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A method is described for measuring R3, the RF reversible contri-
bution to the effective transverse relaxation rate in yellow trabecular
marrow, as a means to evaluate trabecular bone structure and den-
sity. The method exploits the similarity in spectral composition of
the marrow and fat in subcutaneous tissue. Under these conditions
the gradient echo envelope of the marrow signal can be regarded
as a convolution of a function describing the bone marrow intravoxel
line broadening (R ) with a function expressing chemical shift mod-
ulation, which is obtained from the echo envelope of the subcutane-
ous fat signal in a reference region. Simple division of each of a
series of echoes by the reference signal is shown to afford a smooth
decay which can be fitted to a model to extract R5. The method
has been evaluated in the upper femur of test subjects and a strong
correlation of the thus derived R values with those obtained by
the GESFIDE technique is demonstrated. The close correspondence
in spectral composition of proximal femur marrow and subcutane-
ous fat is further illustrated by means of localized spectroscopy.
The major potential error source is global inhomogeneity in the
reference region which can lead to an underestimation of the de-
modulation-derived R%. © 1998 Academic Press
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INTRODUCTION

Thereversible contribution, R, to the effective transverse
relaxation rate, R3 , in trabecular bone marrow is related to
the volume fraction (1) and orientation of the trabeculae
(2—4). However, the measurement of R5 is complicated by
chemical shift modulation arising from the presence of multi-
ple spectral components (5). For two-component systems
the modulation can be removed by sampling at the chemical
shift difference frequency (6, 7). Alternatively, one of the
spectral components can be suppressed (1). At many skele-
tal sites, in particular in the adult appendicular skeleton, the
marrow is entirely fatty. The spectrum of fatty acid triglycer-
ide (FATG), the main constituent of yellow (fatty) marrow,
has multiple spectral components which give rise to a com-
plex modulation pattern (8). The problem is exacerbated by

LA preliminary account of part of the present work has been given at
the ISMRM Fifth Scientific Meeting, Vancouver, B.C., Canada, 1997.
2 Currently at GE Medical Systems, Milwaukee, WI.

the different R, (=1/T,) relaxation rates of the various pro-
tons in FATG, which can cause errors in R5 obtained by
means of the GESFIDE technique (7). For example, the
methylene protons « to the carboxyl group experience less
segmental motion and therefore relax faster, thus causing
multiexponential R, decay. Further, some of the modulations
have long periods (on the order of atypica sampling period
of the interferogram); therefore the apparent R} and R}
values will depend on the duration of the echo train.

In this paper a simple method for extracting R5 is proposed
that effectively removes the signal modulation by deconvolu-
tion with a reference signa collected in the same scan from
adipose tissue in which line broadening due to local suscepti-
bility variations is negligible. Unlike GESFIDE (gradient-
echo sampling of FID and echo), this method thus circum-
vents a measurement of R, and its only requirement is that
the chemical composition of the tissue used for the reference
signa equals that in bone marrow and that global inhomoge-
neity across the imaging voxel is either negligible or similar
to that in the ROI. The method was evaluated in the proximal
femur in vivo, and the extracted R5 values were compared
with those obtained using the GESFIDE technique.

THEORY AND PRINCIPLE OF ANALYSIS

In the static dephasing regime where diffusiona effects
on transverse relaxation are negligible (9), the modulus gra-
dient-echo signa S(t) of an intrinsically inhomogeneous
tissue such as trabecular bone marrow can be written as a
product of two functions f (t) and g(t):

S(t) = f(1)-g(1). [1]

In Eq. [1] f(t) describes the amplitude modulations from
chemica shifts and R, relaxation, and g(t) accounts for
signal attenuation from subvoxel susceptibility dephasing
due to the presence of the diamagnetic bone trabeculae. It
is fair to treat the marrow as a homogeneous mixture of its
congtituents, in which case water—fat susceptibility bound-
ary effects are negligible, and thus in the absence of bone
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R5 =~ 0 for marrow. The function g(t) is the Fourier trans-
form of intravoxel field distributions, which in many magnet-
icaly inhomogeneous systems can be approximated by an
exponentia (i.e., g(t) = A exp(—Rst)) for which there is
both theoretical (9) and experimental evidence (2).

