-50% signal fat fraction, whereas
approaches based on complex signals are able to detect a full
range of 0—100% signal fat fraction (see the section titled
‘Quantitative Techniques’).?!

HH Hu & D Hernando

Table 3. Select methodological developments in CSE water—fat tech-
niques over the past 30 years

Reference

Dixon WT, 1984

Sepponen RE, et al. 1984

Blatter DD, et al. 1985

Glover GH and Schneider E, 1991

Brief description

Early conceptual developments and
demonstration of CSE feasibility

Three-echo CSE strategies with B,
field-map correction

Direct CSE phase-encoding strategy

CSE with multipeak fat spectrum
modeling

Xiang QS and An L, 1997
An L and Xiang QS, 2001

Accelerated CSE imaging with:

e Parallel imaging

e Homodyne reconstruction

e Compressed sensing

Two-echo CSE strategy using
region-growing and
phase-correction concepts

Three-echo CSE strategy with
asymmetrically sampled echoes
and least-squares fitting

Spiral non-Cartesian CSE MRI

Non-Cartesian CSE MRI with
k-space decomposition

Three + echo CSE strategy with
combined B, field-map
correction, Tz* estimation, and
multipeak fat spectrum modeling

Ma J, et al. 2003
Reeder SB, et al. 2005
Doneva M, et al. 2010
Ma J, 2004

Reeder SB, et al. 2004
Pineda, et al. 2005

Moriguchi H, et al. 2003
Brodsky E, et al. 2008

Yu H, et al. 2007
Yu H, et al. 2008

Bydder M, et al. 2011 Multiecho CSE strategy using phase
constraints
Two-echo CSE strategy with flexible

echo times

Eggers H, et al. 2011
Berglund J, et al. 2011
Berglund J, et al. 2012

Bydder M, et al. 2012
Peterson P, et al. 2013

Multiecho CSE strategies for
triglyceride characterization (e.g.,
chain length, unsaturation degree)

Qualitative Techniques

One of the most utilized aspects of CSE pulse sequences
is their ability to provide uniform fat suppression via the
water-only reconstructed images, in lieu of traditional CHESS
imaging approaches where fat suppression may not be
adequate.”® Figure 7 illustrates comparative examples in
multiple anatomies. Using the signal model in equation (2)
as a guide, the following section describes CSE strategies that
employ acquisitions at one, two, and three or more echo-time

shifts.

Single-Echo Methods. Single-echo CSE approaches rely on
acquiring an echo when the water and methylene and fat signals
are in the real and imaginary channels of the transverse magne-
tization plane, or are in quadrature (s(t) = sy, £ j - sp). Specifi-
cally, this requires an echo-time shift equal to (2m +1)/(4 - fz),
where m is an integer. The challenge in single-echo approaches
is the need to correct for potential differences in the phase of
the water and fat magnetizations, as well as B, inhomogeneity.
These correction factors are typically obtained a priori from a
separate calibration scan.?*~2° Although the feasibility of rapid
single-echo, water—fat imaging has been demonstrated, its
applicability in routine clinical practice has been quite limited.

678 © 2015 John Wiley & Sons, Ltd.
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Figure 6. Basic pulse sequence diagrams for (a, b) GRE-based and (¢, d) SE-based CSE techniques are shown. In GRE sequences, multiple echoes are
typically acquired per TR to encode phase differences between water and fat signals, using either (a) bipolar (nonfly-back) or (b) monopolar (fly-back)
readout gradients. The individual time shift, ¢, , is equal to the echo time (TE), relative to the center of the excitation RF pulse. Note that with bipolar
readout gradients, a shorter echo spacing (ATE) between adjacent echoes can be achieved. However, signal polarity and phase errors between odd and
even echoes must be accounted for in the reconstruction process. In SE sequences, the desired water—fat phase differences are obtained by (c) shifting the
center of the readout gradient, with respect to the center of the Hahn echo. Alternatively as shown in (d), the 180° refocusing RF pulse is shifted by 7, /2.
With either approach, a shift of ¢, between the Hahn echo and the center of the frequency-encoding readout gradient is achieved

