1156 IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 20, NO. 11, NOVEMBER 2001

Chemical-Shift Imaging Utilizing the Positional
Shifts Along the Readout Gradient Direction

Maria |. Altbach*, Theodore P. Trouard, Rik Van de Walle, Rebecca J. Theilmann, Eric Clarkson, Harrison H. Barrett,
and Arthur F. Gmitro

~ Abstract—n this work, we describe a method that uses the fusion weighting [14], [15], or any combination of the above
linear phase acquired during the readout period due to chemical [16]-[18]. Chemical-shift imaging can also be achieved by col-
shift to generate individual magnetic resonance (MR) images of lecting multiple data sets using sequence timing parameters to

chemically shifted species. The method utilizes sets of Fourier (or trol the ph dif bet . This techni
k-space) data acquired with different directions of the readout CONtrol the phase ditierence between species. 1his technique,

gradient and a postprocessing algorithm to generate chemical first proposed by Dixon [19] and further developed by others
shift images. The methodology is developed for both Cartesian [20]—{35], is commonly referred to as the Dixon method. Chem-
data acquisition and for radial data acquisition. The method is jcal-shift images can also be obtained from localized spectra.
presented here for two _chemlcal_ly shifted species but it can be Typically, phase encoding gradients are used in two (or three)
extended to more species. In this work, we present the theory, |° - . T . L
directions to provide spatial information of the object in two (or

show the results in phantoms and in human images, and discuss . ) . .. .
the artifacts and signal-to-noise ratio of the images obtained with three) dimensions and spectral information is encoded in the

the technique. collected time-domain signal [36]-[42]. Time-varying readout
Index Terms—Chemical shift, lipid and water, radial MRI, 2-D gradients can also be used to obtain spatial/spectral information
Fourier MRI. in two or three dimensions [43]-[48]. Spatial/spectral imaging

methods are useful when several species are present, but are time
consuming if high-spatial resolution images are required.
Despite the existing methods, chemical-shift imaging is still
MAGES in clinical magnetic resonance imaging (MRI) ar@ subject of current investigation. In clinical MR, it is impor-
typically from a combination of two species (i.e., water anthnt to have a reliable technique that can yield true fat and water
lipid) that resonate at different frequencies. The difference images within a reasonable imaging time. In this paper, we de-
resonance frequency is known as the chemical shift. In MRIsaribe a method that uses the additional linear phase acquired
linear phase is accumulated for the off-resonance species dudinging the readout period due to chemical shift to generate in-
the acquisition of data. This results in a misregistration (i.adjvidual images of chemically shifted species. A method for
spatial shift) of the off-resonance species in the reconstructegparating chemically shifted species based on similar princi-
image in the direction of the readout gradient [1]-[4]. Chenples was described in 1984 by Axet al. for Cartesian data
ical-shift selective imaging is often used to overcome misref#9]. The formalism is developed herein for Cartesian and ra-
istration errors or when identification of the individual speciedial data. The method utilizes multiple data sets acquired with
is desired. Several methods have been developed for chemid#ferent orientations of the readout gradient and a simple post-
shift imaging. Images of a specific species can be obtained jpyocessing algorithm to generate images of the individual chem-
suppressing the signal of the other species via chemical-shctlly shifted species. In this work, we focus on imaging two
selective saturation [5]-[9], inversion recovery [10]-{13], difchemically shifted species, but the formalism can be extended
to additional e species. The chemical-shift separation method is
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frequencyw and includes the effects of spin density, longituFor radial dataA is the positional shift along each projection
dinal and transverse relaxation times, and the pulse-sequedae to chemical shift. We can express (9) and (10) in matrix
dependent timing parameters. Thespace trajectoryk(t), is form

defined by the integral of the readout gradigitt) —i2rk,A
t i) R R e
K=o [ G)ar ®) ot <
T Jto For Cartesian datd;;eadou, Can be equal td, or ky, i.e.,
where~ is the gyromagnetic ratio ang is the starting time of the readout gradient can have two orthogonal orientations in the
the readout gradient. imaging plane. If we acquire four sets of data usingithe z, ¥,

For a sample consisting of two chemically shifted specieand —y directions forG...4ou;, the data expressed in matrix
one of which is on-resonance (= 0), the MRI k-space data form are

are the sum of thé-space data of the individual species Sy(k) 1 emi#mhes
. . . . —iwt S—l’(&) — 1 CZQW’%A FO (h) (12)
S((®) = > Sulk(®) = Fa(k(®) + FL(k(®)e ™" (@) s | = |1 e | )
w S,y (E) 1 ez?ﬂ'kyA

