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Edge Artifacts in MR Images: Chemical Shift Effect
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Abstract: The boundaries of some organs as seen in clinical magnetic reso-
nance images appear to be asymmetric. This effect is caused by chemical shift
differences between the resonant frequencies of the hydrogen nuclei of water
and fat. The zeugmatographic technique maps resonant frequencies to unique
spatial locations. These differences in resonant frequencies can appear as ar-
tifactual misplacement of information as this one-to-one correspondence is
lost. Various phantoms are used to demonstrate that the boundary artifact
appears only in the direction of the read (frequency-encoding) gradient when
media of two different chemical shifts are separated by an interface. When the
relative shift is less than the width of the interface, the boundary appears to
be asymmetric; when the relative shift is greater than the width of the interface,
a bright band is seen along one edge with a dark band along the other. This
artifact is more pronounced in low resolution images than in high resolution
images, and these effects are seen even when the relative chemical shift is
smaller than a pixel bandwidth. These effects are explained both conceptually
and analytically. The clinician should be aware of the potential presence of
this artifact at boundary interfaces that bear diagnostic significance. Index
Terms: Chemical shift imaging— Nuclear magnetic resonance, artifacts—Nu-

clear magnetic resonance.

Careful observation of clinical magnetic reso-
nance (MR) images indicates an asymmetry in the
boundaries of some organs. Figure 1 demonstrates
this effect bordering the kidneys and could possibly
be misinterpreted as a thickened renal capsule. A
dark border appears on the right edge of each
kidney in the transaxial orientation (Fig. 1a). In the
coronal orientation (Fig. 1b) the dark border is on
the inferior edge of each kidney. Although a similar
finding has been termed a “‘linear edge’’ artifact (1),
it is demonstrated here that this asymmetry is due
to chemical shift differences. These boundary arti-
facts appear clinically where predominantly water-
filled compartments abut fatty deposits. The com-
partmentation allows the chemical shift differences
between the hydrogen nuclei of water and the mo-
bile lipid protons of adjacent fat to distort spatial
information that is translated into a displacement

From the Department of Radiology, University of Texas
Health Science Center at Dallas, 5323 Harry Hines Boulevard,
Dallas, TX 75235, U.S.A. Address correspondence and reprint
requests to Dr. E. E. Babcock.

252

artifact in the image. In addition to the kidney some
of the other organs surrounded by fat that have
demonstrated chemical shift artifacts are the
spleen, heart, and breast. The artifact i1s also
present at the intervertebral disk boundary.

MATERIALS AND METHODS

A Diasonics MT/S imaging system operating at
0.35 T was used in this study. Images were obtained
using a two-dimensional Fourier transform 2DFT)
technique and a spin-echo pulse sequence (2). Per-
sonal communications with the manufacturer
(Diasonics NMR, Inc., South San Francisco, CA)
indicate that the bandwidth or frequency resolution
of a pixel is approximately 110 Hz independent of
the image spatial resolution. Furthermore, the
“‘read’”’ or ‘‘frequency-encoding’’ gradient ampli-
tudes range from approximately 0.1 to 0.3 G/cm for
the lowest to highest spatial resolution images, re-
spectively. The chemical shift difference between
fat and water, if assumed to be 3.5 parts per million
(ppm), is 52.5 Hz at 0.35 T. Thus, this frequency
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FIG. 1. An apparently asymmetric renal capsule is seen bordering both kidneys (a) as a dark border on the right edge in a
transaxial orientation, and (b) as a dark border on the inferior edge in a coronal orientation.

difference of 53 Hz is slightly less than one-half the
bandwidth of a display pixel (48%).

Phantom Studies

To model a kidney and its surrounding fat the
phantom initially studied was a water-filled balloon
in a beaker of mineral oil. This phantom was imaged
in the transaxial, sagittal, and coronal orientations
with echoes at 28 and 56 ms (Fig. 2). The artifact,
a dark border along one interface and a bright
border on the opposite interface, consistently ap-
peared in the direction of the read gradient.

