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Extensions to a previously described three-point
Dixon magnetic resonance imaging technique

are presented that use alternative water/fat
phase-encoding strategies. The technique is gen-
eralized to phase encoding of (-6, 0, 8] or (0, 9,
28) radians, and the signal-to-noise ratio ($/N)
performance is evaluated. It was found that a 6 of
27/3 radians has optimal S/N but thatad of =
radians is a good compromise and that phase en-
coding of (0, 7, 27) radians offer an advantage
over the previous method, which used (-, 0, 7)
increments, in that a T2' (intravoxel susceptibil-
ity dephasing) image may be obtained in addition
to the usual water, fat, and B, images. A new
four-point method with phase encoding of (0, ,
27, 37) radians that can also provide a measure
of the spectral width of the fat resonance is sug-
gested. The disadvantages of the method are the
extra imaging time and low S/N efficiency.
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Multipoint Dixon Technlque for
Water and Fat Proton and -
Susceptibility Imaging’ :

THE IN VIVO HUMAN PROTON SPECTRUM contains.
two dominant peaks, water and fat. In principle,”
therefore, chemical shift—resolved proton magnetic
resonance (MR) imaging requires only two measure e
ments per voxel if one assumes that (a) the magnetic’ *."
field is homogeneous to a ‘small fraction of the water/: - :
fat chemical shift, (b) the spectral width of each com- "~
ponent is negligible, and (c) intravoxel amplitude -~
losses due to phase dispersion and/or diffusion are: ety
negligible. Using such assumptions, Dixon developed - -
a technique that employs two acquisitions. Inthe -~
first, the phase difference between fat and water sig-
nals is adjusted to O radians, and in the second, the
difference is adjusted to w radians (1). Addition and
subtraction of the two acquired complex images re-
sults in separate water and fat images.

Errors in the use of two-point Dixon (2PD) tech-
niques in which either the shim is poor or the chemi-
cal shift is incorrectly assumed have been reported
previously (2). Others have discussed the quality of
fat suppression obtained with 2PD methods when

T2* differs for the two components, and a four-cycle
sequence was proposed to diminish the attendant er-
rors (3). Still other work has used multiple echoes to’
remove ambiguities in the unwrapping of phase in the
presence of B, inhomogeneities {4).

The three condltmns described above as simulta-
neously necessary for propér operation of the Dixon
technique are rarely satisfied in practice. The firstof
these, field homogeneity, is often severely violated.

Even if the magnetic field can be initially adjusted for
perfect homogeneity, msertlon of the subject into the
magnet alters the field by’ estabhshing local perturba-
tions that are of too short a spatial extent for shim-
ming to be effective (5). Such perturbations cause fail-
ures of the Dixon method (6,7) and of other chemical
shift selective methods (eg, fat suppression [3,8] or
water selection [9]). .o

The second condition tacitly assumed in the Dixon
method is that the spectrum consists of two & func-
tions that are separated by the chemical shift. In real-
ity, the intrinsic linewidths are determined in the fasi-
motion limit by T2 for the water component and by
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the several lipid resonances (10), which thereby com-
plicate the fat peak.

The fat “peak” comprises several components, of
which some are spin coupled and as such do not con-
stitute a simple line of narrow width. Rather, the fat
signal is found to be modulated by an oscillatory func-
tion of the J-coupling frequency, which therefore
causes the spin-echo amplitude to depend on TE (11).
A similar modulation caused by the multiple lines is
observed on gradient-echo images as TE is varied
(12). In the distal femur, for example, the yellow mar-
row contains exclusively fatty components, and dif-
fraction between the olefinic and aliphatic fatty acid
signals causes oscillatory behavior (13). In addition,
the trabecular structure can cause all the lines to be
broadened by susceptibility dephasing.