If we assume a constant readout gradiéat,,  .ut, and adjust
the time axis such tha@t = 0 att = 0, then anyk-space point B. Inverse Solution

during the readout period is given by To find a solution forF, (k) and F,,(k) it is easier to express

%Grea doutt. (5) (11) and (12) in general czperato; form
S=HF. (13)

We can rewrite (4) as follows: R ] ] ) )
e g F' can be solved by inverting (13). The generalized pseudoin-
S(k(t)) = Fo(k(t)) + Fu(k(t))e” ™" 7Greadons 72 (6)  yerse solution [50] is given by

kreadout =

If the linear phase shift ik-space due to chemical shift is ex- F= h%l (H'H + mI)_lHTﬁ (24)
pressed in terms of the positional shift in image spacayhere o . _
w where the operatddT is the adjoint of the operatd andI is
A= oo (7) theidentity operator. For the radial case, the operd®@H) !
readout is
a final expression for the-space data of two chemically shifted
species is given by { 2 _72”1“}
-~ —m
SUE(t)) = F(k(1)) + Fu(k(t))e™ 2 kmaon . (8) (HH) ™ = 2 (19)
b

The image reconstructed via Fourier transformation of (8) \i/§he

the sum of the on-resonance species and the chemically shifted

species spatially offset gk in the readout direction. my = 2cos(k,A). (16)
We now describe an algorithm to separate Ahgpace data ) _

of the two chemically shifted speciek, (k(t)) and F,,(k(¢)), Thus, the solution to (11) is

re

when data are acquired with different orientations of the readcquo (k) } _ 1 { 2 —mp}
gradient. Two cases will be considered: 1) Data acquired radi#.. (k) 4— m]% —my 2
ally such as data obtained with radial (projection reconstruction) .
: ) ; 1 1 S4p(k)
MRI and 2) data acquired on a Cartesian grid such as data ob- P27k, A —i2wk, A (17)
) : : ; : ; e c S_p(k)
tained with conventional two-dimensional (2-D) Fourier MRIFor the Cartesian case, the operdiH)—" is
For the radial data, we will use two measurementS(@f(¢)) to ' P
solve forF,(k(t)) andF,,(k(t)). For Cartesian data, we will use [ 4 —me }
four measurements &f(k(¢)). The need of four measurements Y S
. ; ; . . (H'H)™ = 5 (18)
is to reduce some of the image artifacts previously seen in the 16 — m;
method reported by Axedt al. (see Section V). For simplicity, where
we drop the explicit time dependenceiah the following equa-
tions. me = 2cos(kyA) + 2 cos(kyA). (29)
A. Forward Problem Thus, a solution to (12) is
. . . Fo(k) 1 4 —Mm.
For radial datak:eadou: = k,, i.€., the coordinate along a F k)| “16—m2|-m. 4
k-space radial line at an angleFor an MRI measurement with a f 1 1 1
a readout gradient of positive polarity X [cmkmA emiZnke A itk A ek, A
Sp(k) = Fo(k) + Fo(k)e™ =, ) Sta(k)
If we switch the polarity of the readout gradient, then % E—TE% (20)
o1 Fy\
S_p(k) = Fy(k) + Fo(k)e™2™2, (10) S_y(k)
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One important observation is thgH*H)~! is singular have eddy currents that vary with the orientation of the read

at k-space points for whichhm,| = 2 or |m.| = 4. In gradient, which results in additional phase differences between
general, a solution to (17) does not existigt = n,7/A measurements. To overcome this problem in the radial data
where n, is an integer. Similarly, a solution to (20)sets, a Fourier transformation was performed on each radial
does not exist at(k,.k,) = ((2mn,/A),(2rn,/A)) or line to generate a set of projections and a magnitude operation
(kp, ky) = ((m/A) + 27n, /A), (m/A) + (270, /A)), where was performed on each projection to eliminate phase variations
ne, andn, are arbitrary integers. Howeved\ is a parameter between data sets due to eddy currents. The linear phase in
that can be varied experimentally and, thus, we can control thespace due to chemical shift results in a spatial shift in the

occurrences of singularities in a finite regioniespace. projection domain and, therefore, it is not affected by the
magnitude operation. An inverse Fourier transform of the
Il. M ATERIALS AND METHODS magnitude projections was used to generate the complex data

