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Abstract

We report our basic studies and discuss our initial clinical experience with opposed-phase imaging performed using a low-
field MRI system for the examination of vertebral bone marrow lesions. MR imaging was performed using a 0.2-tesla
resistive magnet. Signal reduction in opposed-phase images was observed when both fat and water were present in the same
pixel. On the other hand, such signal reduction was not noted in in-phase or spin echo images. In all clinical cases,
uninvolved bone marrow was depicted with low signal intensity in opposed-phase image. Contrast in opposed phase images
was higher than that in coresponding spin echo images for both T1-weighted images (T1WI) and T2 or T2*-weighted images
(T2/T2*WI) in many cases. The enhancement effect in opposed-phase images was almost the same as that in spin echo

images.
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Introduction

The usefulness of MRI for the evaluation of
bone marrow lesion has been established. %9
MRI studies are performed for the detection of
lesions, the depiction of surrounding structures,
and the evaluation of therapeutic effect. The
signal patterns and enhancement effects of the
lesion are important factors in establishing the
correct diagnosis. In low-field MRI studies.
contrast of the lesion relative to uninvolved bone
marrow and its enhancement effect are often
poor. The chemical shift selective fat suturation
(CHESS) method selectively suppresses fat signals
2426 and is useful for depicting bone marrow
lesions in  T2-weighted images (T2WI) and
postcontrast Tl-weighted images (T1WT), (151819
It is. however, impossible to use the CHESS
method in low-field systems because the
frequency difference between water and fat is
small.

Opposed-phase images, in which the echo time is
set so that water and fat are in opposite phases in a
gradient echo sequence, can be employed in all
clinical MRI systems. Such images are expected to
be useful for the diagnosis of bone marrow lesions
using low-field systems. There have been no
reports on opposed-phase images in low-field MRI in
the literature, although there have been several
reports on the use of such images in high-field
MRI (26.10.1322.23)

In the present study, we report our basic
studies and describe our initial clinical experience
with opposed-phase imaging performed using a
low-field MRI system for the evaluation of
vertebral bone marrow lesions.

Materials and methods
MR imaging was performed using a 0.2-tesla
resistive magnet (Magnetom Open, Siemens,
Erlangen, Germany) with a body-small coil.
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Signal reduction in opposed-phase images was
confirmed using a phantom in basic studies. Both
fat and water were placed into the phantom, with
baby oil used as the fat component. A small
amount of Gd-DTPA was added to distilled water as
the water component in order to ensure
isointensity with fat in both TIWI and T2WIL
both

(Afterwards, the T1 and T2 wvalues of

components were measured. The T1 value of fat
was 138 ms, and that of water was 95 ms, and the
T2 value of fat was 80 ms and that of water was
73ms.) The ratio of fat to water was varied by
changing the slice position. The slice thickness

was 10mm, and five images were obtained:
a)l00% fat, b)75% fat and 25% water, ¢)50% fat
and 50% water, d)25% fat with 75% water, and
e)100%

phantom and the

water.  The signal intensity of the

standard deviation of the
background were measured for each image, and the
signal-to-noise ratio (SNR) was calculated for each
phantom. The SNR was defined as the signal
intensity value of the phantom devided by the
standard deviation of the background. The basic
studies included a spin echo sequence (T1 SE)
and opposed-phase (T1 op.) and in-phase (T1 in)
gradient echo sequences for TIWI and a turbo-
spin echo sequence (T2 TSE) and opposed phase
(T2 op) and in-phase (T2® in) gradient echo
T2/T2*WI. The
parameters are shown in Table 1.

sequence for sequence

In the clinical cases. the contrast of lesions
relative  to uninvolved bone marrow was
in TIWI and T2/T2'WI. and the

degree of enhancement in TIWI was assessed by

evaluated

the consensus of two radiologists. Eleven
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patients (6 men, Swomen) with vertebral lesions
were included in this initial clinical study. The
from 4 to 72 years of age

patients ranged

(average age, b3.3vears). The diagnosis was bone
metastasis in 7 patients, post-radiotherapy for
bone metastasis in 2, vertebral hemangioma in 1,
and osteoarthritis in 1. The diagnosis was based on
clinical findings, the patients clinical course, and
the results of other imaging examinations. No
histological corroboration was obtained. T1 SE
TSE

studies and TI

and T2 were performed as precontrast
SE was performed after the

administration of contrast medium. One or two of

the three opposed-phase images (T1 op., T2* op.. and

Figure 1. Coronal images of the phantom
left: T1 SE, right: T2 TSE

a b c d e

Figure 2. Axial images of the phantom
a: 100% fat b: 75% fat and 25% water
c: 50% fat and 50% water d: 25% fat and 75% water
e: 100% water
Each T1 SE image shows similar signal intensity, but
T1 op. images including both fat and water in the same
slice (lower: b,c,d) show low signal intensity.

