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Total inhomogeneity correction including chemical shifts and susceptibility

by view angle tilting
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A correction technique of the total magnetic field inhomogeneity effects including the localized
object induced inhomogeneities such as chemical shift and susceptibility is developed and its
usefulness is experimentally demonstrated. With this new and simple technique all the
inhomogeneity induced artifacts can be corrected simultaneously. The basic idea of this method is
to add a compensation gradient of the same amplitude as the selection gradient in simultaneity
with the reading gradient in such a way that the view angle is tilted. Thereby all the inhomogeneity
induced geometrical shifts and hence the intensity changes are corrected, since the addition of the
compensation which is independent from the field inhomogeneities including both chemical shifts
and susceptibility. This technique has been theoretically examined and its usefulness is

demonstrated by experiments.

I. INTRODUCTION

The recent trend of increasing magnetic fields for nuclear
magnetic resonance (NMR) imaging has improved the im-
age quality and also delivered potentially available informa-
tion such as the effects of the chemical shift and magnetic
susceptibility.'~ This wealth of available information, how-
ever, cannot be fully utilized unless proper techniques are
employed. In addition, these inhomogeneities often appear
as artifacts and the degree of artifact appearance becomes
larger proportionally with the increase of the field strength.
For conventional proton imaging, therefore, these inhomo-
geneity effects are the main sources of the artifacts usually
observed in high field NMR imaging. Such artifacts include
chemical-shift related discrete position shifts and contin-
uous position shifts due to cumulative geometrical field dis-
tortions affected by susceptibility in the direction of reading
gradient.®

A field inhomogeneity then can be generally categorized
as (i) a static magnetic field, (ii) a chemical shift, and (iii)
susceptibility induced field inhomogeneities. The static field
inhomogeneity can usually be corrected by the measurement
or mapping of the field prior to imaging”® and often appears
as slowly varying field perturbation which would not seri-
ously affect the overall image quality unless the chemical-
shift imaging or similar imaging is of interest. Chemical-shift
and susceptibility effects are, however, both highly localized
and indistinguishable from each other in many cases.® In
addition to the above, an eddy current due to gradient puls-
ing generates the time varying inhomogeneity, which also
affects the final image similar to the other effects.” So far the
chemical-shift artifact correction has been studied success-
fully using a number of techniques such as an echo time
encoding, etc.!">*

The chemical-shift and susceptibility effects or the mea-
surements of such effects are often important and provide
valuable information. Artifacts associated with those effects,
however, are often very serious and require correction in
conventional proton imaging as well as in the imaging of
other nuclei. Correction of these artifacts, however, requires
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rather complex data acquisition schemes or an individual
correction method of each artifact, e.g., chemical-shift cor-
rection using an echo time encoding technique and suscepti-
bility correction by other schemes such as the postprocess-
ing, etc.

In this paper, we have described a method by which all the
inhomogeneity dependent artifacts such as the artifacts re-
sulting from the chemical shift, susceptibility, and static
field inhomogeneity, can all be simultaneously eliminated.
An additional advantage of this technique is that the correc-
tion scheme is very simple. It requires only one set of imaging
sequences which are a minor modification of the convention-
al two-dimensional (2-D) Fourier imaging sequence (see

Fig. 1).
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FiG. 1. Pulse sequence for the generalized inhomogeneity correction
scheme proposed in this paper. This sequence is based on the conventional
spin-echo sequence (solid line) with an addition of the compensation gradi-
ent G, as shown (broken line). Strength of the compensation gradient
should be identical to the selection gradient and be applied simultaneously
with the reading gradient (G, in this case). Tilted view angle then appears
as @ =tan~'(G,/G,).
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Generally, field inhomogeneity effects on the image are
geometrical distortion and intensity change due to geometri-
cal shifts. For example, in a transaxial imaging, field nonuni-
formity in the direction of the slice selection (z), i.e., axial
nonuniformity within a slice, is relatively small compared
with transversal plane (x,y) nonuniformity. In this case, the
x or y direction becomes the reading gradient direction and
therefore the geometrical shifts appear in the x or y direction.
In the proposed scheme, correction is achieved by the addi-
tion of a compensation gradient of the same amplitude as the
selection gradient in the selection direction so that the view
angle is tilted slightly. This compensation gradient is applied
in simultaneity with the reading gradient so that the appro-
priate tilting angle (6 = tan~' G,/G,) is formed (see Fig.
1). The proposed scheme is easy to implement and resultﬂ

overall inhomogeneity correction by a simple measurement
sequence.