. ) ) ) ~ sets,S4 (k) andS_,(k), used in the algorithm. For Cartesian

To demonstrate the technique, simulations and imaging &¥gta, each data set was 2-D Fourier transformed to generate an
periments using phantoms and human volunteers were cariig@dge, then a magnitude operation was performed to eliminate
out. phase differences between image data sets. The linear phase

in k-space due to chemical shift results in a spatial shift in

A. Computer Simulations the image domain and, therefore, it is not affected by the

Computer-simulated data were used to evaluate the effectié®gnitude operation. An inverse 2-D Fourier transform of
the choice ofA onimage quality (see Figs. 5 and 6 in Section Vfhe magnitude images was used to generate the complex data
Cartesian and radid-space data of an object consisting of afets:S+x(k), S—z(k), 54, (k), and S_ (k). For in vivo data
outer circle containing four small circles were generated analyffe checked for motion between data sets by comparing the
cally [51]. A linear phase was added to the analytical expressiBfsition of an on-resonance structure in all images obtained
of the k-space data of the shifted objects to produce the desifé@m the measured data sets. In the data presented here, there
spatial shift. The matrix size of the discretespace data was Was no misregistration among data sets due to motion.
256x 256. Random uncorrelated gaussian noise was added t4 order to avoid computational problems, the central singu-
the k-space data to yield a signal-to-noise ratio (SNR) of 15 {arity in (H'H)~* was set to the value of the nearest point. This
the images after Fourier transformation. All programming wagllue was then used as a threshold for all other data points in
performed using the IDL software package (Research Systefdd, H) . In some cases [Figs. 2(b)—(c) and 4(b)—(c)], the local

Inc., Boulder, CO) spatial frequencies affected by the singularities in the high spa-
tial frequency regions were further smoothed to reduce image
B. MRI Experiments artifacts. Smoothing was accomplished in a window o111

. ) . k-space data points (centered at each singularityFB5fH ) —*
A water/oil phantom was made by placing four 2-cm-diamp, the high spatial frequency region of the measukespace)
eter vials, two containing water and two containing mineral oify, the hilinear interpolation of data points surrounding the re-

in a 7-cm-diameter container filled with watén vivo experi- gion. Thus, 482 data points out of the 65336pace data points
ments were carried out on human volunteers. SO'M% of k-space) were smoothed.

MRI data were acquired on a GE Signa 1.5 T scanner (Mil- |, the calculations, the positional shift/, in pixels is used in

waukee, WI) equipped with actively shielded gradients. The rga, of the positional shiftA, in cm. The relationship between
dial k-space data were acquired with a spin-echo pulse sequenge;nq A is given by

modified to acquirek-space data along radial lines [52]. Data
were generated by acquiring two setg:espace data with oppo-

: e : ; Bw
site polarities of the readout gradients. The four sets of Cartesj . . . .
k-space data were acquired with a conventional spin-echo M aﬁere BWis the receiver bandwidth aitkadou IS the number

ulse sequence using four directions of the readout radié) acquired data points in the readout direction. Since=
b q g 9 %readmlt A, A’ is readily calculated from

(z,—z,y,—y), respectively. In all cases, the data matrix was w
256x 256. The chemical shift difference between the species A= WNreadout- (22)

was measured from a single average MR spectrum acqu'.'iﬁ?he phantom experiments, we checked for the correct value of

prior to da’Fa acquisition. This was done_dunng the prescanning by varying its value in the algorithm to obtain the best separa-
time and did notincrease the total scan time. Data were acquwed

with water as the on-resonance species ton of the two chemical shift images_. The calculated and exper-
' imental values ofA’ agreed tat0.2 pixels. Based on these re-
sults, we used the calculated valueXffor thein vivoimaging
experiments. Through all the experiments the number of acqui-
Data were transferred to a personal computer for processaition points was kept constan¥V{.,qou: = 256) andA’ was
according to the algorithms shown in (17) and (20). All provaried by changing the receiver bandwidth.
gramming was performed using IDL. Equations (17) and (20) Images from Cartesian data were reconstructed using con-
assume an ideal system where the phase differences betwesrtional 2-D Fourier transformation. Images from radial data
measurements arise because of the read gradient orientati@ne reconstructed using a complex filtered backprojection re-
and the off-resonance condition. However, real MRI systerssnstruction algorithm [51].

rea Oll.Nrea O1n
A = VGreadont Neeadout. (21)

