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A cancellation of signal intensity at
the interface separating selected tis-
sue-equivalent materials is observed
in inversion recovery proton MR
images. The absence of signal inten-
sity at the interface is always one
pixel wide and appears only when
the tissue-equivalent materials
forming the interface differ sub-
stantially in their longitudinal re-
laxation times (Ti). Images were ob-
tamed of various two-layer corn-
binations of tissue-equivalent mate-
rials consisting of vegetable oil, ani-
mal fat, saline, aqueous Mn+l, or 2%
agar doped with Mn�2. This type of
boundary is compared with chemi-
cal shift artifacts, which at 0.i5 T
and 0.35 T produce a similar effect.
A clinical example of the opposed
magnetization artifact is also
shown. Since tissues with substan-
tially different Tis are found in
vivo, it is expected that this effect
could lead to an instrument-depen-
dent artifact that could easily be
misinterpreted.
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S THE number of techniques for

magnetic resonance (MR) imag-

ing grow and improvements in sig-

nab-to-noise ratios (S/N) and nesolu-

tion are made, radiologists are

confronted with a barge number of

image acquisition and display op-

tions. By selecting a suitable tech-

nique, radiologists can enhance the

contrast between normal and abnor-

mal tissues in a region of interest.

Variation of timing parameters in

standard pulse sequences (partial sat-

uration [PS], spin echo [SE], and in-

version recovery [IR]) can selectively

enhance the desired region. Clini-

cians have great interest in selective-

by using timing parameters to distin-

guish tumor from edema on to

distinguish malignant tumors from

benign ones. Ideally, clinicians

would like to delineate the bound-

aries of tumors exactly in order to

measure their size and extent.

Using various approximations, a

number of authors have modeled

pulse sequences and predicted the ef-

fect of these sequences on image con-

trast with various standard instru-

ment settings (i.e., repetition time

[TR], echo delay [TE], and inversion

time [TI]) (1-6). In addition, proton

density, which previously had been

thought not to be a factor in image

contrast, has been shown to influ-

ence the appearance of brain images,

especially when the effects of the

other parameters tend to cancel each

other (1, 5, 6).

In this paper, we show that the IR

pulse sequence reveals an instrument

setting-dependent artifact that ap-

pears as a thin, dank line, always one

pixel wide. We term this effect the

“opposed magnetization artifact.”

The origin of the boundary is similar

but not identical to the “bounce

point” artifact reported elsewhere

(4). This artifact is also not the same

as the chemical shift artifact that can

be found on both SE and IR images

(7). The nature of and differences be-

tween these two artifacts will be dis-

cussed.

After observing the opposed mag-

netization artifact while booking for

other effects, we offered a hypothesis
(8) and tested it on boundaries be-

tween materials with widely differ-

ent Tis. We determined the effect

could occur between materials with

smaller differences in Ti and could

be demonstrated in a clinical image.

Thus, the effect will occur between

numerous tissues in certain JR im-

ages.

Boundary Artifacts in IR Images

The equation modeling the time

evolution of the magnetization in an

IR sequence was derived previously

(9):

M�(TI, TR)= M0(i - 2e_T�Tl

+ e_Tl�Tl), (i)

where M2 is the longitudinal magne-

tization and M0 is the magnetization

equilibrium.

Because many methods of MR im-

age reconstruction display the abso-

lute value of the Fourier transform,

the time dependence of the magneti-

zation, which is proportional to the

signal strength, has the appearance

shown in Figure 1. For a tissue with a

given Ti, the absolute value M� de-

creases to a null value then increases

to its equilibrium value. The time at
which M� has its minimum value has

been called the “bounce” or “null”

point (4). The relative value of M� at

a given time is a function of a physi-

cab characteristic of the tissue, Ti,

and machine settings (TR and TI).