Two-echo CSE strategies are more prac-
tical and are frequently utilized in the clinical setting for
fat-suppression purposes and to visually detect the presence
of fat within an anatomical region of interest (e.g., organ,
muscle, and tumor). Historically, the most common two-echo
approach is based on a pair of symmetric in-phase (IP) and OP
acquisitions, where echo-time shifts, ¢, are judiciously chosen
based on the main magnetic field strength, such that signal
vectors for water and methylene fat have a phase difference of
0° (s(f1p) = sy + sg) and 180° (s(tnp) = sy — Sg)s respectively.
Intuitively, it is apparent that if both water and fat are present
within a voxel, the net magnitude of the OP signal will be
smaller than that of the IP signal. In recent years, emerging and
robust two-point strategies that do not require strict adherence
to the symmetrical acquisition of IP and OP echoes have been
proposed.?’ =%

On the basis of equation (2), a two-point strategy that
acquires two complex-valued signals, s(t,,), can enable estima-
tion of the four unknowns, sy, and s, their common phase ¢,
and B, inhomogeneity f;. The fundamental challenge in two-
point, water—fat separation algorithms is to correctly account
for the time-dependent phase shifts introduced by f;. Artifacts
known as water—fat swaps, or signal ambiguities, can arise in

equation (2) in voxels that contain only water or fat. Therefore,
the signal generated from a water voxel, with s, having an
amplitude of A that is experiencing an f; of, for example, x Hz,
will be indistinguishable from a pure fat voxel having the same
amplitude A and experiencing an fy of x £ f; Hz. A majority of
water—fat separation algorithms exploit the fact that f; is not
independent from voxel to voxel, but is rather spatially smooth.
This assumption is frequently used to initialize the estimation
of f at a particular voxel, based on a priori estimated f; val-
ues at adjacent seed or neighboring voxels. Phase-unwrapping
techniques have also been introduced to mitigate the water—fat
signal ambiguity problem.>*3!

The wuse of additional
echoes beyond the traditional two-point approach in CSE
water—fat separation enables a closed form solution for f;
in equation (2).>** As a simple example, if two echoes are
separated by one or more complete (+27) cycles of the
methylene fat signal about the water signal, then the water
and fat signals in these two echoes will possess the same
relative phase difference. Any additional nonzero phase accrual
between the two points can be attributed to f;. Once f; is
determined, its effect can be demodulated from all of the
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With CSE

Figure 7. Clinical examples of the utility of CSE fat-suppression MRI protocols in improving lesion conspicuity. Comparisons are made between
CSE water-only reconstructed images and other fat-suppression techniques. In (a) and (b), improved lesion conspicuity of the vascular malformation
and hemangioma is observed with reconstructed water-only images from CSE MRI than with traditional T'-based short-TI inversion recovery (STIR)
techniques, respectively. In (b), superior fat suppression with CSE is evident. In (c) and (d), lesions within the spinal cord and vertebral bone marrow
are significantly better visualized with CSE MRI (solid arrows). Dotted arrows point to regions of fat-suppression failure. All images were acquired on a
3 T Ingenia platform from Philips Healthcare. (Courtesy of Smita Bailey, M.D., Deepa Biyyam, M.D., Craig Barnes, M.D., Patricia Cornejo, M.D., Scott
Jorgensen, M.D., Mittun Patel, M.D., Jeffrey Miller, M.D., and Amber Pokorney, R.T., Phoenix Children’s Hospital)

acquired echoes, leaving s, and s;, and the phase ¢, as the
unknowns to be solved.

The robust and explicit estimation of f; remains a key chal-
lenge in CSE water—fat imaging. Multiple algorithms have been
developed over the past decade to address the effects of an inho-
mogeneous By, field. Table 4 lists several major efforts toward f;
estimation, grouped by methodology. Fundamentally, a large
majority of current techniques continue to share the common
notion that f; is spatially smooth across localized regions in
vivo. Spatial region-growing schemes, which expand from the
initial seed voxels where reliable f;; values are first obtained, are
popular. Hierarchical and multiple resolution algorithms that
first estimate f at a coarse resolution and subsequently proceed
to finer resolution stages using iterative propagation are practi-
cal options. Regularized formulations that use a cost function to
determine a water—fat separation that fits the acquired source
data and satisfies the constraint of a spatially smooth-varying
B,-field map also have desirable properties for estimating fg.
In particular, regularized techniques enable the introduction
of explicit a priori knowledge that facilitates characterization
of the estimates (e.g., degree of smoothness of the estimated
fg map). Further, regularized techniques often lead to min-
imization problems that are solvable using more generalized
and powerful algorithms (e.g., graph cuts). In addition, novel

and emerging strategies that do not require the smoothness
assumption show promise: these use alternative estimates, such
as the local magnetic susceptibility, to initialize and comple-
ment the f; estimation process. The importance of estimating
B, inhomogeneity in the context of CSE water—fat imaging was
underscored in the 2012 competition organized by the ISMRM
(http://www.ismrm.org/challenge/), where several investigator
teams competed to develop the most robust algorithm.

