
Introduction

Gradient-echo sequences with longer repetition times
than used for fast imaging (TR ³ 100 ms) and echo
times (TE) adjusted to anti-parallel transverse magneti-
zation of fat and water protons (opposed-phase se-
quences) which are sensitive to chemical shift have
proved to be of high diagnostic sensitivity for imaging
of bone marrow pathology. The main advantage is the
low signal intensity of red bone marrow and the high sig-
nal intensity of pathology such as tumor, inflammatory
disease, and edema, all of which results in a lesion-to-
marrow contrast which typically exceeds that for T1-
and T2-weighted SE imaging. Although described by
Wismer et al. [1] and widely diagnostically used, no
systematic data which relates the signal intensity of
mixed fat-water tissues (fat cells, water-equivalent cells,
extracellular fluid) to imaging parameters [TR, TE, flip
angle (FA)] and tissue parameters, especially the fat-
to-water ratio QF/W, have been reported in the literature
thus far.

Chemical shift

The majority of protons in biological tissues are bound
either in water via an OH-binding (water-bound or wa-
ter-equivalent protons) or in fat (fat-bound or fat-equiv-
alent protons) via CH2-binding of the long fatty acid
chains. Due to shielding effects of the hull electrons,
the protons experience different magnetic fields and
thus precess with different frequencies which are 3.5
ppm apart. Imaging relevant phase shift between fat-
and water-bound protons is visualized by all GE se-
quences and special SE-based sequences (e. g., Dixon
technique; Fig. 1). The phase shift between fat and water
results in a TE-dependent modulation of signal intensity
for all pixels containing fat- and water-bound protons.
Signal intensity is dependent both on TE and magnetic
field strength Bo. For in-phase imaging transverse mag-
netization of fat-bound and water-bound protons is add-
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Abstract. Signal intensity for opposed-phase gradi-
ent-echo (GE) sequences of tissues composed of fat-
and water-equivalent cells such as red bone marrow
is extremely sensitive to variation of the ratio of
both cell populations (fat-to-water ratio QF/W). Be-
cause most bone marrow pathology results in varia-
tion of QF/W, GE sequences are characterized by
high-contrast imaging of pathology. The aim of this
study was to evaluate the influence of TR, TE, FA,
QF/W and histology on signal intensity. Signal intensity
of opposed-phase GE sequences as a function of TR,
TE, FA, and QF/W was measured for a fat-water phan-
tom and cadaver specimens of normal bone marrow
(red and yellow) and pathological bone marrow (tu-
mors). All specimens were correlated to histology.
Opposed-phase GE imaging of red bone marrow pa-
thology results in low-signal-intensity imaging of in-
tact red bone marrow and high-signal-intensity posi-
tive contrast imaging of pathology associated with a
change in QF/W. In first-order approximation the sig-
nal intensity of pathology is linearly correlated to
the change in QF/W. Opposed-phase GE imaging is a
sensitive imaging technique for red bone marrow pa-
thology. Relative contrast of red bone marrow pa-
thology is similar to fat-suppressed imaging tech-
niques. Acquisition time is identical to T1-weighted
SE sequences.
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ed and thus is maximized as for SE imaging (Fig. 2a, b).
For a TE where the transverse fat and water magnetiza-
tion is opposite in direction (opposed-phase imaging)
magnetization is the difference of both magnetization
components and thus signal intensity is minimized
(Fig. 2 c, d).

The frequency shift of 3.5 ppm between water- and
fat-bound protons is linked via the magnetic field
strength Bo to the Larmor frequency and thus the pre-
cession frequency of the protons [1]. The TE for in-
phase or opposed-phase imaging is dependent on Bo
and the phase shift Df selected. Echo time is shorter
the higher the Bo [2] and the smaller the number of fat-
water cycles [3, 4].

TE = Df/Dn
Dn = 3.5 ´ 10±6 ´ w/2p
Df = 3.5 ´ 10±6 ´ TE ´ w/2p
w = g ´ Bo (1)

TE = 2p ´ Df/3.5 ´ 10±6 ´ g ´ Bo (2)

Opposed phase: DfI-min = p + n ´ 2p (n = 0, 1, 2, 3, . . .)(3)

In phase: DfI-min = n ´ 2p (n = 0, 1, 2, 3, . . .) (4)

where TE is echo time, Df is chemical-shift-related
phase difference, w is Larmor frequency, Dn is chemical-
shift-related frequency difference, E is resonance energy,
g is gyromagnetic ratio, and Bo is magnetic field strength.

Opposed-phase imaging occurs at cyclic phase differ-
ences for fat- and water-bound protons of p [3], and in-
phase imaging at phase differences of 0 [4]. For
Bo = 1.0 T and a frequency difference Dn of 147 1/s the
cycle time TE is 6.8 ms (Table 1). Thus, TE for op-
posed-phase imaging is 3.4, 10.2, 17.0, and 23.8 ms, and
TE for in-phase imaging 6.8, 13.6, 20.4, and 27.2 ms. As
the difference in precession frequency between fat- and
water-bound protons increases with Bo, the TE cycle
time and the minimum TE for opposed-phase and in-
phase imaging decreases (Table 1).

Materials and methods

Measurements were carried out on a 1.0-T whole-body
imager with an effective Bo = 0.96 T (Magnetom, Sie-
mens, Erlangen, Germany). Acquisition time for each
sequence was chosen to assure appropriate signal-to-
noise ratios.