One approach toward characterizing the fat com-
plex is to model the signal as a T2*-weighted series of
sine waves and fit the model with data obtained by
means of gradient-echo interferometry (13). This
method requires many acquisitions, with TE varied to
obtain sufficient data for the model fitting to converge,
and therefore is not necessarily time efficient. More-
over, the results depend sensitively on noise and the
starting conditions of the x* minimization procedure;
the method is therefore not robust. The model used a
common T2* loss factor for the water and fat compo-
nents because the susceptibility dephasing loss domi-
nated the fat line broadening. This assumption is not
valid in other structures (eg, subcutaneous fat or
liver).

The third assumption made in Dixon techniques is
that amplitude losses in the opposed-phase measure-
ment can be ignored. Such losses can arise, however,
from intravoxel phase dispersion caused by micro-
scopic susceptibility variations in the lung (14) or in
trabecular bone (12,15), as well as near the orbits or
air passages. In other cases, diffusion losses may be
significant (16).

The first difficulty, that of magnetic field heteroge-
neity, has been addressed recently with the use of a
three-point Dixon (3PD) method (6,17), although
many other approaches have been demonstrated (eg,
[4]). This 3PD technique augments the two measure-
ments of the original Dixon technique with a third
measurement that has a water/fat chemical shift
phase encoding of — radians. This allows calculation
of the B, field in each voxel and provides a mathemati-
cal method of locally “shimming” each voxel with ret-
rospective correction of the data. This in turn enables
perfect separation of water and fat components and
supplies a B, image that is indicative of macroscopic
susceptibility variations. This technique has proved
more robust than fat saturation methods and has
found application in prostate imaging (7), in which
reliable suppression of the fat signal allows reduction
of the acquisition bandwidth for increased signal-to-
noise ratio (S/N) without incurring chemical shift arti-
facts. The fat image has also proved useful in the as-
sessment of extracapsular invasion by tumor.

Although the 3PD method has been highly success-
ful, two aspects can be improved. The first is that the
B, calculation can be indeterminate for voxels con-
taining an admixture of water and fat because of sig-
nal cancellation on the two out-of-phase (=) images
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Figure 1. Three-point Dixon images (water, upper; By, L
lower) obtained with the previous method (-, 0, w) (17) | fin

show artifacts (arrows) at tissue-air interfaces and at partial- . sy

volume boundaries where water and fat signals cancel. by

as

| wa

[ as

used to measure B,. An example of this effect is ¢ of

shown in Figure 1, in which voxels that span transi- | aff

tions between water and fat have indeterminate phase | b
due to signal dropout. Note, however, that the fat/wa- |

ter separation is not jeopardized by the ambiguity. ' for

The second, and more important, shortcoming of
the 3PD technique is that no correction is made for dit
intravoxel amplitude loss on the = images. This ef-
fect is normally negligible but may be important, for
example, in imaging trabecular bone (13). In such ;
cases, there may be diagnostic utility in providing a e
map of amplitude loss due to dephasing, in addition [ T¢
to correcting the water/fat decomposition. Moreover, | [
it may also be desirable to attempt to more fully ac- I
count for the complexity of the fat resonance, which s
can also cause signal loss from dispersive addition of b.u

its several components. , to

Thus, it is useful to examine alternatives to the I twi
present 3PD method to attempt to surmount the 1
above limitations and to extend the utility of such ‘ for
chemical shift-resolved imaging methods. To this ’ 3P,
end, a general formulation of three-point methods mc

defined with water/fat phase-encoding values of (-6, |
0, 0) or (0, 6, 20) radians is presented in this report,
and the S/N performance is calculated. In addition, | ¢/
the method has been extended to include a fourth ;
measurement point. Two practical extensions of the l Ge
method have emerged. (
The first extension involves altering the chemical l shi
shift phase encoding to increments of (0, w, 21) radi- ‘ ths
ans to eliminate transition-voxel signal dropout in the | (w
B, calculation and to provide a map of T2’ (the field ' an(
heterogeneity loss component of T2*) in cases in  Siti
which the spectral complexity of fat may be ignored. | Th
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| Figure 2. Proton chemical shift spectrum modeled as two
- components, L, (w) and L, (w). o, = chemical shift.
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This technique requires no additional imaging time
| beyond that of the original method.
- In the application of this modified 3PD method, one
| finds that the resulting T2’ images show spuriously
shortened values in subcutaneous fat. This is caused
by breakdown of the assumption that the fat signal is
asingle line with the same spectral width as that of
, Water. A more complete model retains the fat complex
[ asa single line but allows its width to differ from that
. of water. Although this model is highly simplified, it
l affords adequate flexibility for characterizing fat sig-
nals, as will be shown.
| The second extension of the original method uses
‘ four measurements with water/fat phase encodings of