The use of three or more echo points affords the user more
flexible choices in echo times, with the potential to achieve
shorter interecho spacings with more robust estimation of f;
across a greater off-resonance range. As the nominal chemical-
shift frequency difference between water and methylene fat is
doubled at 3.0 T compared to 1.5 T, more closely spaced echo-
time shifts are needed at 3.0 T and at higher B, field strengths to
achieve the same relative water—fat phase difference. Depend-
ing on the anatomy to be imaged and other tradeoffs between
scanner settings and the desired acquisition time (e.g., within a
breath-hold, gradient strengths), the requisite echo-time shifts,
t,, and interecho spacings, ATE (see below), may be achieved
by a combination of monopolar or bipolar readout gradi-
ent schemes (Figure 6), and by acquiring all echoes within a
single TR of the acquisition pulse sequence (i.e., echo train
length = N) or in an interleaved multishot manner.
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Figure 8. Simulated NSA (effective number of signal averages, color-scale at right) maps for the fat component using magnitude and complex fitting at
1.5 and 3 T, which are useful in guiding the design of an SNR-optimized CSE pulse sequence. The maps are shown as a function of the interecho spacing
(ATE) and the first (shortest achievable) echo-time shift, TE; ;.. Note that complex fitting typically yields higher NSA values than magnitude fitting, and

that the latter has multiple ‘dark blue’ areas of low NSA. Furthermore, short interecho spacings and short initial echo times generally yield the highest NSA

values. In the 3 T plots (bottom row), note the ‘valley’ of low NSA values for an interecho spacing around 2.3 ms. This corresponds to a phase accrual that

is nearly equal to 27t between each successive echo. Other simulation parameters include: six echoes; a single R,* signal model with R,* =405~

1: a voxel

containing s :sp=9:1 (e.g., a signal fat fraction of 10%); and a six-peak spectral model of fat

Table 4. Select methodological developments in the estimation of a B,
inhomogeneity field-map in multiecho CSE water—fat imaging over the
past decade

Reference Type of approach

Yu H, et al. 2005

Berglund J, et al. 2010

Lu W and Hargreaves BA, 2008
Sharma SD, et al. 2012

Tsao J and Jiang Y, 2013
Hernando D, et al. 2008

Jacob M and Sutton BP, 2009
Hernando D, et al. 2010

Region-growing techniques

Multiresolution techniques

Linear prediction techniques

Joint estimation and regularization
techniques

Soliman AS, et al. 2014

Cui G, etal. 2014

Sharma SD, et al. 2014

Liu J and Drangova M, 2014

Hybrid and alternative techniques

For three-point CSE acquisitions particularly, the SNR-
optimized echo-time shifts and interecho spacings have been
derived using the Cramér—Rao formalism.>* Not surprisingly,
the SNR-optimal ATE for a three-point CSE acquisition was
found to correspond to a relative phase-shift of 21t/3 between
water and methylene fat signals. Furthermore, asymmetric echo
sampling (e.g., non-IP and non-OP) exhibited superior SNR
characteristics compared to traditional symmetric sampling

schemes. To quantitatively compare the performance of vari-
ous multiecho CSE acquisitions, a useful metric, the effective
number of signal averages (NSA), has been introduced. NSA is
mathematically defined as the ratio of the noise variance in a
source f, image to the noise variance in the separately recon-
structed water or fat images. Conceptually, the NSA metric
characterizes how noise propagates from the acquired source
images to the resultant water-only and fat-only decomposed
images: it has been shown that the maximum achievable NSA
is equal to the number of acquired source echoes, N. The NSA
metric aids in the design of imaging protocols by enabling the
prediction of the performance of a CSE acquisition and the
quality of the subsequent water—fat separation results. The NSA
behavior and the design of an SNR-optimized CSE protocol
are significantly influenced by the proper selection of the ini-
tial echo time, t;; the interecho spacing, ATE; the inclusion of
inhomogeneously broadened transverse (T, *) relaxation effects
(see below); the use of multipeak water—fat spectral models
(see the section titled ‘Single versus Multipeak Fat Spectrum’)
of the signal; the degree of B, field inhomogeneity; the target
signal fat-fraction range (i.e., the ratio of s,y to sp); as well
as the utilization of magnitude versus complex reconstruction
algorithms (Figure 8).