For the evaluation of the influence of the fat-to-wa-
ter ratio QF/W and the TE on signal intensity for spoiled
opposed-phase GE sequences (FLASH technique) two
separate experiments were performed. Based on the re-
sults of measurements on a fat-water phantom with lin-
ear variation of QF/W measurements were verified on
MR images of cadaver specimens (femur, spine) of nor-
mal red and yellow bone marrow and red marrow pa-
thology (metastasis, leukemia) and correlated to histol-
ogy. All measurements also were correlated to SE se-
quences using identical TR and TE.
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Fig.1. Chemical-shift-induced
signal intensity modulation for
gradient-echo (GE) sequences
as a function of TE (Mxy-fat ¹
Mxy-water). Signal intensity mod-
ulation is caused by vector ad-
dition of transverse magnetiza-
tion of fat- and water-bound
protons. The maximum values
of the curve are characterized
by the T2* signal intensity de-
cay of transverse magnetiza-
tion and are not influenced by
chemical shift effects and are
independent from QF/W. For
Mxy-fat = Mxy-water all opposed-
phase signal intensity minima
would be zero. For Mxy-fat ¹
Mxy-water as in the case shown
the signal intensity minima are
given by the residual transverse
magnetization (difference of
fat and water magnetization)

Table 1. Frequency shift (Dn), fat-water cycle time and opposed-
phase GE-imaging echo times (TE) for the first four opposed-
phase cycles (p + 2n ´ p; n = 0±4) as a function of the magnetic
field strength Bo

Bo (T) Dn
(1/s)

Cycle
time
(ms)

TE (ms)

n = 0 n = 1 n = 2 n = 3 n = 4

0.20 29.4 34.0 17.0 51.0 85.0 119.0 153.1
0.35 51.5 19.4 9.7 29.2 48.6 68.0 87.5
0.50 73.5 13.6 6.8 20.4 34.0 47.6 61.2
1.00 147.0 6.8 3.4 10.2 17.0 23.8 30.6
1.50 220.5 4.5 2.3 6.8 11.3 15.9 20.4



Fat-water phantom

For continuous variation of QF/W a dual-chamber glass
phantom with two separate and opposed-oriented
wedge-shaped fluid chambers, one filled with olive oil
and one filled with Gd-DTPA (0.1 mmol/l) doped sa-
line, was used (Fig.3) [2]. According to the geometry,
there was a linear change in QF/W from one end of the
long axis of the phantom to the other. This model al-
lowed for elimination of susceptibility effects and iden-
tical voxel geometry for all values of QF/W.

For signal intensity evaluation of the fat-water
phantom a single in-plane slice with a slice thickness
of 10 mm covering the whole phantom in plain, a field
of view of 105 mm, and an image matrix of 256 � 256
pixels was acquired. Signal intensity of different QF/W
values was measured by placing 20 continuous, square-
formed regions of interest of 4 � 4 mm (100 pixels)
along the phantom (Fig. 3); thus, signal intensity for
QF/W values ranging from 5/95 £ QF/W £ 95/5 (5±95 %
oil, 95±5 % water) in steps of 5 % each was obtained.
QF/W = 0/100 (water-bound protons only) and QF/W =
100/0 (fat-bound protons only) were measured by fill-
ing both chambers of the phantom with one kind of
fluid only.

To evaluate the influence of the TE on signal intensi-
ty, TE was varied for GE sequences from 11 to 22 ms
and for SE sequences from 13 to 22 ms in steps of 1 ms
each. To allow for a direct comparison of GE and SE se-
quences, FA was 90 � with TR = 500 ms.

Autopsy specimens

Ten bone marrow space specimens of trabecular bone
(vertebral body, femoral head) were examined, six nor-
mals (red and yellow bone marrow) and four with me-
tastasis or leukemia (acute myelogenous leukemia,
chronic myelogenous leukemia, acute lymphatic leuke-
mia, metastasis of carcinoma of the prostate). To evalu-
ate the diagnostic potential of spoiled GE sequences
for high-contrast imaging of red bone marrow patholo-
gy, signal intensity for a wide variation of acquisition pa-
rameters, TR, TE, and FA, was measured by a region of
interest adapted in size to anatomical demands. The TE
for GE and SE sequences was varied between 13 and
20 ms (increment 1 ms), TR between 100 and 900 ms
(increment 200 ms), and FA between 10 and 90 � (incre-
ment 20�). Thus, for GE imaging a total of 200 different
sequences was used for all cadaver specimens. The total
number for SE sequences was 40 (no variation in FA).
Related to the actual field strength of the imager of
Bo = 0.96 T (nominal Bo = 1.0 T), a TE of 14 and 21 ms
corresponded to in-phase imaging and a TE of 10 and
17 ms to opposed-phase imaging.

Results

Fat-water phantom

Signal intensity for spoiled GE and SE sequences as a
function of QF/W and TE is shown in Fig. 4 as projective
3D data.

For GE sequences there is pronounced signal intensi-
ty modulation dependent on TE and QF/W. For TE val-
ues of 11 and 17 ms which correspond to opposed-phase
transverse magnetization there is almost complete neu-
tralization of transverse magnetization of fat- and wa-
ter-bound protons (Mxy-fat = ±Mxy-water) resulting in sig-
nal intensity close to zero. Signal intensity decreases si-
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Fig.2a±d. Echo-time-dependent signal intensity modulation for
GE imaging of voxels containing fat- and water-equivalent spins.
Minimum and maximum signal intensity by vector addition of tran-
verse magnetization of fat- and water-bound protons at the time of
signal intensity readout (TE). The phase difference of fat- and wa-
ter-bound protons is caused by a difference in precession frequen-
cy of 3.5 ppm. a, b Maximum signal intensity for in-phase imaging
(addition of magnetization of fat- and water-bound protons; a im-
aging relevant magnetization vector, b transverse magnetization
components). c, d Minimum signal intensity for opposed-phase
imaging (subtraction of magnetization of fat- and water-bound
protons; c imaging relevant magnetization vector, d transverse
magnetization components). Parts a and b represent the only con-
dition for magnetization of spin-echo (SE) sequences (rephasing of
phase differences at time of signal intensity readout (TE))

Fig.3a, b. Wedge-shaped fat-water phantom. a Projection view
from the side (parallel to the imaging slice). b Imaging view of
the phantom (90� rotated to a). Measurement of the fat-to-water
ratio for values between 5/95 < QF/W < 95/5 by sliding the region-
of-interest from left to right



nusoidally the more TE approaches opposed-phase
transverse magnetization (|Mxy-fat| = |Mxy-water|).