Basic theory, computer simulated results, and experimen-
tally obtained images with the proposed technique are pre-
sented, and future potential applications are discussed.

Il. EFFECTS OF FIELD INHOMOGENEITY AND
GENERALIZED CORRECTION METHOD

As discussed, there are mainly three different types of field
inhomogeneity, namely, static field inhomogeneity, chemi-
cal shift, and susceptibility induced field inhomogeneity, re-
spectively. Assuming that the total sum of these inhomoge-
neity or spatially varying function is 4(x,y,z) or simply
h(x,y) for a givenslice, a Fourier imaging equation then can
be written as (see solid line in Fig. 1)

S(t,..8,) = JJ px.pz)exp[ —ivh(xy)t, Jexp[ —iv(xG,t, +yg,T,)]dzdx dy
Yxoz,

(Ly/2) + L(x,p)
or = ffj p(x,y,z)exp{ — iy[(x + h(—;’y—)—)Gxtx +yg,T, ” dz dx dy, (N
X x

— (Ly2) + L

where, ¥ is gyromagnetic ratio, p(x,p,z) is the spin density
function, G, and g, are reading and coding gradient
strengths, L, is the the slice thickness determined by the
radiofrequency (rf) bandwidth F, and the selection gradi-
ent field strength G,, L, is the position variation due to the
inhomogeneity, and z, and z, are the lower and upper limits
of the region selected by selective rf pulse, respectively, i.e.,

L =27Fy/yG, cm, L_(x,y)= —h(x,y)/G, cm,

—(L,/2) + L.(xy), and z, = (L,/2) + L (x,p).
(2)
As discussed above, if we apply a compensation gradient
along the selection gradient of the same magnitude (in am-
plitude) as the selection gradient in simultaneity with the
reading gradient (see broken line in Fig. 1), Eq. (1) is writ-
ten as

(L/2) + L (x,p)
S(t,.8,) = fjf p(xy,2)
X (Ly/2) + L.(x,y)

Xexp( —iyzG,t,)
X exp[ — ir{{x + [A(x)/G,1}G,¢t,
+yg,7,)1dzdx dy. (3)

By change of variable z = z* — h(x,y)/G, and by assuming
that ¢, = ¢, and G, = G,, Eq. (3) becomes

I
Xexp( — iv{z* — [h(x,)/G,]}G,1,)
xexpl — iy{{x + [A(x,y)/G,]|}G, 1,
+ g, T,)1|J |dz* dx dy, (4)

where z¥ and z¥ are — L,/2 and L_/2, respectively, and J is
the Jacobian which is an unity in this case, i.e.,

dz az*
J(xyp) =—= =1. 5
(xp) az* 0z (5)

Equation (4) can be further simplified by elimination of the
inhomogeneity terms related to ¢, , i.e.,

St,.8,) = fff ( ».z* hixy) )
Wxd — L2 G,

Xexp( — iyz*G,t,)

T,))dz* dx dy.
(6)

Xexp| —iv(xG,t, + yg,

For simplicity of formulation, let us assume that the spin
density function p(x,y,z) is constant with respect to the z
direction within the selected slice whose thickness is L,.
With this assumption, the spin density function
plxy.z* —h(xy)/G,] of Eq. (6) can be replaced with

S(t,.8,) = ijﬁp x,p,2% — h_(ﬂl) plxy.z¥ — h(?c,y)/.GS ], where z¥ is a constant value of z*.
¥ G, Thus Eq. (6) is written as
J
e h(x,p)
S(t..8,) _f exp( — iyz*G,t, )dz*J“[ ( Iz — G )exp[ —iy(xG,t, +yg,T,) ] dxdy
— L2 s
or [L smc(;/G 1 )] fj ( x,p.z¥ — ’y))exp[ —iy(xG,t, +yg,T,) |dx dy. (7)
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In Fig. 2, the relation of z and z* in connection with an inhomogeneity function /4 (x,y) is illustrated. The image function
p(x,p) can be obtained by 2-D Fourier transform of Eq. (7), i.e,,

p(xy) = US(tx 8, )exp[i(w,x +w,y)dw, dw,

= UJ [LS sinc(}/Gs —_
2 277FB)] h(x,}’))
= n ® P :"— -1
Y0, [x/ ( 76, p(x dé G,

or

where @ is the linear convolution operator and Il is a rectan-
gular function defined by