Thesigna S(t) in Eq. [1] has the properties of an interfer-
ogram (5, 10) and accounts for modulations by various
spectral components (e.g., chemically shifted methylene,
methyl, and ol€finic protons in FATG) and their intrinsic
relaxation. In general we can write for S(t)

S(t) = |3 Lee Rt | = e RS IelveRat|, [2]
k k

where | is the initial amplitude of the kth spectral compo-
nent; wy, and o, = (wx + Aw)t represent its frequency and
phase, respectively, of this component; and Aw is a reso-
nance offset, arising from global magnetic field inhomogene-
ity (on ascale much greater than the voxel size). Asimplied
by Eq. [2] it can in general be assumed that the broadening
from intrinsic field inhomogeneity (e.g., imparted by in-
duced fields in the intertrabecul ar spaces) equally affects all
spectral components, as expressed by the damping term
e " outside the summation. We can rewrite Eq. [2] as

S(t) = e Y Y e elieRetcos] (w — w)t]]Y2,

[3]

Summation in Eq. [3] is over al spectral components. It is
to be noted that the interferogram is independent of a pixel-
location-dependent resonance offset Aw. The argument of
the cosine terms corresponds to the phase accumulated from
the chemical shift differences between resonances k and |.
The central hypothesis underlying the proposed method is
that the subcutaneous fat has the same spectral composition
except, of course, that there is no spectral broadening from
R} effects since the tissue is magnetically homogeneous:

f(t) =[5 Le Rdlie Rcos[(wk — wi)t]]*2. [4]

Therefore, the subcutaneous fat signal may serve as a refer-
ence signa to obtain the line broadening function. Measure-
ments of both S(t) and f (t), therefore, permit determination
of g(t) = exp(—R5t) and thus R5. Note that the frequency
domain counterpart of Eq. [1] corresponds to a convolution
of the spectrum F (w) with aline broadening function G(w).

In most of the adult appendicular skeleton such as femur,
marrow is of the yellow type, corresponding to about 85%
by weight fat (11). Likewise, the principal tissue constituent
in subcutaneous tissue is fat. Further, it is known that FATG
composition of subcutaneous tissue and yellow bone marrow
is nearly identical (ca 30% saturated, 50% monounsatu-
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FIG. 1. IMA-GESFIDE (interleaved multiple-acquisition GESFIDE)
pulse sequence for measuring R provides increased sampling frequency
for sampling the signal envelope. Two interleaves offset by 74./2 are shown.
The signals before and after the 180° RF pulse evolve with rate constants
R} = R, + Ry and R; = R, — R}, respectively.

rated, and 20% polyunsaturated) (11), therefore resulting
in very similar proton spectra. We shall demonstrate experi-
mentally that this is indeed the case. We can further safely
assume that T, (and T) in the reference region is the same
as in the marrow region since fat in both instances arises
from adipocytes; i.e., the cellular make-up isthe same at both
locations. Differential saturation, which could constitute a
source of error, is thus not a concern. In these circumstances
the chemical shift modulation isthe same for the two tissues,
except for a spin-density-dependent scaling factor k, i.e.,
fan(t) = kfna(t). In this case S(t) can be deconvolved
through the operation

gmar(t) = Snar(t) kfsub(t)il- [5]

The knowledge of k is not relevant since it does not affect
R5. Fitting gma (t) to an exponential on a pixel basis thus
alows determination of R} for trabecular bone marrow in
the proximal femur as well as at other skeletal sites where
marrow is fatty and the bone is trabecular (e.g., calcaneus,
distal radius).

MATERIALS AND METHODS

In order to demonstrate the similarity in the spectral make-
up of subcutaneous fat and bone marrow in the upper femur
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Similarity of spectral composition in femoral bone marrow and subcutaneous fat: (a) Spectra from the four regions indicated in the

inset localizer image illustrate the close similarity in spectral composition between the bone marrow in the upper femur and subcutaneous tissue
used for reference spectrum deconvolution. Spectra are displayed on the same scale; lower amplitudes of the marrow spectra are a consequence
of susceptibility-induced line broadening. Peaks are referenced to the methylene fatty acid reference. The least-shielded protons are due to the
unsaturated fatty acid protons. Signals approximately 0.5 and 1 ppm downfield of CH, resonances pertain to protons « to carboxyl and allylic
protons. (b) The exponentially broadened spectrum of subcutaneous fat (trace 3) subtracted from the spectrum of the trochanteric region (1) yields

negligible residual (4).

in the adult skeleton, single-voxel PRESS (point-resolved
spectroscopy (12)) spectra were obtained at four locations,
representative of the two tissue types. Spectra, prescribed in
the coronal plane, were collected on a 1.5-T Genera Electric
Signa system operating in 5.6 configuration and using the
commercial body RF coil. Voxel sizewas1 X 1 X 0.5 cm,
TR and TE were 3.56 s and 35 ms, respectively, spectra
width was 750 Hz, and 2048 data points were sampled with
32 signal averages.