For a change in QF/W from minimum signal intensity
(Mxy-fat = ±Mxy-water, opposed-phase TE, QF/W = 70/30)
to signal intensity of pure water (QF/W = 0/100) or pure
fat (QF/W = 100/0), there is a linear increase in signal in-
tensity with QF/W. The opposed-phase QF/W for mini-

mum signal intensity (QF/W = 70/30) is given by the spe-
cific signal intensity of the fat-bound (olive oil) and wa-
ter-bound (Gd-DTPA doped saline) protons. The cyclic
repetition of minimum signal intensity for a prolonga-
tion of TE from 11 to 17 ms is in accordance with the
theoretical TE values for p phase shifts for transverse
fat- and water magnetization (Table 1).

For SE sequences no signal intensity modulation
with variation of TE or QF/W occurs. Signal intensity dif-
ferences for distinct QF/W values are linear with varia-
tion of QF/W between the values for pure water and fat
(monosubstances). The exponential T2 signal intensity
decay is relatively small within the TE range under in-
vestigation and linear with TE to first order. The same
applies to GE sequences, even with the faster signal in-
tensity decay by T2* compared with T2. For GE se-
quences signal intensity modulation for opposed-phase
TE values and QF/W values resulting in significant signal
intensity attenuation by far override the relaxation time
effects relevant for SE sequences.

The fat-water phantom results indicate a linear in-
crease in signal intensity from zero for a tissue-specific
QF/W with identical transverse magnetization of the fat
and water protons (D in Fig. 5) either to water (D ® C,
D ® B, D ® A) or to fat (D ® E, D ® F, D ® G). For
different specific signal intensity of fat- and water-bound
protons [I = f (Mo, T1, T2, T2*, TR, TE, FA)] zero signal
intensity is related to QF/W according to Eq. (5):

Ispec-F ´ QF/W = Ispec-W ´ (1-QF/W) (5)

DI/DQF/W = (Ispec-F + Ispec-W)/100, (6)

where Ispec-F is specific signal intensity of fat-equivalent
cells (monosubstance; QF/W = 100/0), Ispec-W is specific
signal intensity of water-equivalent cells (monosub-
stance; QF/W = 0/100), QF/W is fat-to-water ratio (0/100
£ QF/W £ 100/0 : 0 £ QF/W £ 1), and I is image-relevant
signal intensity.

The imaging relevant GE signal intensity can be cal-
culated from the gradient of the signal intensity I (DI/
DQF/W) by Eq. (6). This gradient is exclusively depen-
dent on the signal intensity for both monosubstances
(QF/W = 100/0 and QF/W = 0/100) and is proportional to
the sum of the signal intensities [6]. The signal intensity
gradient (slope of the curve) on either side of D is iden-
tical in size (Fig.5) and is independent of the specific
signal intensity of the fat- and the water-equivalent cells.

Autopsy specimens

Mixed fat-water tissues

The signal intensity of spoiled GE sequences for histo-
logically correlated cadaver specimens of normal red
and yellow bone marrow and different tumor types as a
function of TE and QF/W (FA= 90 �) is shown in Figs. 6
and 7.

Regarding QF/W all tissues with 40/60 < QF/W < 60/40
(40±60 % fat; red bone marrow, acute myelogenous leu-
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b

Fig.4a, b. Projected 3D signal intensity data for the fat-water
phantom as a function of the fat-water ratio QF/W and TE
(Bo = 1.0 T) [rectangular frame maximum signal intensity of all pa-
rameter combinations (TE, QF/W)]. a GE sequences: pronounced
signal intensity modulation at TE values equivalent to subtraction
of fat- and water-magnetization (opposed-phase imaging)
(TE = 11 and 17 ms). Minimum of signal intensity close to zero
for QF/W = 70/30 (identical fat- and water-magnetization). Maxi-
mum of signal intensity for in-phase imaging (TE = 14 and 20 ms).
Linear increase in signal intensity from QF/W = 70/30 both to
QF/W = 0/100 (water-bound protons only) and QF/W = 100/0 (fat-
bound protons only) for all TE values corresponding to out-of-
phase imaging (except in-phase imaging at TE = 14 and 20 ms,
identical to SE imaging). b SE sequences: linear variation in signal
intensity with TE and QF/W without signal intensity modulation



kemia) presented with a pronounced decrease in signal
intensity for opposed-phase GE imaging (TE = 17 ms)
compared with in-phase imaging. For yellow bone mar-
row and tumors with QF/W > 95/5 there was no QF/W-re-
lated signal intensity drop (Fig. 6).

The residual signal intensity for opposed-phase imag-
ing of red bone marrow compared with in-phase imag-
ing for all sequences examined (100 ms £ TR £ 900 ms,
10� £ FA £ 90�) was relatively low with values between
27.9 % (TR/FA= 300 ms/90�) and 32.6% (TR/FA=
500 ms/30�). The global average signal intensity for all
five TR values and all five FA values was 30.7 � 1.3 %
(mean � SD) equivalent to a reduction in signal intensi-
ty for red bone marrow of 69.3 � 1.3 % compared with
in-phase GE imaging. There was a slight, although not
statistically significant, trend for an increase in signal in-
tensity for longer TR and lower FA values (paired t-test;
p < 0.05).