Many machines, including the three

used for these experiments, add an

additional 180#{176}pulse to the IR pulse

sequence to produce a spin echo (SE)

(i.e., an JR-SE sequence). This addi-

tional pulse adds a T2 effect, which

to first order can be modeled as (1)
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Figures 1, 2. Absolute value of the signal (proportional to the longitudinal magnetization) versus TI in an IR-SE sequence for materials
having different Tis. The bounce points are where the curves intersect the x-axis. At the TI labeled A (approximately 275 msec), the magneti-
zation of one material is equal in magnitude but opposite in direction to the other. (2) IR-SE images of four two-layer combinations. Clock-

wise, from upper left of each photo, the top/bottom materials are: mazola/watem, mazola/saline, water/lard, Cnisco/saline. TR 3 sec for all
images (a) TI = 100 msec. (b) TI 200 msec. (c) TI 400 msec. (d) TI 600 msec. Note the change in relative intensity of the two layers with
TI. This and all subsequent images have a resolution of 1.7 mm unless stated otherwise.

S(TI, TR) = M0(l - 2e_TUT1

+ e_TRhhl)e_TE/T2,

where S is the signal amplitude de-

tected at TE seconds after t TI. For a

given TE, the effect is just to multiply

the curve by a constant factor,

exp(-TE/T2) (Fig. 1). We have ne-

glected second order corrections in

TE and T2 that may become important

for small TR (10). If we solve equa-

tion (2) for S equal to zero, we get the

value of TI for the null point; howev-

en, the estimate of TI = (0.69) (Ti) for

the null point (4) can be highly mac-

curate if TR is not large compared to

Ti. A more correct expression is

/i + e_T��Tl
TI = -Ti in I

�

For instance, if TR 1 second and Ti

= 500 msec, equation (3) gives 283

msec, while TI (0.69) (Ti) gives 346

msec, a 22% error.

When two different materials are

considered, the situation can be de-

scmibed using Figure 1. If the two ma-

temials have different Tls and T2s,

their respective bounce points can

occur at different times. Several au-

thoms pointed out that the contrast

between two contiguous tissues can

be increased if TI is chosen at on near

the bounce point of one of them

(1,4).

Another effect, the opposed mag-

netization artifact, can occur if TI is
chosen not at the bounce point of

one of the materials but at a point

where the longitudinal magnetiza-

tion of each material is approximate-

(2) by equal in magnitude but opposite

in direction relative to the external

field B0. This corresponds to point A

in Figure 1, where the negative slope

part of one curve intersects the posi-

tive slope part of the other curve.

With this TI, the signals emitted from

the two materials will be 180#{176}out of

phase and will destructively interfere

such that the net signal is small only

in the pixels in which both materials

are found, namely, along the bound-

any separating them. Those pixels

that consist entirely of one material

or the other will appear with equal

intensity. The net effect will be to

have two materials appearing mela-

tiveby bright but separated by a thin,

(3) dark bine. Since only those pixels that

span the physical boundary show de-

structive interference, the size of the

boundary is defined by the pixel di-

mensions (resolution).

Chemical Shift Artifacts

The chemical shift of protons in

lipids relative to water produces

well-documented effects in imaging,

especially at higher fields (7, ii-i3).

The effect of the chemical shift is a

displacement in the frequency en-

coding direction. The size of this spa-

tial shift is on the order of typical mes-

olution values and results in comput-

em-generated mismegistration of fat-

containing signals by a pixel on two

relative to the spatial locations of the

water signals. This produces a signal

void where the fat has shifted away

from the water and an increase in

signal where the fat has shifted into

the water-containing pixels. The sig-

nab void, which is approximately one

pixel wide, may have a similar ap-

peanance to the opposed magnetiza-

tion artifact.

MATERIALS AND METHODS

Two different imaging systems were

used to detect and explain these artifacts:

a whole-body Technicare (Cleveland,
Ohio) 0.15-T resistive system at Indiana
University and a 0.35-T Diasonics (Milpi-
tas, Calif.) superconductive system at the
University of Michigan. The main fea-
tunes of these machines have been de-

scnibed elsewhere (14, 15). An additional

experiment was performed on a 1.5-T
General Electric Signa system at Henry
Ford Hospital. The ability to modify TI
and TE on this system allowed us to visu-

abize the opposed magnetization artifact
at different TIs.

Various materials were used in these

experiments, including mineral and vege-
table oils, lard, saline, and tap water.
Aqueous Mn+2 and Mn+2�doped agar

were also used to generate nonfat-con-

taming materials with relatively short

Tis. Immiscible materials were placed in
large plastic test tubes or open plastic
containers. Cellophane was used as a
physical barrier when diffusion of Mn’�2

between materials was evident. In one
case, liquids were injected into sealed
containers that were then immersed in a

tub of tap water.