{0, 7, 27, 37) radians. While this method requires ad-
ditional imaging time, it provides the added degree of
freedom necessary to describe one additional compo-
nent of the fat complex. Because we have chosen here
. tomodel the fat as a single broad peak, its linewidth
| may be determined subject to the limitations of this
( model. This may be important in quantitation of bone

marrow.

It is noted in passing that the Dixon technique was

I also extended to more points by Sepponen et al (18),
but this was done to increase chemical shift resolu-
tion rather than correct for other errors, as in the

1 two-species techniques presently under discussion.

The following section presents a generalized theory
for these methods. The traditional 2PD and previous
3PD methods are found to be special cases of the
more general formulation.

* THEORY AND METHODS

Consider a model in which there are two chemical

|
|
| General Considerations
f

| shift components (water and fat} with a spectrum L{w)

that may be decomposed into two components L, ()
{water) and L, (w) (fat), as shown in Figure 2. Let p,
and p,, respectively, be the integrated real-value inten-
sities of these lines in a nuclear MR experiment.
These quantities are therefore weighted by T1 and T2

according to the TR and TE used. The chemical shift
is w,, as shown.

Suppose now that multipoint Dixon acquisitions
are performed with either pulse sequence shown in
Figure 3. N acquisitions are performed with a 7 incre-
ment between samples according to

(1)

where n spans the N measurements. In the case of the
gradient-recalled-echo sequence (Fig 3b), it is as-
sumed that TE is much less than T2, so that differ-
ences in T2 losses between acquisitions may be ig-
nored. In such a case, or in the spin-echo case, voxel
intensities for the complex images obtained for each
7, are

o7, = 8,

S, = [p,A,(T,) + p,A,(1,)e™ e oo, (2)

where A, and A, represent amplitude loss factors for
water and fat, respectlvely, which depend on T and
could be different for the two species; ¢, is a phase .
shift independent of acquisition number n (but which
may be voxel dependent); and o is the resonance off-
set of the water (p,) line. &, arises, for example, from
systemic phase shifts in ‘the RF system (coil; transmit-
ter, and receiver) or from RF penetration effects due
to standing waves and dielectric losses in the subject.
w, allows for voxel-dependent B, shifts due to shim
heterogeneity or susceptibility. - ' :

Let us now examine the physical basis for the am-
plitude loss factors A, and A,. Three poss1b111t1es can
be postulated:

Diffusion.—In some tissue structures, SuSCCptlbll-
ity variations on a spatial scale that is small relative to
an imaging resolution element (voxel) may establish
fixed gradients G, in the magnetic field that can attain
substantial amphtudes In this case, diffusion of the
water molecules through the strong, self-induced gra-
dient fields may result in diminution of the water sig-
nal (19). There is little self-diffusion of fat compo-
nents, so that A, may be assumed to be unity (Le
Bihan D, personal communication, 1991). For spin-
echo acquisitions (20) A, due to diffusion of Water
molecules is T

Ayl = @ TPGRDTEP N2+ 2TEN) (3)
where v is the gyromagnetic ratio, D is the diffusion
coefficient, and TE and 7, are as indicated in Figure 3.
For gradient-recalled sequences (Fig 3b),

Ald(Tn) - e—yzcgo(rmrn)"/a. (4)

If 7, is much less than TE, the diffusion loss terms
(Eqq [3], [4}) have only weak dependence on T,. In any
case, diffusion effects are likely to be rather slight for
most tissue structures (G, small) and we may there-
fore approximate the water diffusion loss term A, as
a constant and set the fat loss term to unity (4,, = 1).