Most numerical algorithms for multiecho water—fat sep-
aration can be classified into one of two groups. The first
group of approaches consists of analytical algorithms, where a
closed-form solution for the unknown parameters is provided
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using a subset or all of the acquired echo-time shifts. Some of
these methods aim to first provide an analytical solution for
the B, inhomogeneity term, f. Upon the estimation of an f;
mayp, its effect is demodulated from the acquired signals, s(z, ),
and sy and s are subsequently estimated (e.g., using linear
least-squares fitting). The second group of algorithms estimates
all of the unknown parameters directly by posing the estima-
tion as a nonlinear least-squares fitting problem (i.e., using
the maximume-likelihood criterion in the presence of Gaussian
noise). Nonlinear least-squares methods provide good SNR
performance and flexibility in the formulation of the most
plausible solution, especially when they are combined with
regularization. However, nonlinear least-squares methods are
typically characterized by increased computational complexity,
owing to the need for an iterative algorithm to reach a solution.

Multiecho CSE strategies can further facilitate the intro-
duction of additional parameters into the signal model for
estimation. With the acquisition of three complex-valued sig-
nals s(z,), two more unknowns in addition to sy, sp, ¢, and, f
can be considered. One highly relevant parameter is T,* (1/R,*)
relaxation, which characterizes the rate of signal decay between
multiple echoes. Equations (3) and (4) illustrate the updated
signal model from equation (2), with separate R,* terms for
water and fat or a common water—fat R,* term, respectively.’
Model variants that assume separate initial phases for water
and fat are often used as well.

S(tn) — [Sw.e—Rz*W-tn + sF~ei2”th“ e—RZ*F'In ] ‘eiqﬁ .eiZT[thn (3)

S(tn) — [SW + SF.eiZTEthn ] .eiqb .ei2nthn .e*R2*~tn (4)

The inclusion of T,* into the signal model leads to more
accurate water—fat separation and estimates of sy, and sp.
However, it is accompanied by lower relative NSA perfor-
mance, compared to models that exclude T,*. For this reason,
T,* estimation is generally considered unnecessary for fat-
suppression applications that are qualitative. However, for
quantitative applications (see the section titled ‘Quantitative
Techniques’), correction for T,* effects is required in order to
achieve highly accurate and precise estimates of ectopic and
organ fat content.*

Quantitative Techniques

In this section, we summarize the recent development of CSE
strategies for quantitative fat imaging (Table 2).” Emphasis is
specifically placed on significant advances in the establishment
of an accurate, precise, and reproducible quantitative imaging
biomarker of tissue fat, known as the proton-density fat fraction
(PDFF).* The use of quantitative CSE imaging and the PDFF
biomarker has risen steadily in recent years, and its clinical
utility in assessing ectopic tissue fat concentrations in vivo
is emerging, particularly in liver and skeletal muscle. Indeed,
PDFF CSE imaging has been widely adopted in recent studies
of obesity and metabolic disorders. The accumulation of fat
in subcutaneous and visceral white adipose tissue compart-
ments, in conjunction with the deposition of fat in the liver
(see Monitoring Fatty Liver), heart (see Cardiac Lipids by 'H
MRS), and skeletal muscle (see Muscle studies by 'H MRS), are

HH Hu & D Hernando

recognized determinants of metabolic health risks (see Insulin
resistance, type 2 diabetes and obesity and other metabolic
disorders studied by MRS, In Vivo MRS of Lipids in Adipose
Tissue, Bone Marrow, and Liver, Body Fat MRS). Accurate,
precise, and objective quantitative fat measurements can assist
physicians with diagnosis, health risk assessment, and disease
stratification in conditions such as nonalcoholic fatty liver dis-
ease (Figure 9), neuromuscular disorders (Figure 10), bone
marrow diseases, and type II diabetes. These measurements
can facilitate cross-sectional studies that compare subcuta-
neous and visceral adipose tissue distributions between various
groups (e.g., age, gender, and ethnicity). Similarly, longitudi-
nal measurements can determine the efficacy of therapies and
interventions designed to alter body and organ fat levels, and
capture temporal changes in fat accumulation.