RESULTS

Figure 2 shows the boundary effect

on a 0.15-1 IR-SE image between water
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Figures 3, 4. SE 2,500/60 (TR msec/TE msec) images at 0.15 T of the same materials as in Figure 2. The contrast between the material is ap-

proximately the same as that in the IR-SE images in Figure 2c, but no boundary exists. The Cnisco and the lard are darker on the T2-weighted
image and demonstrate relatively short T2s. (4) Computer simulation of the longitudinal magnetization for fixed TE, TR, and TI as a function
of Ti for two different T2s. A boundary exists for two materials having Tis such that the distance below the centerline (zero magnetization)

for one is equal to the distance above the line for the other. Squares represent T2 50 msec; circles represent T2 75 msec.

Figure 5. IR-SE 1,900/210/28 (TR msec/TI
msec/TE msec) (lower) and SE 2,000/28 im-

age (upper) at 0.35 T. From left to night in
both rows: vegetable oil/agar, vegetable oil!
aqueous Mn+2, mineral oil/tap water, mm-
era! oil/tap water. The boundary is indepen-

dent of resolution and field strength. The
graying of the boundary is a partial volume

effect.

on saline and oil or other fatlike matemi-
abs. The boundary is cleanly visible
when one layer has a long Ti (saline,

>2 secs) and the other has a short Ti
(oil, <200 msec). Figure 2 shows the ef-

fect of varying TI for the same set of
materials. The boundary is enhanced at
a TI of 400 msec, though it is still visi-
ble at TI = 200 and 600, where the mela-
tive intensities of the layers are not

equal. This is because all four tubs con-
tam material with a very long Ti (wa-
ten on saline) and material with a very

short Ti (oil or fat). For water or saline

with a Ti greater than 2 seconds, the

bower bound (using Ti .69 TI) for the
null point is 1 .7 seconds. For oil with a

Ti of about 200 msec, the null point oc-

curs at about i40 msec. At TIs of 200,
400, and 600 msec, the longitudinal
magnetization of the oil phase is posi-
tive and the longitudinal magnetiza-

tion of the water phase is still negative,
resulting in some cancellation. The ef-
fect in images with TIs of iOO msec is
more ambiguous. For the two tubs con-

taming oil (top left and top right, Fig.
2a), iOO msecs is shorten than the null
points of both the oil and water. In this
situation, the longitudinal magnetiza-

tions of both oil and water are nega-

tive. No cancellation occurs, and no
boundary is seen. In the two bottom
tubs of Figure 2a, more solid materials,

Cnisco on the left and lard on the right,
were used. These solid materials should

have a shorter Ti than oil, and the
much more solid land should have a
shorter Ti than the softer Cnisco. If the
Ti of these materials is less than about

i50 msec, their longitudinal magnetiza-
tions will have become positive at iOO

msec, resulting in a cancellation with
the longitudinal magnetization of wa-

ten in the boundary pixels. The bound-
amy is clearly seen in the water/lard

container and is ambiguous in the
Cnisco/saline container. While Ti mea-
sunements from these images may not

be accurate, the numbers we calculated
using the manufacturer’s software are

consistent with this explanation. At
0.i5 T they are: oil, 175 msec; Cnisco,

i47 msec; and land, i37 msec.
Even though the boundary effect

varies for the materials and the TIs
shown in Figure 1, all the images have

an appearance distinctly different from
the SE image shown in Figure 3. With

the same spatial resolution and approx-

imately the same contrast, no boundary

is observed in the SE image.
To examine the dependence of the

opposed magnetization artifact on Ti
and T2, we simulated the relative in-

tensities for a number of Ti-T2 combi-
nations at a specific TR, TE and TI. A

typical result is shown in Figure 4. The
object was to pick materials and ma-
chine settings that maximized the rela-
tive intensities while maintaining a

clearly visible boundary. Though our
study is not exhaustive, a general trend
is that the conditions that favor visual-

ization of the boundary are long TR,

short TE, and a two-layer combination
of materials with a Ti less than 300

msec coupled with materials that have
a Ti greaten than 500 msec. TI is not a

continuous variable on the UM ma-
chine, so graphs like the one in Figure
4 are necessary to estimate the Tis of
pairs of materials that will demonstrate
the boundary effect. From Figure 1 it is
apparent that a boundary will exist

only for TI between the null points of

the two materials. We have neglected
differences in proton density between

the two materials in these simulations.
Small differences in proton density

will effect visualization of the bound-
ary (see Discussion).