Susceptibility dephasing.—As in the diffusion
mechanism, stationary gradients can be set up by
susceptibility variations in the tissue microstructure.
If these gradients have sufficiently short range, they
may cause signal cancellation within a voxel (intra-
voxel dephasing) because of the multiplicity of Larmor
frequencies present in the voxel. This mechanism acts
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Figure 3. Simplified spin- GX
echo (a) and gradient-re-

called (b) pulse sequences

for multipoint Dixon meth-

ods. Only two resonance-
offset phase-encoding posi-
tions are shown. RF = radio

o/

frequency, S, = signal am-
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jointly on the two components of the admixture, so
that

A=t =46 = [ xwen dof [T xtw) do, )

where x{w) is the spectral distribution within a voxel.
This may be written

Allr,) = x(r,/x(0), (6)

where x = F(x), in which F denotes the Fourier trans-
form.

Assume for illustration a Lorentzian distribution;
then,
Ar,) = eTl™, (7)

S

where 1/T2' is the characteristic half-width of the
line.

Thus, susceptibility dephasing gives rise to a loss
factor that is common to both chemical shift species
but that depends on 7. In the special case of a Lorent-
zian distribution, this loss may be formulated in
terms of a susceptibility dephasing time T2', which
represents the field heterogeneity loss component of
T2*:

1/T2* =1/T2 + 1/ T2". (8)

Although the monoexponential assignment of loss (Eq
[7]) is not essential, it is convenient, for it allows one
to use T2’ as a measure of coherence time and estab-
lishes a relationship with T2* through Equation (8).

524 « JMRI « September/October 1991

*
<
v
z
\
\
|
I [}
| . |
: e m——mmn .
NN
[]
; |
1 |
: |
TE —T
IW I,:\‘ }
! .7 . by
1 1
[ ins
sio
l, su
| Ed
Spectral broadening.—If the two components of
the spectrum have finite intrinsic linewidths, loss of
coherence will again occur by a phasor summation
mechanism similar to that of Equation (5). Thus, f
or
= = s
At = [ Lwe du)/ [ Liwde. @ o
ad:

It has been found experimentally that in in vivo imag- ¢ 4,
ing of human subjects, voxels containing primarily (

water show little signal loss due to spectral broaden- pr:
ing, while voxels containing primarily fat have observ-
able loss. One may infer, therefore, that the water sy1

peak has a sharp line and L, (w) = 8(w), so that

A,, = 1. The fat line, however, contains several com-
ponents, and it is not unreasonable to allow its spec-
trum to be broadened. For a Gaussian fat line with
half-width Aw,

wt
Ay (1) = e e (10)

In general, all loss mechanisms could be operating.
In that case, the total loss is obtained by multiplying
all terms together:

Tt

Py

where k = 1, 2. wl
Equation {2) cannot be solved without specification
of the loss mechanisms and phase-encoding strategy.

|

|

',

|

A = Ay A A (11) [
|

In previous work, attenuation loss was ignored. It is [
L
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" instructive to examine these methods before exten-
sions are considered.

| 2PD method.—The traditional 2PD method as-

. sumes A, =A,=1,0,=0,0, =, and ¢, = 0. Then
| Equation (2) becomes

l Se=(p, + Pz)eid’o (12)
S, = (p, — poe*)’
for which separation into (real) water and fat images p,
is straightforward. With off resonance, however, the
[- decomposition is not correct, and each image is an
admixture of the two species. The 3PD method was
[ developed to correct for this condition.