For tissues with either a high fat content, such as yel-
low bone marrow (QF/W > 95/5), or a dominance of wa-
ter-bound protons, such as tumors (QF/W < 5/95), there
was no signal intensity modulation with TE (Fig. 6). Re-
sidual signal intensity for opposed-phase (TE = 17 ms)
compared with in-phase imaging (TE = 14 ms) for tu-
mors with complete replacement of fat cells was
87.5 � 1.8 % for all parameter combinations of TR and
FA examined. Compared with the signal intensity of
red bone marrow pathology with QF/W < 5/95, the signal
intensity of intact red marrow was 35.0 % on average,
which is equivalent to a lesion-to-marrow signal intensi-
ty ratio of 2.85. The lowest signal intensity ratio was 2.62
(TR = 700 ms, FA= 10�), the largest 3.23 (TR = 300 ms,
FA= 90 �). There was a slight trend for a decrease in sig-
nal intensity ratios with increasing TR and a more pro-
nounced trend for an increase with increasing FA.

Contrary to GE sequences, there was no QF/W-related
signal intensity drop for red bone marrow with SE se-
quences comparing a TE of 17 and 14 ms. The relative
signal intensity reduction was discrete both for red bone
marrow as well as pathology and compares to the values
for tumor or yellow bone marrow in opposed-phase GE
imaging. The mean signal intensity for TE = 17 ms com-
pared with 14 ms (TR = 100±900 ms) was 92.6 � 2.7 %
(mean � SD) for red bone marrow and 92.5 � 2.4% for
tumors. The corresponding results for tumors imaged
with opposed-phase GE sequences (TR = 100±900 ms)
was 89.4 � 0.6 % indicating a faster signal intensity decay
by T2* instead of T2 for SE sequences.

The dominant influence of QF/W as imaging parame-
ter for low signal intensity imaging of red bone marrow
over spin density and relaxation times was demonstrat-
ed by the cadaver specimen of a patient with acute my-
elogenous leukemia and replacement of red bone mar-
row hematopoietic cells by tumor cells but preservation
of fat cells (Figs. 7, 8). This case presents with a signal in-
tensity drop for opposed-phase compared with in-phase
GE imaging identical to red bone marrow, whereas all
other histologically verified tumor cases presented with
loss of signal intensity drop due to complete replace-
ment of red bone marrow by tumor cells (replacement
of hematopoietic cells and fat cells).
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Fig.5a, b. Signal intensity for fat-water tissues imaged by spoiled op-
posed-phase GE and T1-weighted SE sequences as a function of the
fat-to-water ratio QF/W taking into account relaxation time and pro-
ton-density-related tissue-specific (Ispec) signal intensity differences
between fat- and water-equivalent mono-substances (e. g., QF/W =
100/0: yellow bone marrow; QF/W = 0/100: tumor) (GE: Ispec-fat =
0.8 ´ Ispec-water; SE: Ispec-fat = 2.0 ´ Ispec-water). a Opposed-phase GE se-
quences: linear signal intensity increase (solid line) starting from
zero signal intensity (D) and cumulating on either side from D to the
maximum signal intensity specific for water- (QF/W = 0/100) (A) and
fat-specific (QF/W = 100/0) (G) mono-substances. The gradient of the
slopes on either side is identical but opposite in sign. The QF/W for
zero signal intensity (D; Eq. (5)) is equivalent to the ratio of the spe-
cific signal intensity of the mono-substances (in this example: Ispec-fat/
Ispec-water = 1.0/0.8 = 1.25 » QF/W = 45/55). B, C, E and F stand for the
signal intensity of mixed fat-water tissues (see text). In-phase GE se-
quences (dotted line) are characterized by a linear signal intensity
change with QF/W and identical signal intensity to opposed-phase GE
sequences for fat- and water-equivalent mono-substances (A QF/W =
0/100, G QF/W = 100/0) (neglecting TE-related signal intensity loss
due to different TEs for opposed-phase and in-phase imaging). No
signal intensity modulation with QF/W. Relatively small signal intensi-
ty differences for tissues with QF/W = 100/0 (G) and QF/W = 0/100 (A)
related to similar specific signal intensity for fat- and water-equiva-
lent tissues. b SE sequences: identical to in-phase GE sequences lin-
ear signal intensity change with QF/W. According to different specific
signal intensity for fat- and water-equivalent tissues (different T1)
there is pronouned signal intensity difference between fat- and wa-
ter-equivalent tissues (A QF/W = 0/100, G QF/W = 100/0), by far ex-
ceeding the values for opposed-phase and in-phase GE sequences
(TR ³ 100 ms; A ® G, G ® A). As for in-phase GE sequences, there
is no signal intensity modulation with QF/W, although signal intensity
differences for mono-substances are relatively small for GE imaging.
Signal intensity differences between mixed fat-water tissues such as
red bone marrow and fat-equivalent tissues (B ® G, C ® G,
D ® G, E ® G, F ® G) or water-equivalent tissues (B ® A,
C ® A, D ® A, E ® A, F ®A), are larger due to signal intensity
modulation by subtraction of transverse fat- and water-magnetization



Fat- and water-equivalent tissues

Tissues with a major predominance of either fat- or wa-
ter-equivalent cells are imaged by GE sequences, regard-
less of TE, qualitatively as with SE sequences (identical
imaging parameters, susceptibility, diffusion, and partial
saturation neglected). Neither for yellow bone marrow
nor for tumors of the bone marrow space with a total re-
placement of fat cells by tumor cells does signal intensity
modulation with variation of TE occur (Figs. 4, 6).