C. Data Processing
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Fig. 1. (a) Images of a water/oil phantom obtained from radial data using two different directions of the readout gtad@md € p) and a pixel shiftA’ =

0.9 pixels. Images were acquired with a radial spin-echo MRI pulse sequencERJtRE = 500 ms/20 ms, number of signal averages, NSH FOV =12 x

12 cnt?, matrix size= 256 x 256, BW= +31.3 kHz, and slice thickness 5 mm. The tuning-fork artifact at the edges of the two oil vials (the off-resonance
species) is the typical chemical-shift artifact in data acquired with radial MRI. (b) Water and (c) lipid images obtained with algorithm (17 )aftar seeshown

in (a). The images shown in (b) and (c) can be combined to generate a water and lipid image without the chemical-shift artifact, as shown in (d).

Fig. 2. (a) Images of a water/oil phantom obtained from Cartesian data using four different directions of the readout gradient (and—y) and a pixel

shift, A’ = 1.8 pixels. Images were acquired with a 2-D Fourier spin-echo MRI pulse sequencERJfRE = 500 ms/20 ms, NSA=1, FOV = 12x 12 cn¥,

matrix size= 256 x 256, BW= +16kHz, and slice thickness 5 mm. The shift or misregistration of the position of the oil vials (the off-resonance species) along
the direction of the readout gradient is the typical chemical-shift artifact. (b) Water and (c) lipid images obtained with algorithm (20) fosttesHaten in (a).

The images shown in (b) and (c) can be combined to generate a water and lipid image without the misregistration error, as shown in (d).

IV. RESULTS off-resonance species along each projection [53]. Fig. 1(b) and

Figs 1 and 2 show the results for the radial and Cartesiér) shows the individual water and oil images obtained with al-
data, respectively, in a water/oil phantom. Fig. 1(a) shows therithm (17). The images shown in Figs. 1(b) and (c) can be
images of the water/oil phantom obtained from the two radiabmbined to generate a water and lipid image without the shift
data setsS. (k) andS_,(k) acquired withA” = 0.9 pixels. In and tuning-fork artifact as shown in Fig. 1(d).
these images, the chemical-shift artifact is a shift of the oil vials Fig. 2(a) shows the images of the water/oil phantom ob-
(i.e., the two bright circles in the central part of the phantontgined by Fourier transformation of the four Cartesian data
and a “tuning-fork” artifact at the edges of the vials. This artisets: S, (&), S_»(k), S4,(k), and S_,(k) acquired with
fact is caused by the shift or misregistration of the position @’ = 1.8 pixels. In the four images, the chemical-shift arti-
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Fig. 3. (a) Images of two axial slices of a head acquired with a radial spin-echo MRI pulse sedqiBri@&, = 800 ms/20 ms, NSA=1, FOV = 24 x 24 cnt¥,
matrix size= 256 x 256, slice thickness 5 mm, BW= + 31.3kHz). Data has contributions of both lipid and water. (b) Water and (c) lipid images obtained with
algorithm (17) forA’ = 0.9 pixels. (d) Water and (e) lipid images obtained using a chemical-shift selective suppression pulse.

fact is clearly seen as a shift or misregistration of the position V. DISCUSSION
of the oil vials along the direction of the readout gradient.
Fig. 2(b) and (c) shows the individual water and oil |magesh
obtained with algorithm (20). The two images can be cont
bined to generate a water and lipid image without the mi$
registration error, as shown in Fig. 2(d). In both examples
the chemical-shift separation algorithms yielded a good se
aration between the two chemically shifted species. It sho
be pointed out that the value &’ used in the above exam-
ples was not chosen arbitrarilA’ was chosen to m|n|m|ze

From the examples shown above it is clear that the linear
ase accumulated during the readout period due to chemical
sh|ft can be used to separate the contributions of chemically
shifted species in an image. Although the algorithms will sep-
arate the two chemically shift species at akydetermined by

d) there are artifacts caused by the smgulantleﬁiﬁH
atdepend on\. The functions /(4—m?2) and1/(16—m?) in

H) ! amplify k-space data regions to correct for the attenu-

. . o . 2 -m 1 1
artifacts caused by the singularities (BFH)~* as will be ationinthe operator[s o Ml i2eka —izer,a]and
explained in Section V. "y 1 1