Symmetric 3PD method.—For the 3PD method
previously described (17),A, = A, = 1,0_, = -7, 0, =
. 0.8, = 7, and w, # 0 is allowed. We generalize here to

symmetric phase encodings with (~8, 0, 6). Then,

S_, = (p, + pe Vet
S, = (p, + pyle™ , (13)
S, = (p, + p,e®)e®®* %
where
b = w7, (14)
The solution to Equations (13) is given by
Pa = SU2 = Ua/S — 2(S¢* - SIS M(L — cos 8),
(15)
where
S, = S,e . (16)

The noise performance is described by the variance

0 ' : — i Figure 4. S/N efficien
20 60 80 100 120 140 160 180  (NoAs)versue resonance
offset phase-encoding incre-
theta, degrees ment 8.

of p,, which may be calculated assuming no cross cor-
relation in the three acquired images. If the variance
of these data is o7, we have

2
9%, 1+ 2cos*8

- 17
o> 2(1 - cos 6)° (a7)

This may also be expressed in terms of an S/N-equiv-
alent number of signals averaged (NSA*) as

Tq

“n = Nsar (18
where
2(1 — cos 6)°
NSA* = (19)
1+ 2cos”6

Thus, NSA* denotes the NSA that is effective in
noise reduction. For a three-point method, the best
that can be done is an NSA* of 3.0. A plot of NSA* ver-
sus 0 is shown in Figure 4. The pattern is mirror rep-
licated beyond 180°. As can be seen, the maximum
S/N is attained at a 6 of 120°, where NSA* is the full
3.0. The previous 3PD method used a 8 of 180°, for
which NSA* is 2.67. These results indicate that the
noise becomes very high as 6 approaches zero, as
would be expected, since the measurements become
redundant. The optimum at 120° corresponds, not
surprisingly, to a uniform spacing of phase encoding
around the full 360° circle.

Addition of the extra measurement has provided
the ability to calculate and correct for the resonance
offset at little or no cost in S/N. Attenuation losses are
not accounted for, however, and it is desirable io ex-
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tend the 3PD method to address this need. Several
levels of complexity may be considered, depending on
the importance of each of the loss mechanisms de-
scribed ahove. Two cases will be examined here; they
lead to an extended 3PD method and a new four-point
Dixon (4PD) method.

Extended 3PD Method

As afirst extension to the method above, let us as-
sume that diffusion losses are negligible and that
spectral broadening in the fat may be ignored as well.
Then, only a common loss factor occurs, which de-
pends on 7, according to Equation (7). It remains to
choose reasonable strategies for the phase-encoding
values 8,. Examination of Equations (2) and (7) shows
that with symmetric 6,, the S, and S_, measurements
are redundant for the determination of A. Therefore,
it is necessary to choose an asymmetric sampling,
and we use (0, 0, 26) phase encoding. Then, from
Equation (7), Equation (2) becomes

S, = (p, + pe™)ATe™**0, (20)

wheren =0, 1, 2.

The solution of Equation (20) is not straightforward
for general 6. A special case of great interest is 6 = «.
In this case, Equation (20) becomes

S, =(p, + pzle%
S, = (p, — pJAe ™ (21)
Sz — (pI + p21A2€1(2d>+¢0l

Because of the special choice of 8, and since p, are
real, the magnitude ratio of S, and S, allows the deter-
mination of A. With A known, the solution to Equa-
tions (21) is similar to that given in Equation (15). As
before, ¢, is obtained from arg (S,). Then, with use of
Equation (16), we have

Py +p, =S, =S,/ (22)
(p, + p)Ae” = S/, (23)
(py + p)A%™ = S,. (24)

From Equations (22) and (24), ¢ and A are obtained
as

2¢ = arg (S,) — arg (S;) (25)
and
A = [S,]/|S,], (26)

respectively. As before (17), care must be taken in un-
wrapping the phase with Equation (25) to avoid addi-
tive 2w ambiguities in the arctangents. This part of the
algorithm is unchanged from that of the previous
method. With A and ¢ known, p, are obtained from
Equations (22)-(24).