The average residual signal intensity for opposed-
phase GE (TE = 17 ms) compared with in-phase imag-
ing (TE = 14 ms) for TR = 100±900 ms and FA=
10±90 � for tumor was between 84.2 � 6.4 % (TR/FA=
900 ms/10�) and 90.1 � 4.4 % (TR/FA= 500 ms/90�).
The mean signal intensity for all TR and FA values (25
pairs of parameters) was 87.5 � 1.8 %. The average
drop in signal intensity compared with TE = 14 ms was
12.5 � 1.8 %. This was only 18 % of the signal intensity
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Fig.6. Signal intensity modulation for
bone marrow space tissues for GE se-
quences as a function of histologically
determined QF/W and TE (ITE = 14 ms
= 100 %; TR/FA= 500 ms/90�). Pro-
nounced signal intensity modulation
for bone marrow space tissues with 40/
60 < QF/W < 60/40 (red bone marrow
and tumor [C acute myelogenous leu-
kemia (compare Fig.7)]. For opposed-
phase GE imaging (TE = 17 ms) sig-
nal intensity reduction is between 62.4
and 77.1% (TR/FA= 500 ms/90�) as
compared with in-phase imaging
(TE = 14 ms). No TE-related signal
intensity modulation for tissues with
QF/W > 95/5 (yellow bone marrow)
and QF/W < 5/95 [tumor: A chronic
myelogenous leukemia; B cancer of
the prostate (compare Fig.7)]

Fig.7. Signal intensity modulation of
bone marrow space tissues for GE se-
quences related to histology and TE
(ITE = 14 ms = 100%) (TR/FA= 500 ms/
90�). Red bone marrow (40/60 < QF/W
< 60/40) and pathologic tissue with a
comparable QF/W (acute myelogenous
leukemia without replacement of fat
cells by tumor cells) present with iden-
tical TE-related signal intensity modu-
lation. Compared with tissues which
mainly contain fat (yellow bone mar-
row; QF/W > 95/5) or pathologies which
do not contain fat cells (metastasis of
carcinoma of the prostate, chronic my-
elogenous leukemia; QF/W < 5/95) nor-
mal red bone marrow is imaged with
low signal intensity. Thus, yellow mar-
row and almost all pathology (replace-
ment of red bone marrow fat cells) is
imaged with positive contrast. Pro-
nounced signal intensity modulation
for tissues with 40/60 < QF/W < 60/40.
For opposed-phase GE imaging
(TE = 17 ms) signal intensity decrease
is between 62.4 and 77.1% (TR/FA=
500 ms/90�) as compared with in-phase
imaging (TE = 14 ms). No TE-related
signal intensity modulation for tissues
with QF/W > 9/5 and QF/W < 5/95



drop which was measured for red bone marrow for op-
posed-phase compared with in-phase imaging and is
mainly caused by T2* decay. These results indicate that
tumors with substitution of fat cells by tumor cells, re-
gardless of TR and FA, present only with a negligible
signal intensity drop comparing in-phase and opposed-
phase GE sequences and thus are imaged with high con-
trast to red bone marrow.

As for red bone marrow for tumors, there was no sta-
tistically significant change in signal intensity with long-
er TR (paired t-test); however, there was a trend for an
increase in signal intensity with an increase in FA. The
average signal intensity (all TR values) increased steadi-
ly from 85.6 � 1.3 % for FA= 10� to 89.4 � 0.6 % for
FA= 90 �. Although there was a statistically significant
difference for FA= 10� (p < 0.01) and FA= 30�
(p < 0.05) compared with the FA= 90 � values, this max-
imum difference in signal intensity was 3.8 % only and
therefore can be ignored compared with the chemical-
shift-induced signal intensity changes for opposed-
phase GE imaging of red bone marrow.

As for red bone marrow, there was no signal intensity
modulation for SE sequences with TE. Signal intensity
decay with prolongation of TE exclusively was exponen-
tial by T2. Due to the longer T2 for SE imaging as com-
pared with T2* for GE imaging, signal intensity for
TE = 17 ms (90.6 � 1.6 %) was higher than for opposed-
phase GE imaging (87.5 � 1.8 %; mean values for
TR = 100±900 ms).

Contrast-to-noise ratio

The results for the contrast-to-noise ratios (CNRs) for
the model of tumor in red bone marrow (metastasis)
for in-phase GE, opposed-phase GE, and SE sequences
are listed in Tables 2±4. The most important difference
is a positive lesion-to-marrow contrast for GE sequenc-
es and a negative contrast for SE sequences. Moreover,
CNR for opposed-phase GE sequences exceeds CNR
for in-phase GE sequences for all parameter combina-
tions (TR, FA) measured and CNR maximum values of
GE sequences exceed CNR values of SE sequences (op-
posite sign).

Contrast for opposed-phase GE sequences (TE =
17 ms) was highest for TR = 900 ms and FA= 90� (Ta-
ble 2). For all flip angles except FA= 10� there was an
increase in CNR with TR. With higher FA values the in-
crease was more pronounced with higher TR values,
whereas for FA= 30� there was only a slight increase in
CNR for TR between 300 and 900 ms. The CNR for op-
posed-phase imaging increased in a logarithm-like way
with an increase in TR with saturation for longer TR
values (ca. 900 ms), whereas for SE sequences there
was a pronounced increase for CNR to a maximum
(TR = 300 ms) with a nearly linear decline with increas-
ing TR.

Similar to TR there was a logarithm-like increase in
CNR for opposed-phase GE sequences with FA reach-
ing a plateau with moderate drop for larger FA values.
As a function of FA the maximum CNR was obtained
for different TR values, increasing in FA for larger TR
values (TR = 100 ms: FA= 30�; TR = 500 ms: TR =
70�; TR = 900 ms: FA= 90 �).