The chemical-shift separation method was also used to othunm ][ 727rk A gmi2mk, A 2wk, A —i2wk, A B

water and lipid imagem vivo. Results are shown in Figs. 3 andespectlvely In |deal noiseless data, there are no artifacts since
4 for two axial head slices. The images shown in Fig. 3 wetke k-space regions attenuated by the above operators are am-
generated with radial data. The images shown in Fig. 4 wepéfied back to the correct value by the corresponding functions
generated with Cartesian data. The images shown in Figs. 3(#)4 — m?) and1/(16 — m2). This perfect attenuation and
and 4(a) have both lipid and water contributions. The imagasplification procedure does not work when noise is present.
shown in Figs. 3(b)—(c) and 4(b)—(c) are the individual watertifacts arise due to the boosting of noise components by the
and lipid images obtained with algorithms (17) and (20), respeftnctions 1 /(4 — mf,) and 1/(16 — m?), thus, artifacts are
tively. The images shown in Figs. 3(e)—(d) and 4(e)—(d) are thecentuated in noisier data. The nature of the artifacts is shown
individual water and lipid images obtained with a conventionah Figs. 5 and 6 for computer-simulated radial and Cartesian
chemical-shift selective suppression method [6]. Although tltata, respectively. Fig. 5 shows the functibf(4 — mf,) in
chemical-shift separation method presented in this paper wotke measured-space region for various values &f and the
fairly well in resolving the lipid and water components for theesultant images obtained from algorithm (17). Fig. 6 shows
top slice shown in Figs. 3 and 4, the technique fails in regiotise function1/(16 — m?) in the measure@-space region for
where there is high tissue susceptibility. This is shown cleaniarious values ofA’ and the resultant images obtained from
in Figs. 3(b)—(c) and 4(b)—(c) for the bottom slice in regionalgorithm (20). In both Figs. 5 and 6, we can identify two kinds
close to the sinuses. There are also additional artifacts that efartifacts: 1) a slowly varying intensity across the image and
inherent to algorithms (17) and (20). These will be discussed2) a grid pattern. The former is due to the amplification of the
Section V. low-frequency noise near the center/obpace. This is more
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Fig. 4. (a) Images of two axial slices of a head acquired with a 2-D Fourier spin-echo MRI pulse seqUBHGEE( = 800 ms/20 ms, NSA=1, FOV = 24
X 24 cn¥, matrix size= 256 x 256, slice thickness 5 mm, BW= + 16kHz). Data has contributions of both lipid and water. (b) Water and (c) lipid images
obtained with algorithm (20) far\” = 1.8 pixels. (d) Water and (e) lipid images obtained using a chemical-shift selective suppression pulse.

A = 0.5 pixels A =0.9 pixels A =1.8 pixels

Fig. 5. Effect of the functiorl/(4 — m2) on image quality for various values @’ using computer generated data. (top) Images of the unshifted (i.e.,
on-resonance) species obtained with algorithm (17) followed filtered backprojection reconstruction. (bottom) Surface plots of thé f¢#ction? ).

pronounced at smaller values &f because the height of the of singularities in a measured regiorveépace increases, i.e., at
functionsl/(4—m?) and1/(16 —m?) in the low-frequency re- higher values of\’. For Cartesian data (Fig. 6), a good compro-
gion is inversely proportional ta’. The grid pattern is attribut- mise between these competing conditions is to chddse the
able to the amplification of noise components in specific regiomange of 0.9 to 1.8 pixels. A\’ = 0.9 pixels there is only one
of k-space. The grid artifact is more pronounced as the numisémgularity at the center df-space. AA’ = 1.8 pixels there are
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A = (0.5 pixels A =1.0 pixels A =1.8 pixels A =2.2 pixels

Fig. 6. Effect of the functiorl /(16 — m?) on image quality for various values &’ using computer generated data. (top) Images of the unshifted (i.e.,
on-resonance) species obtained with algorithm (20) followed by 2-D Fourier transformation. (bottom) Surface plots of thelf(iticienm?).

four maxima of the function1/(16 — m?2) in the high-spatial the energy ink-space is evenly distributed over all spatial fre-
frequency region. The grid artifact can be reduced by smoothiggencies. In this casg;space measurements are independently
the data in those regions. Nevertheless, the grid artifact is alwagsntically distributed (iid) random variables with meah(S
present to some extent and is more evident in noisier data.clontains all the parameters associated with the measurement of
the images shown in Figs. 2(b)—(c) and 4(b)—(c), smoothing wime data), and variance;.. We then sum the signal and the vari-
performed, however, the grid artifact is still apparent in Fig. 4(l@nce of the noise over all spatial frequencies. For radial data, the
around the eyes in the bottom slice. In the radial case (Fig. SR for the image of one of the species (i.e., the on-resonance
the functionl/(4 — m]%) affects everyk-space point at a radius species) can be calculated from