Because of S/N considerations, however, some care
must be used in the correction for dephasing signal
loss. For voxels with A = 1, Equations (22) and (24)
may be added; then,

prtp= (’SOI + '52‘)/2

—ip ’

27
pp—py=Sle =7

526 « JMRI + September/October 1991

from which p, are easily obtained. The S/N perfor-
mance for such voxels is identical to that of the earlis
method (NSA* = 2.67). For voxels in which A < 1
cannot be ignored, the decomposition is

Pt P = lsol
pr — p, = S/e /A '

In this case, S/N is at best equivalent to an NSA of 2 \e §
but depends on A. | a
Because of the S/N advantage of using Equation .
(27), it is prudent to examine the effect of using these 3
equations even though A # 1. It is found that only a ‘i
small error in p, results when the loss is small. Let :
A =1 — ¢, where € is much less than 1. Then, with use| |
of Equations (27) to calculate p,, to first order, \

f
Pyt Py P~ P2 l
> (1 —¢€)=* ) (1 —¢€) l

@] o

P12 (calc) =

= piall — €] = prA

Thus, the only error in ignoring A in the decomposi- | Fi
tion, to first order, is to introduce a multiplicative er- ' th
ror in both p, and p,. This is not a serious error, andi l ti
can usually be ignored. Therefore, in the results pre-
sented here, Equations (27) were used for all voxels |
because of the superior S/N performance. '
IfAisignored, it can be shown that Equation (19)
applies in this new 3PD method as well. Thus, the use
of 6 equal to w yields an NSA* of less than the maxi-
mum, 3.0. However, this choice is a good trade-off
because it enables a greatly simplified calculation of
A

14
1
e
e

Thus, in the new 3PD method, S/N performance
and imaging time are equivalent to those of the previ-
ous formulation, but an intravoxel dephasing ampli-
tude image (A) or a T2’ image can be obtained (with [
use of Equation [7]) as well as the p, and B, images.

i
l_
|

4PD Method

Let us now relax the assumption that the water and
fat lines of the proton spectrum must be infinitesi-
mally narrow. As in the preceding discussion, it is as- (
sumed that only the fat resonance is sufficiently
broadened to affect the decomposition. The addi- W
tional degree of freedom requires inclusion of another
measurement to allow evaluation of the effect of a fi- |
nite linewidth. Only equal increments in phase encod-
ing (0, 8, 26, 30) are considered here. Then, in accor-
dance with the assumptions in Equation (9) and
retaining susceptibility dephasing according to Equa-
tion (7), one may express Equation (2} as

Sn = (pl 4 pZelneWn)Anel(n¢+¢0}, (30)

[C!

where W is the loss factor resulting from the finite
width of the fat spectrum. By equating A, and A, and I
A, and AW, Equation (30) may be written equivalently \
as
|
I

sn — (P1A1 + pzetneAzlei(nde)o)' (31)

A general solution of Equation (31) is difficult. How-
ever, examination suggests that the solution is sub-
stantially simplified (as in 3PD) if 6 is equal to .
From an S/N point of view, this will not be the opti-
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i- | Figure 5. (a—d) Images with phase encoding of O (a), 2w (b), 4w (¢) . and 6 (d). (e) Plots of signal intensities in representa-
tive regions of interest. Signal loss in muscle and subcutaneous fat is small, whereas degradation in trabecular bone is substan-

tial because of dephasing.

mum. In fact, we would expect the optimum to occur
(NSA* = 4) ata 6 of w/2, which corresponds to an
equal phasor spacing of the four acquisitions. With 6
equal to 7 and with use of Equation (16),

pptp,=S;
pA, — p,A, =S/e™™
pA] + pA; = Sje™|’
pIA? = pzAg = s:;e_(3¢

As before, 24 may be obtained from arg (S,); then the
right-hand side of Equations (32) is known.

To render these equations tractable, let us assume
now that the amplitude losses are relatively small. Ac-
cordingly, let

(32)

N o (33)

| where €, is much less than 1. Keeping only first-order

terms in €, one obtains

p, = Sy/2 + (3S] — S;)/4, (34)
p, = S,/2 — (3S] — S;)/4, (35)
A, =I[S] + (S; + S5)/2)/2p,, (36)
A, = (p, A, — S{)/p, (37)
where
S'E'S e Wi (38)

Thus, if the susceptibility and fat spectral impurity
losses are not too severe, the 4PD method provides a
means of determining the fat and water signal intensi-
ties, as well as resonance offsets and the spectral
broadening and susceptibility loss components.