II(x) = {1, — 1/2<x<1/2,

9
0, otherwise . ©)

Equation (8) shows, therefore, that the image function
plxy.z¥ — h(x,y)/G;] is now convolved (blurred) with a
rectangular function I1[x/(27F /yG, ) ]. In practice, how-
ever, [1{+] is made relatively narrow and therefore effects on
image blurring are usually negligible, i.e.,

p(xy) =p{xyzt — [h(xy)/G,]}. (10)

By applying a compensation gradient in simultaneity with
the reading gradient, the view angle is tilted by
0 = tan~ (G, /G, ). Therefore, the view angle will decrease
by increase of G, or by decrease of G,. It should also be
mentioned that the optimal condition G, = G, is indepen-
dent of inhomogeneity term A(x,p), so that the total in-

B
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F1G, 2. A simplified inhomogeneity effect is added to illustrate the relation
of the z directional coordinate transformation. For simplicity, symmetric
and linear one directional (x) inhomogeneity term is considered. (a) shows
the inhomogeneity affected slice formation along the z direction while (b)
shows the inhomogeneity corrected (straightened) slice formation with co-
ordinate transformation.
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tx>] exp[i(w.x + w,y) |dw, dwy]Q[p(x,y,z:

_ h(x,y))]
G

5

(8)

|
homogeneity artifacts including chemical shift and suscepti-

bility are simultaneously corrected.

In Fig. 3, step by step illustrations of the chemical-shift
correction process are given. First, the chemical shift in the z
direction is shown in (a), and then the combined shifts in
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(c) resulting image

F1G. 3. A simplified step by step view of the generalized inhomogeneity
correction method proposed in this paper. For simplicity, three chemical
shift peaks are assumed, i.e., water (W ), fat (F) which is separated from
water by 3.5 ppm, and the other denoted by 2F which symbolizes the double
chemical shift of 3.5 ppm from water peak. (a) shows the chemical shift in z
direction only, (b) shows simultaneous chemical shifts in both x and z
directions. Finally, (¢) shows the result of the two combined shifts and
image seen by tilted view angle 8 which results in a corrected image. The
small practically negligible image blur which can be seen at the image boun-
daries is also indicated. This blurring as a result of finite slice thickness is
usually so small that it can hardly be observable in normal imaging.
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both the selection (z) and reading (x) gradient directions
are illustrated in (b). Finally, (c¢) represents the eventual
tilting of the view, thereby eliminating the inhomogeneity
effects. Here, p(x,p) then represents the inhomogeneity cor-
rected image with small blurring due to the view angle tilting
as illustrated in (c).

Ill. EXPERIMENTAL RESULTS AND DISCUSSIONS

For the demonstration of the correction ability of the pro-
posed method for the chemical-shift and susceptibility de-
pendent geometrical distortions, we have devised a phantom
with which elimination of both the chemical-shift and sus-
ceptibility effects can be demonstrated. Figure 4(a) shows a
simple “water—fat” phantom constructed for the demonstra-
tion of chemical shift. Figures 4(b) and 4(c) are the experi-
mentally obtained images of the test phantom shown in (a).
As seen from Fig. 4(b), the clear sign of chemical shift is
seen in two ways; one is the overlap of the fat and water
bases, i.e., the fat is shifted downward thereby overlapped in
horizontal boundary line, the other is the shift of two fat
columns (circles). In Fig. 4(c), the chemical-shift corrected
image using the new tilted view angle technique is shown.
Note here the disappearance of both overlapped horizontal
lines and the shift of the two fat columns. All the images
shown, vertical direction is the direction of reading gradient
and the field of view is 256 mm. All the experiments were
carried out by the KAIS 2.0 T whole-body superconducting
NMR system.