Table1. Sequence parameters

Sequence TR TE Flip angle ETL Acquisition Bandwidth ~ Scanning time
(msec.) (msec.) (deg.) (Hz/pixel.)

T1 SE 500 30 2 33 5min.10sec.
T2 TSE 6000 114 7 1 65 9min.19sec.
T1 op. 500 17 90 2 56 5min.10sec.
T2%op. 500 17 25 2 56 5min.10sec.
Tiin 500 35 390 2 26 5min.10sec.
T2%n 500 35 25 2 26 5min.10sec.

Slice thickness=10mm,Matrix=192>X256, Field of view=320mm
ETL:echo train length
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Figure 3. Signal-to-noise ratio (SNR) of each image
a: TIWI, b: T2/T2*WI

The SNR is reduced in opposed-phase images when
both fat and water are present in the same pixel. The
SNR of in-phase images, which is similar to that of spin
echo images, is not reduced even when both fat and
water are present in the same pixel. The image of 50%
fat and 50% water shows the lowest signal intensity of
all the images. The SNR of T1WI is about three times
higher than that of corresponding T2/ T2*WI.

postcontrast T1 op) were also obtained within a
reasonable examination time.

Results

In coronal phantom images (figure 1), the signal
intensities of fat and water were similar in both T1
SE and T2 TSE. Figure 2 shows five images
obtained by T1 SE and T1 op. Each T1 SE
image shows similar signal intensity, but some T1
op. images including both fat and water in the
same slice (lower: b,c,d) show low signal
intensity. Figure 3 shows the SNR of T1WI, and
T2/T2*WIL The SNR is reduced in opposed-phase
images when both fat and water are contained in
the same slice. The SNR of in-phase images is
not reduced and is similar to that of spin echo
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images.

In all of the clinical cases, uninvolved bone
marrow showed low intensity in opposed-phase
image. Table 2 shows the results of visual
evaluation in each examination. In many cases,
the contrast in opposed-phase images was higher
than that in the coresponding spin echo images
for both TIWI and T2/T2*WI, although it should be
noted only a small number of clinical cases were
evaluated in this study. The degree of
enhancement in opposed-phase images was
almost the same as that in spin echo images.

Several illustrative clinical cases are presented.
Case 1 is a 33-yvear-old man with bone metastases
from testicular cancer (figure 4a-e). A metastatic
lesion in the spinous process of the ninth thoracic
vertebra is more clearly demonstrated in a T1 op.
image than in T1 SE and T2 TSE images, and
enhancement is more pronounced. Case 2 is a 70-
year-old woman who underwent radiotherapy for
bone metastasis from breast cancer (figure 5a-c).
Post-radiation fatty changes from the second to
the fourth lumbar vertebra and another
metastatic lesion in the eleventh thoracic
vertebra are more clearly depicted in a T1 op.
image than in T1 SE or T2 TSE images. The
next example is a case in which the contrast of the
lesion was not Iimproved in opposed-phase
imaging compared with the SE method. Case 3 is a
7l-year-old man with sclerotic bone metastases

A B c
TiWI 4 3 0
T2/T2*WI 3 1 1
postcontrast T1WI 1 3 1

Table2. Visual evaluation of each imaging technique
For TIWI and T2/T2*WI, contrast of the lesion relative to
uninvolved bone marrow was evaluated. For postcontrast
T1WI, the degree of enhancement was assessed.

A: Clearer in opposed-phase images

B: Equally clear

C: Clearer in spin echo images

Contrast in opposed phase images is higher than that in
coresponding spin echo images for both T1WI and
T2/T2*WI. The degree of enhancement in opposed-phase
images is almost the same as that in spin echo images.
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Figure 4a Figure 4b Figure 4c Figure 4d Figure 4e

Figure 4 33-year-old man with bone metastases from testicular cancer
a: T1 SE, b: T2 TSE, c: postcontrast T1 SE, d: T1 op., e: postcontrast T1 op.
Compression fracture of the fourth lumbar vertebra is recognized. The lesion shows low signal intensity in a T1 SE
image (a), isointensity in a T2 TSE image (b), and slight enhancement in the posterior part of the vertebral body (c).
Another metastatic lesion in the spinous process of the ninth thoracic vertebra is clearly demonstrated in a T1 op.
image (d), and enhancement is also clearly observed (e), whereas the lesion is not clearly visualized in T1 SE and T2
TSE images.