As shown with the 3PD method (Eq [19]), the S/N
performance depends on the choice of phase incre-
ment. For the  increment used here, NSA* is less
than 4.0. From Equation (34), if the measurements

are independent and all have variance o},

o2 =70%/8

) (39)
(ril = 05/4

which implies that the S/N equivalency for p, is an
NSA* of only 8/7, despite spending 4.0 NSA of imag-
ing time, although the determination of A, has a full
4.0 NSA S/N. Thus, a severe penalty has been exacted
for choosing the phase-encoding steps (0, m, 2, 3)
to simplify the analysis. Perhaps a more fair compari-
son with 2PD or the older 3PD methods is obtained
by calculating the S/N in p,A,, since that is the rele-
vant function obtained with those techniques. From
Equation (36), one obtains

2 23is b
0,4, = 00/2,

(40)
so that the NSA* for the case with loss is 2.

e RESULTS

The pulse sequences shown in Figure 3 and the new
3PD and 4PD reconstruction algorithms have been
implemented on a 1.5-T imager (Signa; GE Medical
Systems, Milwaukee). Figure 5a—5d shows in-phase
magnitude images obtained at 0, 2, 4, and 6 radi-
ans, which therefore have different r values but no
fat-water signal cancellation. In Figure 5e signal inten-
sity from these images for several tissue types is plot-
ted as a function of the dephasing time 7. Note that
there is little signal loss in muscle, in which no fat is
present, but that there is loss in fat and substantial
loss in bone. In accordance with the preceding discus-
sion, an exponential dependence on 7 is expected for
either susceptibility loss or spectral broadening. The
results are in qualitative agreement, suggesting that
signal loss due to both susceptibility dephasing and
fat complexity occurs in bone marrow, while only the
fat line broadening occurs in subcutaneous tissue.
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Figure 8. Comparison of old (—, O, w) 3PD water image
and B, map (top) versus new (0, m, 2w) 3PD water image and
B, map (bottom). Note the artifact-free B, map for the latter.

In Figure 6, the old (—, O, 7) and new (O, m, 2)
3PD methods are compared. The lower-right B, image
in Figure 6 has no ambiguities at the water-fat bound-
aries as in the upper-right image. As a result, the wa-
ter image (Fig 6, lower left) is accordingly free of iso-
lated artifacts found with the original method (Fig 6,
upper left). Figure 7 shows the full set of images ob-
tained for one section imaged with the new 3PD
method. In addition to water, fat, and B, images, a
spin-echo image, an amplitude ratio (A) image, and a
T2' image are obtained. The A and T2’ images show
increased susceptibility dephasing in trabecular bone.
Note, however, that subcutaneous fat also shows ap-
parent susceptibility loss. This can be related to a
spectral broadening (W) of 0.85 in the region shown,
which corresponds (from Eq [10]) to a Gaussian line-
width of 58 Hz, or 0.9 ppm.

Figure 8 shows an application of the 4PD method.
Note here that the amplitude ratio image A, does not
show apparent susceptibility loss in the fat as on the
3PD image. The amplitude loss in the fat signal due to
broadening is observed on the A, image. Figure 9 is a
comparison of the 3PD and 4PD methods. The water
and fat images are similar in areas in which there is
no overlap between species, but there are differences
in trabecular bone regions, presumably due to the
more accurate accounting for the finite fat linewidth
with the 4PD method.

e DISCUSSION

The new 3PD method eliminates artifacts seen with
the previous technique, which resulted from signal
cancellation in voxels containing admixtures of water
and fat. The new method also provides an image of
the amplitude loss occurring during the evolution
time 27. In tissues containing primarily water, this
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(SE), water (W), fat (F), B,, amplitude ratio (A), and T2'. Arx
plitude dephasing image (A) shows reduction in signal intex- |
sity in subcutaneous fat because of finite linewidth.

c.