7 /A, thus, forA’ > 1 the grid artifact is quite significant even f L Alter(k Vel (k
after smoothing. Thus, for the radial case a good choicA’of SNR'” = Nei Zk” ZTO Ui )eon(hy) = (25)
is 0.9 pixels. The chemical-shift separation for water and fat on Tk \/ka Yo Ilter(k,)eb; (k,)|

a typical 1.5 T clinical MRI scanner is 220 HA’ values of wherefilter(k
1.8and 0.9 pixels are easily achieved using imaging parametgfion, to compensate for the oversampling of the low frequen-

SUCh asV;cadour = 256 points and BW values &f16 and+32 e jn k-space [51], andVs is the number of radial lines ac-
KHz, respectively [see (22)]. If a different bandwidth is des're%uired. To compar&NR?” to the SNR of an image obtained

Nreadous has to be adjusted according to (22). from S, (k) or S, ,(k) after filtered backprojection reconstruc-
The SNR is another parameter that is dependentbrilo tion, a reference value can be computed

derive an expression for the SNR we can rewrite (17) and (20) _
§ i, Yicofilter(k,)

) is the ramp function used in filtered backpro-

as follows: SNRT, = \/M— | o5
Fo(k) | _ 200 €0 Sip(k) e ok L r 2
Lw)} = Lf?ﬁ sffﬂ [sfﬁ@} (23) ok, Tl [flter(k,)]

For Cartesian data, the SNR for the image of one species (the

k) i N
BB ] et e by el | Salh) o on-resonance Spem_eS) is .
efo €51 €% €53 | S+y(B) | SNRC — i Ekl Eky Y oioeti(k)
S_y(k) ok 3 e (V2
Since the coefficients are dependent oh, the SNR of data \/Z" 2k, 2o |.°Z(_)| .
processed with algorithms (17) and (20) is also dependeht o€ SNR of ~one image obtained from either
(i.e., the noise is no longer white and the SNR is object-depefr= (k) S—z(k), 54, (k), or S, (k) is

i i S
dent). To calculate the SNR we assume a point object so that SNRC, = =2 Ny, Ni. (28)
g

IFor a discreté:-space region, singularities may not fall at specific measure- k .
ment points (except fat = 0 which is always singular). Thus, we use the termVNe€re Ny, and.Ny, are the number of, andk, data points,

maxima instead of singularity. respectively.

Sa

(27)
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14 proved. Depending on the amount of smoothing, the maximum
s B SNRC /SNRE, can be shifted from\’ = 0.9 pixels toA’ =
: Z;L 1.8-1.9 pixels.
10 // \\ There are advantages of the chemical-shift separation method
# L for radial data over Cartesian data. The major advantage is that
-”5_-' as / ! only two sets of data are needed rather than four, so the exper-
3 s iment can be done in half the time. One could develop an al-
‘:EE o ! . I“'n:’:"“ ‘;':‘_, P gorithm for the Cartesian case using only two data sets, but it
L L 7 o sk would result in singularities alonk-space lines. For any value
£ Pt redl=oft flunchon . . . .
A of A/, there will be a singular line passing through= 0 and
0z this will produce horizontal or vertical stripes in the image de-
pending on the direction of the readout gradient. This was the
i Y problem with a similar chemical-shift separation method de-
0a 02 .4 08 08 10 12 . )
veloped by Axelet al. for Cartesian data using only two data
A sets [48]. In the radial case, there is only a singularity at the
(@ center point oft-space, so it is not necessary to acquire more
in than two data sets. We can compare the imaging efficiency of
the two methods using a quantity called “noise performance”
14 e defined as the ratio of the SNR obtained for each chemically
e Lt shifted species relative to the SNR expected for the number of
1 —m. o 2 Sy . . . .
. T e signal averages (NSA) in a conventional scan. For the radial
G 10 i 3l case SNR” /SNR”, = 1.22 compared witlsNR = /2 ob-
1; i ;;" tained for a conventiondNSA = 2. For the Cartesian case,
o SNRC /SNRE, = 1.3-1.4 compared with aBNR = 2 for a
& UE it e srriciting conventionaNSA = 4. Thus, the noise performance of the ra-
= h Bl SMCCHing windiow dial method is 0.86 and for the Cartesian method is 0.7.
J:"'f 1111 Erricsliiing winccw The chemical-shift separation method described here has the
az4 S drawback of being sensitive to magnetic-field inhomogeneities
i and tissue susceptibilities. As shownin Figs. 3 and 4, the method