Similar general trends for variation of TR and FA
were observed for in-phase GE sequences, although
CNR values were substantially lower (Table 3). For
300 ms £ TR £ 900 ms and 30� £ FA £ 90�CNR values
for opposed-phase GE sequences were 1.68±3.71 the
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Fig.8a±c. Histologic specimens of tissues and pathologies exam-
ined. a Chronic myelogenous leukemia. Total replacement of red
bone marrow (marrow-specific cells and fat cells) by myelogenous
cells (magnification � 220). b Acute myelogenous leukemia. Re-
placement of hematopoietic cells by myelogenous cells. Preserva-
tion of fat cells (magnification � 90). c Osteoblastic metastasis in
cancer of the prostate. Total replacement of yellow bone marrow by
necrotic tumor cells. Trabecular hyperplasia (magnification � 220)



values of in-phase GE sequnces, with a general increase
in CNR for higher FA and lower TR.

Compared with SE sequences with identical TR,
CNR for opposed-phase GE sequences with FA= 90�
was opposite in sign and substantially larger than for
SE sequences (Tables 2, 4). For 300 ms £ TR £ 700 ms
and 30� £ FA £ 90 � CNR for GE sequences was
1.46±5.58 the values of corresponding SE sequences,
with a pronounced increase for higher TR values and
only a moderate influence of FA. This increase with
TR was affected mostly by the decrease of contrast for
SE sequences with prolongation of TR.

Discussion

Red bone marrow is composed of fat cells and hemato-
poietic cells. With GE sequences this macroscopic mix-
ture of fat- and water-bound protons on cell-size basis
within an imaging voxel (QF/W) can act as a sensitive im-
aging parameter for any kind of pathology disturbing
the balance of fat- and water magnetization. In op-
posed-phase spoiled GE imaging the physiological cel-
lular composition of red bone marrow results in a signal
intensity reduction compared with in-phase imaging of

at least 65% on the average [3]. As pathology without
fat cells (tumors, inflammatory disease) or an increase
in extracellular water (edema) causes a QF/W-related in-
crease in signal intensity as compared with red bone
marrow, contrast is greatly enhanced. These changes in
signal intensity regularly are larger than those due to
differences in relaxation times and proton density be-
tween pathology and red bone marrow.

The dominance of the influence of chemical shift
over T2 or T2* for SE and GE sequences is shown by
the fact that the average signal intensity difference for
fat- and water-equivalent tissues (e. g., tumor) due
to transverse magnetization loss between in-phase
(TE = 14 ms) and opposed-phase (TE = 17 ms) TE was
12.5 � 1.8 % for GE sequences (T2*) (100 ms £ TR £
900 ms, 10� £ FA £ 90�) and 9.4 � 1.6 % for SE sequenc-
es (T2). Transverse-magnetization-related SE signal in-
tensity loss thus was slightly smaller (same TE values
as for GE sequences) than for GE sequences (T2 vs
T2*). However, this signal intensity loss for both se-
quence types was much smaller compared with the com-
bined signal loss due to T2* and chemical shift for red
bone marrow for opposed-phase as compared with
in-phase GE sequences which was 69.3 � 1.3 %
(100 ms £ TR £ 900 ms, 10� £ FA £ 90�).

The basis for the increase in sensitivity for opposed-
phase GE sequences compared with SE sequences is
the low signal intensity of red bone marrow and a pro-
nounced increase in signal intensity for any shift in
chemical composition regarding fat- and water-bound
protons and thus fat cells and water-equivalent cells. In
this respect it is irrelevant whether water-equivalent
cells are replaced by fat cells as in replacement of red
bone marrow by yellow bone marrow fat cells, or fat
cells are replaced by water-equivalent cells as is typical
for inflammatory disease or tumors, or the water-bound
proton fraction is increased by edema.

Imaging experience with GE sequences and a
TR ³ 100 ms show that fat- and water-equivalent cells
are characterized by a similar specific signal intensity.
This results in a QF/W for zero signal intensity close to
50/50 as mandatory for low signal intensity imaging of
red bone marrow. In this case replacement of fat cells
by water-equivalent cells (inflammatory disease, tu-
mors, edema), or vice versa (fat cells), results in a signal
intensity increase of comparable size. From this point of
view the relatively narrow range of QF/W (40/60 < QF/W
< 60/40) centered at QF/W = 50/50 is the basis for low-sig-
nal-intensity GE imaging of red bone marrow. Our re-
sults in histological evaluation of red bone marrow spec-
imens show that QF/W in the majority of cases is in be-
tween 40/60 < QF/W < 60/40. Literature reports on the
fat content of red bone marrow vary. Snyder et al. [4] re-
port a 40% amount of fat, Wismer et al. [1] a value of
35%. There is general agreement that the fat content in-
creases with age. Dunnill et al. [5] report a decrease in
hematopoietic cells from 57.9 � 6.4 % in the first decade
to 34.5 � 10.2 % in the ninth decade. For the third to the
ninth decade the relative amount of hematopoietic cells
decreased from 39.6 � 8.8% to 34.5 � 10.2 %, which is in
good agreement with the values found in our specimens.
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Table 2. Contrast-to-noise ratios for red bone marrow and tumor
metastasis for opposed-phase GE imaging (TE = 17 ms) as a func-
tion of TR and FA [CNR (SE: TR/TE = 500/17 ms) = 100]

Flip angle (�) Repetition time (ms)

100 300 500 700 900

10 84.9 87.1 87.6 87.1 87.1
30 143.3 209.9 230.5 240.2 240.2
50 124.4 245.1 301.9 331.7 350.0
70 93.6 230.5 318.7 354.9 366.8
90 73.0 201.3 290.5 346.3 386.3

Table 3. Contrast-to-noise ratios for red bone marrow and tumor
metastasis for in-phase GE imaging (TE = 14 ms) as a function of
TR and FA [CNR (SE: TR/TE = 500/17 ms) = 100]