The second phantom studied consisted of several
20 mm NMR tubes containing a variety of liquids in
either a water or an oil bath. The use of NMR tubes
guaranteed a uniform wall thickness of approxi-
mately I mm. The various chemicals studied are
listed in Table 1, along with their chemical shifts in
ppm relative to tetramethylsilane and their volu-
metric magnetic susceptibilities. The frequency dif-
ference in hertz at the field strength used in this
study for two compounds may be obtained by sub-

tracting the relevant chemical shifts in hertz given
in Table 1. Table I also demonstrates that the com-
pounds used in this phantom differ in magnetic sus-
ceptibility as well as chemical shift. The results in-
dicate that both substantial differences in chemical
shift and large variations in magnetic susceptibility
(which affect the proton preccssion frequency)
create frequency shifts sufficiently large to cause
asymmetric boundaries. Comparison of the
phantom in water (Fig. 3a) with the phantom in oil
(Fig. 3b) emphasizes the effect of the chemical shift
differences. For example, Tube 3 contains benzene,
which has a chemical shift difference from oil of
approximately 75 Hz and from water of approxi-
mately 40 Hz. As expected, the asymmetry of the
benzene tube is more pronounced in the oil
phantom (Fig. 3b) than in the water phantom (Fig.
3a). Furthermore, Tube 7 contains isopropanol,
which has essentially the same chemical shift as oil;
therefore, no shift is seen in Fig. 3b. However, iso-
propanol is chemically shifted from water, and the
effect of this chemical shift difference is observed
in Tube 7 of the water phantom (Fig. 3a). In addi-

FIG. 2. First and second echo (28 and
56 ms, respectively) images of a water-
filled balloon in a beaker of mineral oil
show dark and bright boundary artifacts
in the direction of the read gradient in
three orientations. (left): Transaxial (top,
first echo; bottom, second echo);
(middle): sagittal (left, first echo; right,
second echo); and (right): coronal (top,
first echo; bottom, second echo).
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TABLE 1. Chemical shifts and magnetic susceptibilities of compounds imaged

Tube Chemical shift? Magnetic susceptibility (5)
number® Compound (ppm) (Hz at 15 MHz) (x107%cm~3)
[ Water 4.5 67.5 -0.7
2 Mineral oil 2.0 30.0 ¢

3 Benzene 7.2 108 -0.6

4 Colbalt chloride (0.1 M) ¢ ¢ +126

5 Magnesium sulfate (1 M) c ¢ —-34

6 Acetone 2.2 33.0 -0.5

7 Isopropanol CH,4 1.1 6.5 -0.6
CH 3.2 48.0
OH 3.9 58.5

8 Sodium fluoride (0.9 M) 4.5 67.5 -1.3

9 Ethanol CH, 1.1 16.5 -0.6
CH, 3.5 52.5
OH 4.3 64.5

10 Chloroform 7.3 110 -0.7

¢ Tube numbered according to Fig. 3.
b Referenced to tetramethysilane (6).
¢ Exact value unknown.

tion, since isopropanol and benzene are each chem-
ically shifted from water by approximately 40 Hz,
but in opposite directions, the asymmetry of the
NMR tube walls containing these compounds is dis-
cernible in opposing directions (Tubes 3 and 7 of
Fig. 3a).

Studies were conducted on a third phantom that
consisted of several NMR tubes of various diame-
ters placed concentrically. A 5 mm NMR tube con-
taining benzene was placed within a 12 mm tube of
acetone. The two tubes were then placed in the
center of a 20 mm NMR tube containing benzene,
which was situated in a beaker of acetone. Thus,
this phantom provided alternating benzene-acetone
interfaces. These two compounds were chosen, not

FIG. 3. Images of 20 mm MR tubes
containing various compounds (de-
scribed in Table 1) surrounded by a bath
of (a) water and (b) oil. The wall thick-
ness of the tubes is approximately 1
mm. in (a) Tube 2 contains a smaller
tube of water, and in (b) Tube 1 contains
a smaller tube of oil. Apparent asym-
metries in the tube walls are noted with
differences between (a) and (b). (See
text for further discussion.)
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because of their physiological significance, but be-
cause they possess essentially identical magnetic
susceptibilities, and each has a single proton reso-
nance, differing in chemical shift from each other
by approximately 5 ppm (75 Hz at 0.35 T). Figure
4 shows images of the phantom obtained with 1.7
and 0.8 mm pixel dimensions (low resolution and
high resolution, respectively). The asymmetry of
the NMR tubes is striking and is more pronounced
in the lower resolution image (Fig. 4a).

DISCUSSION

One of the fundamental principles in MR imaging
is the ability to encode spatial information into both

3a,
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the frequency and phase components of an MR
signal. When an isotope possessing a magnetic mo-
ment is placed in a static magnetic field B, it pre-
cesses about this magnetic field. The angular fre-
quency of precession wy is defined by the Larmor
equation as o, = yB,, where v is the gyromagnetic
ratio, a constant for a given nuclide. However, in-
nate differences in magnetic shielding due to the
variations in the chemical environments of nuclei
cause a nucleus to experience an ‘‘effective’’ mag-
netic field strength B.y, which differs from By,
thereby changing the Larmor equation to w = yB.
Such magnetic shielding results in variations in the
Larmor frequency known as chemical shifts.