Imaging was performed on a similarly configured 1.5 T
GE Signa except that this latter was equipped with experi-
mental 23 mT/m whole-body gradients with 230 T m™* st
sew rate. For the measurements an interleaved version of
GESFIDE was used (denoted ‘‘ IMA-GESFIDE'"), which is
depicted in Fig. 1. The basic GESFIDE principle has been
described previously (7). In brief, two trains of gradient
echoes, separated by a 180° pulse, sample the descending
and ascending branches of the signal, which evolve with rate
constants R; = R, + R}, and R; = R, — R}, respectively,
from which R, and R5 can be computed. The minima sam-
pling dwell time (time interval between successive echoes,
Tge) 1S governed by the receiver bandwidth, the number of
frequency-encoding samples, and gradient slew rate. By col-
lecting the datain multiple interleaves the effective interecho
time can be reduced and thus the measurement precision
increased. Typicaly, two interleaves were used, resulting in
32 gradient echoes of 2.3 ms interecho spacing. Sixteen
echoes preceded and 16 echoes followed the phase reversal
RF pulse, with echo times ranging from 9.2 to 43.7 ms and
62.5 to 97 ms; TR was 500 ms and TEs. 97 ms. The image
plane was coronal, and data were collected from three loca-

tions, with the center slice centered on the femora head by
means of an axia localizer image. The field of view and
dlice thickness were 38 cm and 5 mm, respectively, and 128
samples were collected in phase and frequency-encoding
directions, affording a voxel size of 3.0 X 3.0 X 5mm. The
rationale for the choice of the effective sampling interval of
2.3 ms was to probe the composition of bone marrow along
with a measurement of R3 in a clinical study of postmeno-
pausal osteoporosis (13) by means of multipoint Dixon pro-
cessing (14, 15) in aclinical study of the vertebrae.

In addition, R5 was evaluated by interferogram deconvo-
lution, as described above, using the FID portion of the
GESFIDE data. For this purpose, a reference region was
selected in the subcutaneous fat on the lateral side of the
upper thigh, and g, (t) computed pixel by pixel from Eq.
[5]. Finally, to evaluate the spectral deconvolution method’s
precision and agreement with GESFIDE-derived R5 values,
R5 was measured repeatedly in the same subject and subse-
guently in four volunteers.

All image processng was performed on ether a Starmax
3000 desktop computer (MacOS 7.5.3) or a SUN 10/40 works-
tation, using IDL (Interactive Data Language, Research Sys-
tems, Inc., Boulder, CO). Raw data from the scanner were
transferred to the SUN workstation, and Fourier transformed.
The program was designed to output the following computed
images: resonance offset Aw, R3 , Ry, R e (Obtained by GES-
FIDE processing), R5q4 (R5 obtained by spectra deconvolu-
tion), fa, water, r&; and r&, . (maps of the square of the
correlation coefficient for thefit of the gradient-echo signa (rate
congtant R3) and for the same signa after deconvolution with
the subcutaneous fat reference signal (R ge))-
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e)

f)

FIG. 3. Sample images obtained from IMA-GESFIDE acquisition: (a) first of a series of multiple gradient echoes; (b—f) computed images: (b)
R>, (C) Rbges (GESFIDE-derived R}), (d) R} (reference signal deconvolution derived image), (e) water, (f) fat image. The computed R and R}
maps (b—d) al exhibit strong enhancement in regions of high intrinsic field inhomogeneity, notably the upper femur (large arrow) which is rich in
trabecular bone. By contrast, the femoral shaft and lower femur (arrow head) exhibit low intensity, i.e., low R3 and R}, commensurate with the absence
of field-inducing trabeculae. Areas where magnetic field perturbations occur, such as air—tissue boundaries near the gut or inner thigh, are also enhanced
(small arrows). Note the disparate behavior of the soft tissue signal in the R3 images in (c, d). Whereas homogeneous tissues such as subcutaneous fat
and muscle have low Rj (5-10 s™*) as shown in the R} image (c), muscle appears with artifactually high intensity in the R} image (d). For

details see text.