0o 0z 0e 08 DE 10 12 <4 18 1e 2g a2 failstogive the correct separation of the species in the presence
of field inhomogeneities because the resonant frequencies and
resulting positional shifts are spatially variant. The method can
(®) be modified to correct for field inhomogeneities provided that
Fig. 7. Dependence of the SNR with'’. (a) SNR¥ /SNR for the images the static field map distribution is known. Data for calculating
obtained with algorithm (17). Fak’ > 0.6, SNR¥ /SNRZE . can be improved ; i ; _
by rolling-off the data points near the edges of the meagkwsdace. Roll-off the field map can be obtained by adding a secoqd readout pe
was accomplished by using a linear ramp to zero after the cutoff poiti0d before or after the readout of the data required for algo-
which was positioned at 11 or 21 data points from the edges of the measurgims (17) and (20). These additional data have to be acquired
k-space. (DENR“/SNRE, for the images obtained with algorithm (20). Foryith the same readout gradient orientation but with a different
A’ > 0.9,SNR¢/SNRE, can be improved by smoothing the local spatial . o .
frequencies affected by the singularities in the high-spatial frequency regiGiPiN-€Cho point in order to generate the constant phase differ-
Smoothing was accomplished in a region ok’5 or 11x 11 k-space data ences needed for the field map [24]. The increase of the total
points centered at the singularities by the bilinear interpolation of data po"é%perimental time for acquiring data with a field map will be
surrounding the region. N o . L
minimal. A general description of a correction scheme is given
in the Appendix.

The dependence 6NR” /SNRL; andSNR® /SNRE,; with The most widely used chemical-shift method is where one
A’ is shown in Fig. 7. Again, we have the two competing situapecies is eliminated by an adequate suppression scheme
tions: asA\’ increases the height of the functian§4—m2) and (i.e., chemical-shift selective excitation, inversion recovery,
1/(16 — m?) near the central singularity decreases and this has diffusion). With chemical-shift suppression methods, a
the effect of increasing the SNR. However/sdsncreases there minimum of two acquisitions are required to obtain images of
are more maxima of the functiong(4 —m2) and1/(16 —m2)  two chemically shifted species. Each one will have a maximum
that enter the measured regiorie$pace and this decreases thef SNR/SNR,.; = 1.0, although the signal intensity can be
SNR. ForSNR” /SNR{,;, there is a maximum around’ = worse because of partial suppression of the desired signal due
0.6-0.7 pixels. As shown in Fig. 7(@NR” /SNRL; can be to the bandwidth of the selective radio-frequency pulse, partial
improved for higher values @&’ by rolling-off the values of the recovery during the inversion time, or diffusion of the species.
function1/(4 — m?2) near the edges of the measudedpace. With four acquisitions, each chemically shifted image will
ForSNR /SNRE, there is a maximum arouny = 0.9 pixels have a maximun$NR/SNR,.; = v/2. The noise performance
[see Fig. 7(b)]. If local smoothing is applied around the sirebtained with techniques that use a chemical-shift suppression
gular points in the high-spatial frequency regions of the mepulse is 0.7. Thus, our Cartesian method has a comparable

suredk-space, the SNR for higher values &f can be im- noise performance to chemical-shift suppression methods. The
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radial method has a higher noise performance (i.e., 0.86) theamd for radial and Cartesian data. We show that the choice of
chemical-shift suppression methods. However, our SNR calaly; which is the positional shift due to off-resonance along the
lations were for a point object. The actual noise performanceadout direction in image space, is important in determining
may be different for real objects that have more energy at theage quality (i.e., image artifacts and SNR). The technique is
lower spatial frequencies. Indeed, the measured SNR for ensitive to magnetic-field inhomogeneities and tissue suscep-
head data shown in Figs. 3 and 4 was 15%-20% less than tibdities. A general method for correcting the distortions in the
calculated values. Chemical-shift suppression methods aeagta induced by magnetic-field inhomogeneities and tissue sus-
also sensitive to magnetic-field inhomogeneities and tissaeptibilities is presented in the Appendix. The chemical-shift
susceptibilities (if a chemical-shift selective pulse is used), eeparation method developed for radial data has a time advan-
tissue T1-dispersion (if an inversion-recovery method is usethge and a higher noise performance compared with the Carte-
The results shown in Figs. 3 and 4 indicate that the sensitiviian method. While the method was demonstrated for two chem-
to magnetic-field inhomogeneities and tissue susceptibilitiesiclly shifted species, it can be extended to more components.
methods that use a chemical-shift selective pulse is less than

for our technique. However, the correction scheme described in APPENDIX

the Appendix may improve this situation.