Figure 8. Water (a), fat (b), A, (¢), and A, (d) images ob-
tained with 4PD method. The A, image shows only fat and is
indicative of linewidth of fat.

loss can be related to a susceptibility dephasing
mechanism, while in fat the loss can be explained by
spectral broadening in conjunction with dephasing.
When the tissue contains both species, as in some
forms of bone marrow, it is important to differentiate
these two loss mechanisms. Unfortunately, this can-
not be done with the 3PD method.
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Figure 9.

methods for water images (a, b) and A, images (e, d). Re-
- sults are similar except in bone marrow, where the linewidth
of fat alters the amplitude maps. The 4PD water image (b) is
noisier, while the A, image (d) has a higher S/N, as expected.

~

d.
Comparison between 3PD (a, ¢) and 4PD (b, d)

The 4PD technique, however, can distinguish the

two mechanisms, subject to the assumption that

spectral broadening occurs only in the fat component.
This provides more accurate decomposition of the
water and fat image data. The price paid, of course, is
that the imaging time must be increased to 4 NSA.
Moreover, from Equation (39), the S/N for the water
and fat images is equivalent to only 1.14 NSA, which
reflects the high cost of the extra chemical shift reso-
lution. In contrast, the 3PD method retains an S/N
equivalence of 2.67 NSA. However, the A, and A, im-
ages have perfect (4 NSA) S/N performance with this

. choice of phase increment.

Of course, the model chosen here for the fat com-

~ plexis obviously simplified in an attempt to allow

characterization with just one additional parameter.
Clearly this model may not be justified in some appli-
cations; in such cases, the T2’ values and the fat and
water amplitudes may be erroneous. When the tissue
ctontains only fatty components, the CH and CH, com-
ponents, for example, may dominate and, because
their chemical shift separation of 4 ppm is similar to
that of water and CH,, the decomposition may cause
errors associated with incorrect peak assignments
and location. In this case, one could alter the 7 values
[0 correspond to the appropriate chemical shift and
treat the fat signal as a simple two-component system.
Both techniques described here use T values chosen
lo increment the chemical shift phase encoding by
multiples of 7. This is not strictly necessary, however.
Other three-point schemes have been investigated,
including (-w/2, 0, w/2), (0, w/2, w), (—-7/2, 0, 37w/2),
and so forth. However, all these methods use out-of-
phase images to compute the B, map, and thus they

have the same problems that plagued the original
(=, 0, m) method. In addition, the S/N performance
will not be as good as that of the techniques that use
phase increments spaced uniformly around the 2
circle. For example, with phase increments of (—m/2,
0, 3m/2), it can be shown for no amplitude loss that
NSA* = 4/3, which is only half that of the chosen
method.

The choice of 6 thus involves a trade-off between
conflicting requirements. S/N performance is maxi-
mized when the chemical shift phase encoding is uni-
formly spaced through 2. However, this guarantees
that there will be out-of-phase images in the B, calcu-
lation, and thus cancellation artifacts can occur. In
addition, the analysis is difficult for arbitrary 6 when
amplitude losses due to dephasing are included.
Thus, the best choice for the 3PD method seems to be
8 equal to , despite the slight reduction in NSA*.

These multipoint Dixon methods should be thought
of as a means of characterizing one or two additional
parameters for an essentially two-component system
by means of modeling, not for accruing substantial
additional chemical shift resolution. It is in this re-
gard that the 4PD method provides one additional
parameter for the fat component over that of the 3PD
method, which apparently produces more accurate
T2’ assessment in subcutaneous fat (and presumably
bone marrow as well).

The present method forces retention of two compo-
nents in the chemical shift spectrum. Alternatively,
one could model the fat component by the addition of
a second line to the fat spectrum (CH or CH,, as ap-
propriate for the tissue) and use the fourth measure-
ment in the 4PD method for assignment of the three
amplitudes, a common T2’ loss, and B,,. This philoso-
phy begins to approach that of classical spectroscopy.
In the limit of desiring to characterize many addi-
tional parameters, one may be better off gathering a
full chemical shift spectrum rather than attempting to
model it a priori. @
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