Figure 5

70-year-old woman who
underwent radiotherapy for bone
metastasis from breast cancer
a:T1 SE,b: T2 TSE, c: T1 op.

A metastatic lesion in the third
lumbar vertebra is clearly
depicted in both T1 SE (a) and
T2 TSE (b) images, whereas
fatty marrow showing post-
radiation changes from the
second to the fourth lumbar
vertebra and another metastatic
lesion in the eleventh thoracic
vertebra are clearly shown in a
T1 op. image (c).

Figure 5a Figure 5b Figure 5¢
from prostatic cancer (figure 6a-c). Bone backache. MRI was performed for suspected bone
metastatic lesions are depicted as low signal metastasis (figure 7a-c). As small lesion in the
intensity in all images. In T2* op. images, contrast first lumbar vertebral body shows high signal
between the lesion and uninvolved bone marrow is intensity in both T1 SE and T2 TSE images. and is
reduced. Case 4 is a 6l-year-old man with therefore identified as a hemangioma. In a T1 op.

prostatic cancer. Since he complained of image, the lesion is also depicted as an area of



Figure 6a

Figure 7a Figure 7b

Figure 7 61-year-old man with prostatic cancer
a:T1 SE, b: T2TSE, c: T1 op.
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Figure 6 71-year-old man with
sclerotic bone metastases from
prostatic cancer

a: T1 SE, b: T2 TSE, c: T2* op.
Extensive sclerotic metastatic
bone lesions are depicted as
low signal intensity in all images
(a-c). In a T2* op. image, the
signal of uninvolved bone
marrow also shows low signal
intensity, so contrast between
the lesion and uninvolved bone
marrow is reduced (c).

Figure 7c

This patient complained of backache, and MRI was performed for suspected bone metastasis (a-c). A
small lesion is seen in the first lumbar vertebral body. Since the lesion shows high signal intensity in both
T1 SE (a) and T2 TSE (b) images, it is identified as a hemangioma. In a T1 op. image (c), the lesion also
shows high signal intensity. It is considered difficult to differentiate between metastases and other lesions

based on opposed-phase images alone.

high signal intensity. It is considered difficult to

differentiate  between metastases and other detection of bone

lesions based on opposed-phase images alone.

Bone scintigraphy is widely employed for the

metastases. However, non-

metastatic lesions such as fractures or areas of

inflammation sometimes show high uptake. MRI is

Discussion

an excellent diagnostic modality for examining
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soft tissues and is useful for the evaluation of lesions
showing high uptake in bone scintigraphy. @)
Differentiation between a fracture secondary to
osteoporosis and a fracture secondary to
important when

metastasis is  particularly

compression fracture of a vertebral body is
found."617 The

signal pattern, and enhancement effect of the

morphological characteristics,

lesion are important factors in establishing the
correct diagnosis. MRI is also useful for
evaluating the relationship between tumors and
nearby structures such as the spinal cord and
nerve roots. In addition, MRI makes it possible to
estimate the area of involvement in diseases that
spread within the bone marrow such as leukemia
and multiple myeloma 4710111314 The ysefulness of
MRI in the evaluation of bone marrow lesions has
been widely recognized.!'®

However, in examinations performed using low-
field MRI systems, lesions often show low
contrast and poor enhancement relative to
uninvolved areas. In TIWI, the echo time (TE)
must be set longer in order to set a longer
sampling time to compensate for the low SNR,
and T1 contrast is degraded as a result. In T2
TSE, which is currently widely employed for
routine scanning, uninvolved bone marrow is
depicted as high signal intensity compared with
conventional T2-weighted spin echo sequences.
Therefore, contrast between uninvolved bone
marrow and lesions, which are usually depicted
as areas of high signal intensity, is degraded.
With respect to enhancement effects. there are
two disadvantages in low-field MRI. One is poor T1
contrast due to the relatively long TE. The other is
that the T1 value in low-field MRI studies is
shorter than that in high-field studies, which
means that after the administration of contrast
medium, the degree of shortening in the T1 value is
reduced.  The usefulness of fat suppression
method, in addition to routine TI1- and T2-
weighted imaging, has been established for bone
marrow lesions. Although there are several fat
suppression methods available, the CHESS
method®+29  ig

widely employed for the
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examination of the bone marrow in mid- or high-
field MRI studies.!>!1819 Tn this method, signals
are obtained after fat is selectively saturated, and a
high field is advantageous due to large frequency
difference between water and fat. However, the
frequency difference is only about 28 Hz at 0.2
tesla, so it is impossible to employ the CHESS
method in a 0.2-tesla MRI system. The short TI
inversion recovery (STIR) method is another fat
suppression method that is available in all clinical
systems. The disadvantages of this method are a
low SNR and different contrast effects from the
SE method.
evaluate in this method.