Materials with different Ti combina-
tions were imaged at 0.i5 T and 0.35 T.

For a given instrument setting, only a
small range of Ti combinations will

give a boundary. Figure 5 shows some

combinations with Mn+2�doped agar,
aqueous Mn+2, or tap water as the bot-

torn phase and vegetable on mineral oil
as the top phase. As in Figure 3, the SE
images show no boundary for various

combinations of materials even though
the contrast is similar to that in the IR-

SE images. The boundary is continuous
for the flat oib/agar interface on the
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left. For the other three tubes with liq-

uids in both phases, the curved nature

of the physical boundary produces ad-
ditionab partial volume effects (graying

of the boundary) where the physical

boundary cuts across the edge of a
pixel.

Figure 6 shows the T2 effect on the

boundary condition. Since the bottom
phase (water) has a longer T2, the reba-

tive intensities are more nearly equal

on the second echo, thus enhancing the

boundary. In an IR-SE sequence, the
opposed magnetization artifact is a

function of Ti, T2, and the respective
machine parameters TI and TE, consis-

tent with equation (2).

An example of the opposed magneti-
zation artifact seen in high-field imag-

ing is shown in Figure 7. Ti and T2
were measured for both oil (top phase)
and tap water (bottom phase) using the
manufacturer’s software. A total of

eight different points (TE 25, 40, 50,
75, 80, 100, 120, and i60 msec) were

used for the T2 calculation, and six
points (TR = 300, 500, 800, 1,000, 2,500,
and 4,000 msec) were used for the Ti

calculation. The results of the calcula-

tion gave 328 msec and 50 msec for the

Ti and T2 of the oil and 4,530 msec and

900 msec for the Ti and T2 of the water
at 1.5 T. The only difference between

the images in Figure 7a and 7b is the
TI. In Figure 7a (TI 370 msec), the

boundary is clearly demonstrated near

the calculated crossover point (anabo-

gous to point A in Fig. i). In Figure 7b,
no boundary is evident at a TI of 1,200
msec, where the signals from both ma-

temials have the same phase. This figure
not only shows the field independence

of the opposed magnetization artifact
but also shows that flexibility in the

control of the pulse sequence pamame-
tems allows the double-valued nature of

IR magnitude reconstruction to be

demonstrated. The materials are isoin-
tense in both images with different im-
aging parameters, but the boundary
only appears in Figure 7a, in which the

signals from the two materials are 180#{176}

out of phase.

The difference between chemical

shift artifacts and phase cancellation

boundaries is shown in Figures 8 and 9.
In these experiments, a thin plastic
container was filled with either miner-
al oil or an aqueous MnCl2 solution. At
0.35 T, both materials had Tis of ap-

proximately 200 msec. The thickness of
the walls of the container (<0.i mm)

was much smaller than the resolution
(1.7 mm). Both containers were im-

mersed in water and imaged simulta-
neously. On the SE image, the chemical

shift artifact is shown to be only in the
frequency encoding direction (horizon-

tab). The black band on the right of the

oil container is where the oil signal has
shifted away from the water, leaving a

Figure 6. IR-SE image at 0.35 T of oil/water

interface. Left is the first echo (TE 28

msec) and right is the second echo (TE 56

msec). Note the longer T2 of water gives an

enhanced boundary on the second echo
where the intensities are more nearly equal,
but a boundary does exist for unequal inten-

sities on the first echo.

signal void. The bright rim on the left

is where the oil signal overlaps the Wa-

ten signal. There is no edge effect in the

vertical, phase-encoding direction. No

edge effect is seen on the MnC12 con-

tamer.
In the IR-SE image, both containers

exhibit the boundary effect in every

pixel that contains the boundary be-

tween the container and the surround-
ing water. In addition, the oil container

also exhibits the chemical shift artifact.

The opposed magnetization artifact

is demonstrated in an image of a

healthy volunteer in Figure iO. With

the pulse sequence parameters listed in
the figure, the magnetization from the
white matter is near the null point but
is recovered past zero. The more slowly

relaxing magnetizations of the gray

matter and CSF are still negative, me-

sulting in the boundary between both
white matter and gray matter and be-
tween white matter and CSF.