Flip angle (�) Repetition time (ms)

100 300 500 700 900

10 49.8 50.3 52.5 51.9 50.3
30 64.4 108.2 128.2 138.0 142.8
50 34.1 114.2 152.6 175.8 191.0
70 3.2 81.7 142.3 185.6 207.2
90 ±14.1 54.1 119.0 168.3 184.5

Table 4. Contrast-to-noise ratios for red bone marrow and tu-
mor metastasis for spin-echo imaging as a function of TR
[CNR (SE: TR/TE = 500/17 ms) = 100]

Echo time
(ms)

Repetition time (ms)

100 300 500 700 900

14 ±108.7 ±174.5 ±125.5 ±80.9 ±32.7
17 ±93.6 ±144.2 ±100.0 ±65.7 ±19.5



Nevertheless, there can be pronounced intraindividual
variation in composition of red bone marrow for differ-
ent anatomical sites [6].

Signal intensity of red bone marrow in most cases is
below 35% compared with in-phase GE imaging. This
holds for the whole range of imaging parameters exam-
ined (TR 100±900 ms, FA 10±90�).

From Eq. (6) follows also that signal intensity differ-
ences and thus contrast between red bone marrow and
pathology are not necessarily dependent on ideal imag-
ing conditions of a zero signal intensity for red bone
marrow. The crucial factor for the change in signal in-
tensity is the change of QF/W caused by pathology.

For a complete exchange of one cell line by the other
(either fat- or water-equivalent cells) the fat-to-water
ratio becomes either QF/W = 0/100 or QF/W = 100/0. In
this case, which is typical for tumor invasion, the maxi-
mum signal intensity change occurs (D ® A > C ®
A > B ® A, D ® G > E ® G > F ® G) (Fig.5). Signal
intensity and thus contrast is larger the lower the signal
intensity of intact red bone marrow.

Limitations regarding a signal intensity increase and
thus contrast due to pathology occur in cases where a le-
sion causes a change in QF/W which crosses the zero val-
ue D of the signal intensity curve. Here the change in
QF/W causes both a decrease as well as an increase in sig-
nal intensity (A ® E, A ® F, A ® G, B ® E, B ® F,
B ® G, C ® E, C ® F, C ® G, or the reverse) with an
imaging relevant signal intensity which is the difference
of both signal intensity changes. This results in a smaller
signal intensity increase than for the changes discussed
above, and in certain cases results even in a signal inten-
sity decrease (A ® E, A ® F, B ® F, G ® C, G ® B,
F ® C); in the worst case, although rare, it results in
equal signal intensity of pathology to surrounding tissue
(B ® F, C ® E, or the reverse).

For SE sequences QF/W-related changes in signal in-
tensity are unambiguous. The change in QF/W from fat-
to water-equivalent protons results in a linear decrease
in signal intensity. Apart from differences in relative sig-
nal intensity for the monosubstances the change is iden-
tical to in-phase GE sequences. For T1 SE sequences
(different T1) there is pronouned signal intensity differ-
ence between fat- and water-equivalent tissues, espe-
cially low-signal-intensity pathology (A: QF/W = 0/100;
G: QF/W = 100/0) by far exceeding the signal intensity
difference for monosubstances imaged with opposed-
phase and in-phase GE sequences (TR ³ 100 ms;
A ® G, G ® A; Fig. 5).

An advantage of opposed-phase GE sequences over
SE sequences is the almost identical specific signal in-
tensity of fat cells and water-equivalent cells which re-
sults in isointense imaging of fat and muscle facilitating
detection of pathology as only pathology and, depend-
ing on TR and FA, liquids present with high signal in-
tensity.

The signal intensity for GE sequences is crucially de-
pendent on the phase difference of the transverse fat-
and water-magnetization. The fat-water cycle time for
minimum or maximum signal intensity is shorter the
higher the Bo. For Bo = 1.5 T the cycle time is 4.5 ms,

whereas it is 34.0 ms for Bo = 0.2 T (Table 1). As TE for
opposed-phase imaging is linearly related to the fat-wa-
ter cycle time and the minimum phase shift for op-
posed-phase imaging is p (0.5 fat-water cycles), the min-
imum opposed-phase TE for low magnetic fields not
only is much longer than for higher fields but may be
too short for the shortest TE applicable for low field im-
agers, whereas the second opposed-phase TE at 1.5 fat-
water cycles results in a pronounced signal intensity de-
cay with a low signal-to-noise ratio and pronounced
T2*-weighting.

Other limitations occur for high-field imagers. For
Bo = 1.5 T the fat-water cycle time is 4.5 ms only, making
it crucial to adjust TE exactly to opposed-phase Df = p.
The increase in red bone marrow signal intensity due to
phase errors is dependent on QF/W. For ideal imaging
conditions with zero signal intensity of red marrow for
the optimal TE, a TE error of 0.5 ms results in a signal
intensity increase in red marrow equivalent to 35% of
the in-phase signal intensity. For red marrow with a re-
sidual signal intensity of 20% of the in-phase signal in-
tensity the resulting signal intensity is 40%; thus, there
is a relatively lower increase than for the ideal QF/W.
This example demonstrates that selecting a TE close to
the ideal TE is crucial for low-signal-intensity imaging
of red bone marrow.

Comparing the CNR for opposed-phase GE and SE
sequences, there are substantial differences regarding
the contrast between tumor and red bone marrow.
Whereas for SE sequences there is negative contrast of
the lesion, GE sequences are characterized by positive
lesion-to-marrow contrast with high-signal-intensity im-
aging of pathology and low signal intensity of bone mar-
row.