Enhancement is also difficult to

Opposed-phase imaging is also available in all
clinical MRI systems. The difference in
resonance frequency between water and fat is
about 3.5ppm. In gradient echo sequences,
various directions of water and fat can be
specified in relation to the echo time. Among
these directions, in-phase is defined as the case
when water and fat are in the same direction, and
opposed phase is defined as the case when water
and fat are in opposite directions. When only one
component is present in a pixel, the intensity
represents the signal of the component itself.
However, when both fat and water are present in
the same pixel, the signal intensity represents the
sum of the two components in in-phase images
and the difference in opposed-phase images.
Therefore, in opposed-phase images, tissues that
contain both water and fat show low signal
intensity and tissues that contain only water or
fat show high signal intensity, as demonstrated in
our basic studies. This is a major difference from
the CHESS and STIR methods. Cycling between
in-phase and opposed-phase condition is slow in a
0.2-tesla system, with the first opposed-phase
condotion appearing at about 175 ms and the
first in-phase condition appearing at about 35 ms.
In our clinical studies, TE was set to 17 ms for
opposed-phase images.

In the basic studies described here, the ratios of
the components in the phantom were varied
using the partial volume effect by changing the



slice position, and the resulting changes in signal
intensity were evaluated. Signal reduction was
observed when both fat and water were present in
opposed-phase images. Both fat and water
components were liquid, and the boundary
surface was not straight due to surface tension
effects. As a result, concentric circles were seen in
the images, and ratios did not agree perfectly
with theoretical values. Nevertheless, changes in
signal intensity could be clearly observed.

Bone marrow can be divided into red bone
marrow and fatty vellow marrow, with the
amount of yellow marrow gradually increasing
with age. The composition of red marrow is 40%
water, 40% fat, and 20% protein. while yellow
marrow contains 15% water, 80% fat, and 5%
protein® It is therefore expected that the signal
from red marrow should be strongly suppressed in
opposed-phase images. In adults, red marrow
tends to persist in the vertebral bodies, while the
red marrow in distal parts of the long bones is
converted to vellow marrow'¥  Therefore,
vertebral bone marrow shows low signal intensity
in opposed-phase images in both children and
adults. Although a large number of subjects of
various ages should be studied before reaching a
firm conclusion, the bone marrow showed low
signal intensity in opposed-phase images in all of the
cases in the present study. Bone metastases
usually arise in red marrow due to hematogenous
spread. and the detection of metastases in the
spine is of great clinical importance.

Although the present study included only a
small number of cases, lesions containing a large
water component such as metastases were
depicted as high signal intensity, and contrast
relative to uninvolved areas was good. However,
since sclerotic metastatic lesions show low signal
intensity in opposed-phase images, contrast is
reduced, as shown in case 3. In this case, routine
T1 SE and T2 TSE images were useful, and it
was not necessary to obtain opposed-phase
images. Lesion containing large amounts of fat
show high signal intensity in opposed-phase
images, as shown in case 42812 In such cases as
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well, opposed-phase images do not need to be
obtained, since routine TIWI and T2WI are
adequate for diagnosis. Therefore, opposed-phase
imaging should not replace routine TI1 SE and
T2 TSE., but should be used in combination in
order to improve the detectability of the lesions.

The advantages and disadvantages of opposed-
phase images can be summarized as follows. The
advantages are 1) such images can be obtained
even using a low-field MRI system, 2) both T1- and
T2-weighted images can be obtained, 3) contrast is
good, resulting in high sensitivity in the detection of
lesions, and 4) enhancement effects can be
evaluated. The disadvantages are 1) the SNR of
opposed-phase images is low and 2) other types of
images must be acquired to ensure a correct
diagnosis, since areas of high signal intensity may
appear for a variety of reasons. In conclusion. our
initial experience indicates that opposed-phase
images show great promise in the diagnosis of
bone marrow lesions with low-field MRL
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