Since the frequency of precession is proportional
to the magnetic field, the application of a magnetic
field gradient causes the precession frequency of a
nucleus to be a linear function of its position with
respect to the gradient. Specifically, the precession
frequency is

w, = y(By — xG,),

where x is the spatial location, and G, represents
a linear magnetic field gradient in the x-direction.
Since the 2DFT imaging technique translates the
frequency information obtained in the read direc-
tion directly into spatial information, this technique
is unable to discriminate between frequency shifts
due to chemical shift differences and those due to
the valid encoding of true differences in position by
the read gradient. Therefore, a relative ‘‘displace-
ment’’ of the chemically shifted species in the di-
rection of the read gradient may be apparent in the
final image.

The equations defining the frequencies of nuclei
A and B at specific locations x, and xj along the
gradient are:

wy = woy + x4¥6,
and
wp = wop + xpyG,

where G, is the read gradient. The precession fre-

FIG. 4. Alternating interfaces of
acetone and benzene (acetone
is the outermost medium) dem-
onstrate chemical shift asym-
metries in both (a) low and (b)
high resolution images. This ef-
fect is seen to be greater in (a).

quency w, is a sum of the innate frequency of the
nucleus derived from the chemical shift wy, and the
frequency resulting from the spatial location of the
nucleus along the read gradient x,vG,. If nuclei A
and B are chemically shifted from each other, i.e.,
g4 18 not equal to wyg, a frequency difference re-
sults in addition to that due to the spatial positions
of the nuclei. Since this imaging technique trans-
lates frequency information obtained in the read di-
rection directly into spatial information, a misplace-
ment in the spatial mapping results. This effect is
represented pictorially in Fig. 5 in which compound
A is bordered on both sides by compound B. Figure
Sa depicts the image obtained when compounds A
and B have the same chemical shift, and Fig. 5b
represents the image obtained when there is a
chemical shift difference between compounds A
and B. It is seen that the shift of spatial information
causes a signal enhancement on the side for which
signals from A and B overlap and a concomitant

(b)

FIG. 5. Schematic drawing of the chemical shift artifact as
an intensity distribution profile of medium A surrounded by
medium B. In (a) there is no relative chemical shift at the
interface between media A and B, and there is no boundary
artifact in the composite. In (b) the chemical shift of B with
respect to A causes misplacement of information from me-
dium B (i.e., a shift to the right) and, consequently, boundary
artifacts appear in the composite.
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decrease in signal on the opposite side. The final
image can thus be thought of as a composite, a sum-
mation of spatial information regarding fat intensity
(the ““fat’” image) and water intensity (the ‘‘water”’
image), in which these two images are displaced
from one another along the dimension of the read
gradient by the chemical shift difference between
fat and water. Recent works demonstrating a
method of separation of a composite clinical image
into ‘‘fat’ and ‘‘water’ images have shown
boundary artifacts at the interfaces (3,4).

As may be observed from the artifact in the
phantom studies, the dark band is always detect-
able, but the enhanced or bright band is not consis-
tently observed. This bright band, present when
there is an overlapping of the signals from the chem-
ically shifted regions (Fig. 5b), is demonstrated in
the kidney phantom (Fig. 2) in which a definite band
of increased intensity (the enhanced boundary) is
observed. However, no overlap of the chemically
shifted regions is observed in the second phantom
(Fig. 3). The determining factors of whether an en-
hanced boundary is present are (a) the chemical
shift difference, (b) the thickness of the interface
that separates the chemically shifted species, and
(¢) the amplitude of the gradient used to acquire the
data. In Fig. 2b (2.0 mm pixel dimensions) the read
gradient amplitude is approximately 53 Hz/mm. If
the interface is assumed to be 0.1 mm thick, the oil
and water compartments are separated by fewer
than 6 Hz. Since the chemical shift difference be-
tween mineral oil and water is roughly 38 Hz, their
frequency difference is greater than the interface
thickness. Thus, in the image the two regions
overlap, yielding an enhanced boundary. For the 1.7
mm spatial resolution protocol used to obtain the
images of the second phantom studied (Fig. 3), the
gradient amplitude is approximately 66 Hz/mm. The
NMR tube walls, which are 1 mm thick, yield a
separation of approximately 66 Hz between the var-
ious liquids. Any intensity enhancement is there-
fore possible only for a chemical shift difterence
greater than 66 Hz.