Asalluded to in the sections titled ‘Basic Pulse Sequences and
Signal Model’ and ‘Qualitative Techniques’, although qualita-
tive CSE water—fat imaging can be performed using a wide
variety of GRE and SE pulse sequences, quantitative PDFF CSE
imaging has been confined to spoiled gradient echo sequences
in the literature. The primary reason for using a spoiled gradi-
ent echo sequence is its relatively simple approach to achieve
proton-density-weighted signal contrast, through the use of
small RF excitation flip angles and short TR. Quantitative
PDFF CSE protocols are typically performed with at least three
echoes. The use of six or more echoes is common in current
clinical practice and research studies, and is largely driven by
the need to ensure numerical stability and sufficient SNR in
estimating T,* and f; while performing water—fat separation.
At 1.5T, the requisite echo times are often acquired using
monopolar (i.e. fly-back) readout gradients and a single echo
train of length N per TR, with the spacing between consec-
utive echoes (ATE) set between 2 and 3 ms (Figure 6). At
3.0 T, multiple interleaved echo trains with monopolar readout
gradients are typically required to achieve a shorter ATE of
1-1.5ms. Alternatively, echo trains with bipolar (i.e. nonfly-
back) readout gradients can be employed, at the expense of
additional postprocessing steps. These steps are needed to
properly align and correct for phase errors in the echoes from
opposite-polarity readout gradients.*

At this point, it is important to draw a distinction between
the definitions of signal fat-fraction and PDFF. For any CSE
water—fat imaging techniques, it is straightforward to calculate
a voxel-wise signal fat fraction after water—fat separation,
defined as FF =s;; / (syy +sp) for each voxel (see the section
titled ‘Noise Considerations’). However, this particular FF
carries no significant clinical meaning and is highly pulse
sequence- and MR scanner platform-dependent, as the s, and
s amplitudes depend on the specific signal contrast weighting
of the acquisition pulse sequence (e.g., RF excitation flip angle,
TR,and TE). Furthermore, sy and s, are individually influenced
by their respective proton densities and relaxation parameters
(e.g., T}, T, and T,*). In contrast, the PDFF measures the
ratio of MR-visible protons arising from fat to all MR-visible
protons arising from both fat and water. It is a ratio of fat and
water proton densities only, excluding the effects of relaxation
and other physiological signal confounders. Therefore, in order
to compute PDFF, these confounders need to be addressed by a
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Figure 9. Examples of quantitative CSE in the liver using a six-echo acquisition protocol and T,*-corrected data reconstruction. PDFF maps (color
scale 0—100%) from four Hispanic adolescents are shown, demonstrating progressively increasing fat content. Note the appearance of heterogeneous fat
infiltration in two subjects (arrow). All images were acquired on a 3 T Signa platform from GE Healthcare

combination of data acquisition and reconstruction processes.
These techniques are summarized next, in the context of a
spoiled gradient echo pulse sequence.

T,* Relaxation. In multiecho CSE acquisitions, transverse
relaxation inevitably introduces signal decay as echo time
increases. Furthermore, T,* values can be quite short (<5 ms)
in organs such as the liver and the heart in patients with iron
overload. If not corrected, the presence of T,* decay results
in bias and poor accuracy and precision in PDFF quantifica-
tion. As previously shown in equation (4), T,* decay can be
included in the CSE signal model, and its effects can be cor-
rected in water—fat reconstructions by effectively extrapolating
the water and fat signals to =0 ms. While the inclusion of
an additional unknown parameter into the signal model con-
sequently results in a reduction in SNR, multiple investigators
have shown that correcting for T,* decay is critical for accurate
PDFF quantification.’®*! The use of a common T,* value for
water and fat signals (T,*,, = T,*;) has been shown to be a
practical tradeoff between PDFF accuracy and the resultant
NSA of water- and fat-separated images. This model is suffi-
ciently accurate in many clinical applications and is simpler to
solve than the dual T,* approach of equation (3).