7 . . . ... Magnetic-field inhomogeneities or tissue susceptibilities
The three-point Dixon method s an alternative Chemlcal'Sh.gtroduce geometric distortions in the object. These distortions

methpd that is Iess_s_e_n_sitive to magnetic-fi_eld ir?homogeneitla%nge with the different orientations of the readout gradient
and tissue susceptibilities. In the three-point Dixon method,a%d cause errors for the chemical-shift method presented

e o s, I ese distoions can be emoved we can ooy
inhomogeneities and tissue susceptibilities to a certain extan?Orithms (17) and (20) 0 qbtai_n chemical-_s_hift imgges
. . Without the effects of magnetic-field inhomogeneities or tissue
[24], [25]. The noise performance of the Dixon method i - . .
reported to be 0.95 [24] which is higher than the chemical-shi gscep_tlblhtms. We ShOW. a general apprqaqh for distortion
method presentéd here as well as other chemical-shift selec Vgecqon for the Carte5|an case but a similar method can
methods. A careful comparison between our technique B%derlved for the radial case as Well. The approach assumes
the Dixon method will need to be performed once our metho twe hav;: prlor. knowledge of a field map(z, y). For a

is modified to correct for magnetic-field inhomogeneitie¥€Ctorr = [y]' a distortion operator can be expressed by

and tissue susceptibilities. A potential advantage of the radial

method presented here is that the two data sets can be acquired f)(_,) - {37 + anu(z, y)} (29)
back-to-back in one acquisition. This approach has been tested Y+ bpu(z,y)

with Dixon to reduce the total acquisition time [21], [23], [29] whereq,, andb,, indicate the relative orientations of the readout
[31], [32], however, the acquisition timing of the data sets igradient on each acquisition andz,y) is the spatial shift
quite different £20 ms) and this can introduce artifacts in thénduced by the inhomogeneities or tissue susceptibilities [i.e.,
resulting images. In the radial method, only a gradient reversdlr,y) « AB(z,y)]. For the four acquisitions used in the

is needed to obtain the two data sets and this could be ddbartesian case, the valuesaf andb,, are

in a short time €4 ms). A potential problem with the chem- n an, by
ical-shift method developed here (as well as with the Dixon 1 1 0
method) is misregistration of position between data sets due to 2 -1 0.
patient motion. This problem can be corrected by comparing 3 0 1
the position of an on-resonance structure in all images obtained 4 0 -1

from the initial data sets and shifting the images, or adding‘l"ﬁe equation for the signal intensity in the space domain for two
linear phase to thé-space data, such that the On'reson"’wﬁﬂemicalIy shifted species, considering both chemical shift and

structure in all images has the same position. - the distortions due to inhomogeneities and tissue susceptibili-
The chemical-shift separation method described here can L is

extended to more than two species, provided that the number’ R R
of acquired data sets is equal to or greater than the number of Lu(r) = mo(Dn(r)) + mu(Da(r) + An) (30)

species. Potentially, up to four species can be resolved with fiferes., andm,., are the contributions from the on-resonance
four data sets required for the Cartesian method. The chemical-

. . Qp,
shift separation method can also be used in combination wﬁnd off-resonance AspeC|es, respectively, and= [bn |a. The
other methods to separate more than two species or to impraigortion operatorD,,(r), can be removed from (30) by calcu-
the separability of a single species. lating its inverse

I, (D;l(g)) = mo(r) + mu(r + Ay). (31)

The corrected images can then be used with algorithms (17)
A technique is described that separates contributions in and (20) after Fourier transformation. If we assume a smoothly
image from different chemically shifted species based on tharying field map, thedﬁ;l(z) exists in a continuous domain.
linear phase ik-space acquired during the readout period. THgince both the data and«, ) are discrete, the inverse has to
technique was demonstrated for two chemically shifted specles obtained by the appropriate interpolation.

VI. CONCLUSION
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