This frequency-encoding of the physical interface
is the basis for the artifact being more pronounced
in lower resolution than higher resolution images
(Fig. 4). The reader is reminded that the frequency
resolution of a display pixel is 110 Hz regardless of
the gradient strength used. The frequency spread
due to chemical shift is a constant fraction of the
total frequency spread of a display pixel in both
high and low resolution images because the chem-
ical shift frequency difference is inherent and is not
due to physical location. The lower resolution im-
ages (1.7 mm pixel dimensions) are produced with
a smaller read gradient amplitude (66 Hz/mm) than
those of higher resolution (0.8 mm pixel dimensions
with 133 Hz/mm). Hence, the chemical shift fre-
quency difference represents a larger spatial spread
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in the low resolution image and is therefore more
pronounced.

Even when the distortion of spatial information
and resulting displacement due to chemical shift dif-
ferences is small compared with the bandwidth per
pixel, the effect is definitely apparent in the image.
Figure 6 shows images resulting from a computer
simulation of the chemical shift. The upper half of
each image shows the resultant pixel densities when
media on either side of the boundary have the same
chemical shift. The lower half of each image shows
the resultant pixel densities when the outside me-
dium is shifted to the right with respect to the inner
medium and interface. In Fig. 6 the chemical shift
difference simulated corresponds to that of the clin-
ical images (48% of a pixel width). In Fig. 6a this
shift is less than the interface or boundary width
(1.25 pixels). In this case the boundary seems to be
asymmetric since the shift of the outside medium
causes the left border to appear narrower and the
right border wider. When the shift is greater than
the boundary thickness, signals from the inner and
outer regions overlap, yielding an enhanced or
bright boundary on the left side with a dark border
on the right side. This situation is simulated in Fig.
6 in which the boundary is a width of 0.25 pixel.

Thus, Fig. 6 demonstrates that a chemical shift
difference considerably less than the width of a dis-
play pixel is sufficient to produce an image artifact.
This asymmetric artifact occurs in a plane (i.e., of
zero thickness) as has been demonstrated with the
images shown in Fig. 6 simulating the chemical shift
at fat—water interfaces. Application of slice-selec-
tion gradients might also produce chemical shift ar-
tifacts perpendicular to the slices, which would
yield nonplanar slices and artifactual displacements
into or out of the plane of section.

It is tempting to increase the gradient strength in
an effort to eliminate the chemical shift artifact. The
increased gradient strength causes the physical
boundary to be represented by an increased fre-
quency spread while the chemical shift is not af-
fected, and the chemical shift displacement thus be-
comes insignificant when compared with the phys-
ical boundary. However, the cost of implementing
this particular solution might be too great in terms
of the signal-to-noise ratio, since more noise will be
introduced without a concomitant increase in signal
strength.

In conclusion, this article demonstrates that
chemical shift differences can result in image arti-
facts observable in the direction of the read or fre-
quency-encoding gradient. Depending on the rela-
tive chemical shift between the media on either side
of an interface, the thickness of the interface, and
the gradient strength, the artifact may appear as two
asymmetric borders or one dark and one enhanced
boundary. That this effect is seen for chemical shift
differences corresponding to a fraction of a pixel
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FIG. 6. A computer simulation of the
chemical shift artifact. The upper half of
each image shows no relative shift with
respect to the two media; the lower half
demonstrates the same boundary with a
shift corresponding to 0.48 pixel width.
The boundary widths are (a) 1.25 and (b)
0.25 pixel. When the shift is smaller than
the boundary width as in (a), the dark
interface appears asymmetric; when the
shift is greater as in (b), there is an ar-
tifactual bright boundary at one side
and a dark boundary at the opposite
side.

has been demonstrated by computer simulation;
this shift can be thought of as a “‘*partial-volume”’
effect in the plane of the pixel in the read gradient
direction. Even though a boundary is smaller than
a pixel dimension, it is seen in the image because
the pixel has a different average signal intensity
from its surroundings. For the same reason, shifted
data, even though the shift is less than a pixel, can
also result in an average pixel value different from
the surrounding media, and, therefore, detectable
in the image. It is such a shift, resulting from the
chemical shift difference between fat and water,
that causes the enhanced boundary artifact seen in
some clinical images.

The clinical significance of recognizing and un-
derstanding the origin of this artifact lies in not mis-
taking it for real anatomic structure. As demon-
strated in Fig. I, this artifact can be recognized by
its characteristic appearance as a thin, low-intensity
line perpendicular to the direction of the frequency-
encoding gradient. Confinement within or extension
beyond this thin, low-intensity line cannot be used
as a criterion for staging neoplasms or disease pro-
cesses.
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