T, Recovery. It is well known that fat protons have a sig-
nificantly shorter T, relaxation time compared to tissue water
signals in vivo. This two- to threefold difference in T, values can

introduce differential T, weighting to the acquired water, s,
and fat, s, signals. If not minimized or corrected, the resultant
signal fat fraction will exhibit a preferential T, bias toward the
shorter-T) fat signal, often resulting in overestimation of the
underlying PDFF.*>*3 In current clinical practice, a majority of
quantitative CSE strategies use low RF excitation flip angles—on
the order of 10°~15° in 2-D (two-dimensional) imaging and
3°-5% in 3-D imaging—to minimize T, bias in PDFF com-
putations. Despite some penalties in SNR, this low-flip-angle
approach has been shown to enable accurate PDFF CSE imag-
ing in clinical applications, thus removing the need to explicitly
perform T, mapping and signal correction.

Single vs Multipeak Fat Spectrum. For the purpose of achieving
an accurate quantitative PDFF endpoint, it seems appropriate
that a more realistic representation of the triglyceride spectrum
is used in lieu of the single-peak methylene-only adapta-
tion. It is estimated that the methylene resonance reflects
only approximately 70% of the total multipeak triglyceride
signal, and therefore, will underestimate PDFF. In theory,
although the signal model can be expanded to include mul-
tiple s unknowns — one for each of the triglyceride proton
resonances — this approach is often numerically impractical
because of the poor spectral resolution of CSE acquisitions.*! In
practice, a predetermined multipeak spectrum is used, where
the relative chemical-shift frequency offsets (with respect to
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(b)

Figure 10. Examples of quantitative CSE in the (a) lower extremity musculoskeletal system and in (b) vertebral bone marrow using a six-echo acquisition
protocol and T,*-corrected data reconstruction. (a) PDFF maps from three spina bifida patients are shown (color scale 0-~100%). Various degrees of fat
accumulation can be seen, including preferential fat accumulation in the soleus and gastrocnemius medial muscles (middle), while the gastrocnemius
lateral muscle is unaffected (arrow). By comparison, all three muscles are affected, but to a lesser extent, in the top subject. In the bottom subject, complete
replacement of skeletal muscles by fat is evident. (b) PDFF maps from a 15-year-old healthy control (left) and an 11-year-old patient (right) are shown.
Note the high fat fractions of the vertebral bone marrow in the patient, owing to the reduction of hematopoietic red bone marrow as a consequence of
radiation therapy, for treatment of a malignant giant cell tumor. All images were acquired on a 3T Achieva platform from Philips Healthcare. (Courtesy

of Skorn Ponrartana, M.D., Nicole Mueske, M.S., and Tishya Wren, Ph.D., Children’s Hospital Los Angeles)

water) and the amplitudes of each triglyceride resonance are
assumed to be known and measured a priori.*> Extensive efforts
in recent years have been devoted to accurately characterizing
the multipeak fat spectrum in humans in vivo.®4”

By adopting this precalibrated multipeak approach, the
signal model from equation (4) can be expanded and rewritten
as shown in equation (5), without introducing any additional
unknown parameters:

P
s(ty) = | sw + SF'Z apeizan’Pt“ el g2l o ~Rax i (5)
p=1

Here, the fat spectrum is modeled by P resonance peaks with
relative amplitudes, a,,, such that the sum of these amplitudes
equals 1. For, each peak, p, fg , represents its resonant frequency
difference relative to water. Note that equation (5) assumes a

common T,* value for water and all P peaks of the fat spectrum.
Equation (3) can be similarly expanded to include the P peaks,
with individual T,* terms assigned to water and each of the P
fat resonances. Throughout the literature, several variations of
multipeak fat spectral models have been proposed and utilized.
While it has been suggested that the triglyceride spectrum varies
slightly with respect to the degree of unsaturation in humans in
vivo, such subtle physiological variations are unlikely to have a
major impact on the accuracy of the resultant PDFF. Indeed, a
recent work has shown that the choice of a particular multipeak
model has negligible effects on the accuracy of PDFF.*8

In multipoint CSE imaging with a spoiled gradi-
ent echo pulse sequence, phase errors can often arise between
the echoes owing to eddy current effects, delays in the gradient
hardware, concomitant gradients, and bipolar gradient readout
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schemes.*® A simple approach to address these phase errors is to
completely discard the phase component from the source data
and perform a magnitude-based reconstruction. This strategy
is represented by equation (6), where previous terms describing
the effects of initial phase ¢ and B, inhomogeneity have been
eliminated:

p
st = [sw + 500 Y a e2Topin| g mRaxtn (6)
n W F P
p=1

Alternative hybrid magnitude- and complex-based
approaches have been proposed, as well as strategies that
explicitly model and solve the phase errors with additional
terms.