In Fig. 5, a more elaborate phantom is shown by which
both the chemical-shift and susceptibility (air—water bound-
ary) dependent geometrical shift effects can be measured.
This phantom consisted of a column of distilled water which
has relatively long T, value compared with conventional wa-
ter, three columns of 0.02 or 0.01 mM CuSQO, solution which
have short T',’s, two columns of air which represent the nega-
tive susceptibility compared to the background, two soybean

W Water
F . fot

(b) (c)

Fi1G. 4. Experimental imaging results of a phantom which consists of fat and
water by KAIS 2.0 T NMR imager. Here (a) is the phantom, (b) and (c)
are the images obtained by conventional spin-echo sequence and view angle
tilted correction technique, respectively. As seen from (c), a perfectly cor-
rected image is seen. Repetition (7 ) and echo (T ) times employed are
500 and 30 ms, respectively.
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F1G. 5. Experimental imaging results of a more complex phantom which
consists of water, fat (soybean oil), and air to demonstrate the chemical
shift as well as the susceptibility effect. Here (a) is the phantom, (b) and
(¢) are the images obtained by using the pulse sequence shown in Fig. 1. The
used gradient strength for the compensation gradient was 0.1 G/cm with
the x directional reading gradient strength of 0.458 G/cm which eventually
would result in a tilting angle of 12.3".

oil columns for fat substitute, and an acryl (which does not
generate a signal).

In Figs. 5(b) and 5(¢), experimentally obtained images of
the phantom are shown. Figure 5(b) is an image obtained
using a normal spin-echo sequence. In this sequence,
T, =500 ms and T = 30 ms were used. In this image
[Fig. 5(b)], clear chemical-shift effects are visible, i.e., two
fat columns (circles) are shifted downward while the other
water columns (circles) remained still. The two air circles
are now clearly distorted by the susceptibility effect. In Fig.
5(c), the corrected image of the same phantom using the
proposed view tilting technique is shown. This image, in-
deed, shows the perfectly corrected image of the complex
phantom which contains both the chemical shift and suscep-
tibility as well as the other field inhomogeneity effects. The
compensation gradient and reading gradient employed and
the subsequent view tilted angle are 0.1 G/cm, 0.458 G/cm,
and 12.3°, respectively, with the same T, and T as given in
Fig. 5(b).

In Fig. 6, an experimental result of human legs in vivo
proton imaging is shown. The chemical-shift artifact shown
in Fig. 6(a) is obtained by conventional Fourier imaging.
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(a)

(b)
F16. 6. Human in vivo experiments of legs. (a) is the uncorrected conven-
tional image. Note that the fat (bone marrow) are shifted downward. (b) is
the corrected image of the same legs. In these experiments, T == 1000 ms
and T, = 30 ms are used.

Figure 6(b) is the corrected image of Fig. 6(a) using the
tilted view angle technique proposed in this paper. A re-
markably clear fat—water image is obtained by a single se-
quence of measurement unlike other chemical-shift imaging
techniques such as Dixon’s method (CHESS technique) or
the echo time encoding technique described previously.

Figure 7 demonstrates the susceptibility affected artifacts
in human head images and correction of those artifacts by
use of view angle tilting. Figure 7(a) is the conventional
spin-echo imaging of the human head sagittal view where the
relatively dense area shown by the arrow indicates the geo-
metrical shift artifact due to the susceptibility. Figure 7(b)
shows the same image corrected by the proposed view angle
tilting technique. Note also that the chemical-shift artifact
shown in Fig. 7(a) at the top of the head (skin) has also been
corrected.

In summary, we found a simple and generalized field in-
homogeneity correction technique with which both the
chemical shift and the susceptibility and also other field in-
homogeneities can be corrected simultaneously by a single
sequence. This technique utilizes an additional selection gra-
dient G, of the same magnitude as the selection gradient in
simultaneity with the reading gradient, thereby producing a
tilted viewing angle which in turn automatically corrects the

Medical Physics, Vol. 15, No. 1, Jan/Feb 1988

(a)

(b)

F1G. 7. In vivo experiments of sagittal view human head. (a) and (b) are the
uncorrected conventional spin-echo image and corrected image, respective-
ly. T = 300 ms and 7, = 30 ms are used for the experiments. Susceptibil-
ity affected artifacts are shown by the arrow in (a).

field inhomogeneity dependent geometrical shifts.
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