For opposed-phase GE and SE sequences with iden-
tical TR there are also differences regarding an optimal
range of acquisition parameters. For GE sequences
there is a broader TR range for a CNR ³ 80 % of
the maximum value than for SE sequences with
500 ms £ TR £ 900 ms and 50� £ FA £ 90� (TR =
500 ms: 70� only). For a CNR ³ 50% this range extends
to 300 ms £ TR £ 900 ms and 30� £ FA £ 90 � (excep-
tion: TR = 300 ms, FA= 30�). This broad range increas-
es flexibility regarding selection of TR values via the
number of slices according to anatomical demands. For
SE sequences a CNR ³ 80% of the maximum value is
obtained for TR = 300 ms only, and a CNR ³ 50 % for
100 ms £ TR £ 500 ms.

For diagnostic demands where opposed-phase GE
imaging is combined with SE imaging with an identical
number of slices, TR values of 300 or 500 ms should be
applied, where CNR for GE imaging with TR = 500 ms
is 75% (FA= 90�) and 86 % (FA= 50 �) of the maximum
or for imaging with TR = 300 ms is 52 and 70 %, respec-
tively. The corresponding numbers for SE sequences are
69 and 100 %.

For the whole diagnostically recommended TR and
FA range opposed-phase GE sequences offer a CNR su-
perior to SE sequences (opposite in sign). Compared
with SE sequences with TR = 300 ms (TE = 17 ms), the
CNR of GE sequences for the TR and FA range of
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CNR values ³ 80% of the maximum value are between
2.21 and 2.68, for TR = 500 ms between 3.19 and 3.86,
and for TR = 700 ms between 4.85 and 5.88. For the op-
posed-phase CNR, TR and FA range with ³ 50 % of the
maximum value between 1.40 and 2.68, 2.01 and 3.86,
and 3.06 and 5.88, respectively. This demonstrates sensi-
tivity of opposed-phase GE imaging for diagnosis in red
bone marrow pathology.
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Greenspan A., Remagen W.: Differential diagnosis of tumors and
tumor-like lesions of bones and joints. Philadelphia, NewYork:
Lippincott-Raven Publishers, 1998, 435 pages, 1047 illustrations,
£ 258.00, ISBN 0-397-51710-6

The main purpose of this new work on benign and malignant bone
lesions and lesions situated around or in the joint is to facilitate the
process of differential diagnosis of these lesions for the radiologist
and the pathologist. Since the radiologic and pathologic processes
of differential diagnosis are frequently completely different, the
two diagnostic approaches are discussed separately.

One of the master chapters of this book is the first one, entitled
`Radiologic and pathologic approach to bone tumors.' An analytic
approach to the evaluation of bone lesions is given with reference
to all the parameters of diagnostic or differential diagnostic value:
patient age, multiplicity of a lesion, its location in the skeleton
and in a particular bone, and the radiographic morphology. The
analysis of the radiographic morphology is well stressed, including
the evaluation of the borders of the lesion, the type of bone de-
struction, periosteal response, type of tumor matrix, and the possi-
ble soft tissue mass. All the clues for a correct analysis are perfectly
explained in this chapter. Clear differential diagnostic messages,
combining simplicity with top-level education, are illustrated in
several schemes, drawings, and images. The role of each imaging
modality in diagnosis, differential diagnosis, and staging is well de-
termined.

The next eight chapters are dedicated to the different types of
lesions: bone-forming tumors, tumors of cartilaginous origin, fi-
brous and fibrohistiocytic lesions, round cell lesions, vascular le-
sions, miscellaneous tumors and tumor-like lesions, metastases,
and tumors and tumor-like lesions of the joints. Major lesions dis-
cussed in the chapter `Miscellaneous tumors and tumor-like le-
sions' are the benign giant-cell tumor, simple bone cyst and aneur-
ysmal bone cyst, and the malignant adamantinoma and chordoma.

In `Tumors and tumor-like lesions of the joints' synovial (os-
teo)chondromatosis, pigmented villonodular synovitis, nodular te-
nosynovitis, synovial hemangioma, synovial sarcoma, and synovial
chondrosarcoma are covered.

Each of these chapters provides information concerning clini-
cal presentation of the lesion, imaging techniques and radiologic
features, histopathology, and radiologic and pathologic differential
diagnosis. The chapters are richly illustrated with good-quality
roentgenograms, CT and MR images, beautiful color photomicro-
graphs, and schematic drawings. The typical as well as the atypical
features of each lesion are discussed.

Important diagnostic features are provided in concise tables,
and the summary of differential diagnosis is included at the end of
each section in the form of a schematic drawing, which also depicts
the less likely differential possibilities. All major lesions are ac-
companied by drawings of a skeleton depicting the common and
less common distribution of the lesion. All these schemes, tables
and drawings are of outstanding clarity and didactic value. De-
tailed and up-to-date references are provided at the end of each
chapter.

The text has been written with the radiologist and pathologist
in mind, but the book is also useful for the orthopedic oncologist
as well as other physicians. Radiologic imaging forms the major
part of the illustrations although the histologic aspect is sufficiently
well covered.

Since the book focuses on diagnosis and differential diagnosis,
little attention has been paid to the local staging of lesions. Their
treatment is beyond the scope of this work.

The major qualities of this book are its outstanding didactic
level, its unequalled interest in differential diagnosis, and its well-
balanced and richly illustrated combination of radiologic and pa-
thologic information, written in an agreeable and fluent style. Be-
cause of these qualities this work by far is the most usable in daily
practice. I can highly recommend it as a future standard work to
all radiologists dealing with diagnosis of tumors and tumor-like le-
sions of bones and joints. They need to be aware of the importance
of high-quality radiologic differential diagnosis, since not infre-
quently only the combination of radiologic and pathologic analysis
leads to the correct diagnosis. P. Brys, Leuven