It is well known from NMR-based thermometry
that temperature influences the proton resonant frequency of
tissue water, at a rate of approximately —0.01 ppm per degree
Celsius. While the discussion up to this point has used notations
in the equations assuming a triglyceride spectrum that is relative
to the water resonance at a physiological temperature of 37°
C for humans, a correction factor must be applied to the
fr,p terms in phantom experiments, which are usually carried
out at room temperature, in preclinical animal experiments
that use heating pads during MRI data acquisition, and in
postmortem experiments. The effects of temperature on the
accuracy and reproducibility of PDFF estimates have recently
been demonstrated.*

After accounting for the aforementioned
confounders, the separated water and fat signals, sy, and sp,
accurately reflect the true proton densities of water and fat.
While it may appear logical and intuitive at this point to
compute the PDFF, as suggested below in equation (7) by
taking the magnitude of the signals, such an approach would
introduce additional bias into the estimation, particularly at
low and high fat-fractions, owing to the rectification of noise
in the |sy| and [sp| operations. To eliminate this noise bias,
alternative formulations have been proposed for low (0—10%)
and high (90—100%) fat fractions, as outlined in equations (8)
and (9), respectively:*?

PDFF = ¥ 7)
|51:| + |5w|
PDFE = 1 — 1wl 8)
Isg + syl
pDFF = 1 9)
|5F + Sw|

Future Directions

Quantitative CSE imaging is a rapidly growing field, with
important methodological advances in recent years. In addition
to estimating the traditional water, fat, B)-field map, and
T,* relaxation parameters, extended signal models have been
proposed to further approximate triglyceride properties, such
as chain length and mono- and polyunsaturation levels.”>?

In the aforementioned signal models, the amplitude term, oy

is further expanded using theoretical equations that directly
relate the number of protons to triglyceride chain length and
the number of double bonds. For example, each triglyceride
model has a constant of nine protons for the (—CH3) resonance;
the total number of protons along the glycerol backbone is
always 17; the number of olefinic protons (-CH=CH-) is
always equal to twice the number of double bonds; and the
number of diacyl protons (-CH=CH-CH,-CH=CH-) is
always equal to twice the number of methylene-interrupted
double bonds.*” However, the research potential and clinical
utility of such expanded signal models has been limited, owing
to the requirement that a large number of echoes (e.g., 16—32)
must be acquired, leading to long scan times.

Another area of continued interest is the development of
rapid and efficient non-Cartesian k-space sampling trajecto-
ries in conjunction with CSE pulse sequences. Some common
advantages of non-Cartesian sampling schemes are (i) their
tendency to oversample the center of k-space, thus facilitat-
ing self-navigated motion correction and (ii) their ability to
sample the center of k-space with a very short echo time,
which enables incorporation of additional ultrashort T, species
(e.g., cortical bone, tendons, ligaments, and menisci) into the
water component of the signal model. While the feasibility of
non-Cartesian CSE imaging has been shown with a variety of
spiral and radial k-space trajectories, these techniques have so
far not been widely adopted in routine clinical applications for
fat suppression and fat quantification. Finally, the feasibility of
applying the CSE formalism to other proton-based chemical
species, such as silicone, as well as nonproton nuclei, such as
Carbon-13, has been demonstrated. As these technical devel-
opments continue to emerge, their translation into clinical
applications will undoubtedly be explored.

Conclusion

In conclusion, CHESS and CSE strategies for direct water—fat
proton imaging have become an indispensable asset in research
and clinical MRI applications. Compared to MRS and CSI, the
fundamental underpinnings of these techniques highlight the
relative mathematical simplicity of adopting a predefined water
and fat spectrum a priori. Direct imaging approaches provide
intuitive solutions with high spatial resolution, albeit at the
expense of low spectral resolution. This article has attempted
to provide the reader with sufficient introductory materials
and literature references on the topic, from traditional fat
suppression endpoints to more recent efforts in quantitative
fat applications.
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