DISCUSSION

Both of the artifacts discussed have

been seen in clinical images. The chem-

ical shift artifact is more pronounced at
higher fields, but it is important to note
its appearance at lower fields (0.35-0.6

T) in order not to mistake the artifact

edge for an anatomic structure (such as
a blood vessel). One way to test for the
effect, as demonstrated earlier, is to
look for a difference in the edge be-

tween pixels that separate fat and water
in the phase-encoding and frequency-

encoding directions. These three differ-
ent effects-flow void from small yes-
sels, chemical shift artifacts, and

opposed magnetization artifacts-can
all have a similar appearance on any

one image. It is important to distin-

guish these effects in IR-SE images in

‘._c, - ----�-------

phase.

order to avoid diagnostic errors.
The opposed magnetization artifact

in IR or IR-SE images depends not on

the relative chemical shift between two

phases but on the difference in their Ti
values. The requirement for a signal-
free boundary is not, as the computer
simulations suggest, that TI be exactly

at that time where the magnetization
per unit volume of one material is

equal in magnitude but opposite in di-
rection to the other, but that it falls be-
tween the null points of the two mate-

rials. Figure 9 shows a well-defined

boundary even though the intensities

of the two materials are unequal. This
is a consequence of the pixel size being

much larger than the physical bound-

amy. If the magnetizations per unit vol-
ume of the two materials are unequal
and opposite in direction, the opposed
magnetization artifact will occur in
those pixels with a proportionately

larger volume of the material with the
lower signal strength. Partial volume

effects (graying of the boundary) do oc-
cur when the physical boundary just

cuts across the corner of a pixel, as in

Figures 5 and 6.
The appearance of the opposed mag-

netization artifact is a consequence of
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Figures 8-10. SE image at 0.35 T of two plastic containers immersed in water. The container on the left is filled with aqueous MnCl2. The
container on the right is filled with oil; the chemical shift is cleanly seen on this container in the frequency encoding direction as a bright

band on the left and a dark band on the night. (9) IR-SE image at 0.35 T with the same materials as Figure 8. Here the boundary effect can be
seen encircling both containers in both phase encoding and frequency encoding directions. The thickness of the walls of the containers
(<0.1 mm) is much smaller than the resolution (1.7 mm). The Ti of both the oil and the MnC12 solution is approximately 200 msec. (10) Mag-

nified transverse IR-SE 1,500/300/25 image of the head at 1.5 T. The section thickness was 5 mm, the field of view for the nonmagnified im-
age was 24 cm, and the matrix size 128 X 256. The boundary exists between both cerebrospinal fluid (CSF) and white matter (left arrow) and

between gray and white matter (right arrow).

the reconstruction technique; mecon-

stmuction that retains phase informa-
tion would result in a different map-

ping of the signals fmom tissues with
short and long Tis. Cancellation would
still occur, but the interface would ap-

pear as a gray border between a bright
region (short Ti) and a dark region
(long Ti).

The opposed magnetization artifact
(Fig. iO) is harder to distinguish from

flow-void effects than the chemical
shift artifact. Comparison of IR-SE and
SE images of the same region, however,
will show no boundary in the SE im-

age. This kind of artifact may be used
to define the bonder between two areas
in a region of interest, particularly if

one tissue has a long Ti. Since use of
this effect requires knowledge of Tis, it
may not be practical on a routine basis;
however, improvements in S/N and

resolution may make it useful as a spe-

cialty sequence for delineating exactly
the boundary of a desired region. For

example, a small malignant growth on
the wall of a breast cyst surrounded by
fat might be visible as a break in the
opposed magnetization border, even
though the lesion might be smaller
than a pixel. With use of this method,
small irregularities in the bonder of a

lesion might prove to be a sensitive in-
dicator of malignancy, particularly in
regions such as the mediastinum or in
the breasts of older women. The

smoothness of the border between car-

tilage and synovial fluid could also be
studied in this manner. Infiltration of

one material into another could result

in a region of pixels satisfying the
boundary condition instead of a border

one pixel wide. Using synthesized im-
ages, it might be possible to extrapolate

to a different TI, obviating the need to

know the Tis beforehand. U
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