Since the spectra deconvolution method is sensitive to
field inhomogeneity in the reference region, the choice of
the subcutaneous fat ROI is critical. A search agorithm was
designed to evauate the relative inhomogeneity in fat. For

this purpose fat pixels were first identified on the basis of the
fat component images. A 3 X 3 averaging filter was then
applied to the source imagesfor pixelsidentified as subcutane-
ous fat. Finally, R3 was calculated for each 3 x 3 pixel ROI
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by fitting the interferogram to a decaying exponentia, and
the ROI of minimum R} selected for deconvolution.

Finally, the sensitivity of the apparent R; to spectral mis-
match between target and reference region was examined by
simulation. For this purpose a synthetic spectrum was gener-
ated that duplicated the subcutaneous reference spectrum. This
spectrum was broadened to correspond to an R value as it
is typically encountered in trabecular bone marrow. In order
to simulate the effect of contamination of the fatty bone mar-
row with a hematopoietic congtituent, water was gradually
added to the spectrum and an interferogram computed ac-
cording to Eq. [ 3] which was deconvolved with the reference
interferogram to yield an apparent R3 (R34). The error in
measured R5 was expressed in percent error from the true
value, 100 X (R34 — R2)/R2, and plotted versus the percent
of water spins in the marrow region.

RESULTS

Figure 2a shows spectra obtained in a 27-year-old male
subject at the four skeletal locations indicated in the accom-
panying localizer image. The spectra demonstrate the pre-
dominantly fatty marrow in the upper femur and the similar-
ity in the spectral make-up between these |ocations and typi-
cal reference regions in subcutaneous fat. Further evidence
of the close similarity in spectral composition between the
subcutaneous reference region and the trabecular bone mar-
row in the upper femur is provided in Fig. 2b, which shows
spectra of the trochanteric region, the subcutaneous fat, and
the latter exponentially broadened. The difference spectrum
of the marrow and broadened fat spectrum exhibits negligi-
ble residual.

Figure 3 displays a source image along with the most
relevant computed images. The R5 image (Fig. 3b) empha-
sizes regions of high intrinsic field inhomogeneity, notably
trabecular bone in the upper femur and acetabulum. Muscle
also is relatively bright by virtue of itslarge R, (~35 s™1).
Figure 3c shows an R, map obtained by GESFIDE pro-
cessing (R24s). Besides some regions that are enhanced by
global inhomogeneity caused, for example, by air in the gut,
all magnetically homogeneous tissues (muscle, subcutane-
ous fat) appear with near background intensity. By contrast
trabecular bone, which has large R} (20—80 s™*, depending
on trabecular density and orientation) is enhanced. The R}
map derived by reference signal deconvolution (R5gec) in
Fig. 3d is similar in appearance except for the soft tissues.
Muscle appears bright and is amost identical in intensity to
that of the R3 image. This discrepant behavior of the two
types of R5 images is readily understood when considering
that the deconvolution process only removes the very small
line broadening in subcutaneous fat (R, ~ 5-10 s™).
Therefore, the signal pertaining to muscle is dominated by
R;, and regionsin R} 4. images outside fatty trabecular bone
marrow are thus not relevant.
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FIG. 4. Plotof ROI signal amplitude measured from 16 gradient echoes,
normalized so that initial amplitudes are equal. Strong chemical shift modu-
lation of the subcutaneous fat signal (top trace) is noted, which also occurs
in the bone marrow of the greater trochanter of the femur (bottom trace).
A smooth curve which fits to an exponential (R* = 0.985) is obtained by
dividing marrow/subcutaneous fat, thus demonstrating the effectiveness of
the demodulation (center trace).

In Fig. 4 ROI signal amplitudes taken in subcutaneous
fat and the trochanter of the proximal femur are plotted vs
gradient-echo time. Note the strong modulation caused by
FATG spectral modulation. Deconvolution with a reference
signal derived from subcutaneous fat has the effect of
demodulating the signal, resulting in a smoothly decaying
exponential evolving with rate constant R5. The hypothesis
that the chemical composition of the subcutaneous fat is
similar to that of the bone marrow in femur is borne out by
the similar temporal modulation of the signal which was
found in al subjects studied.

The sensitivity of the derived R; values to spectral mis-
match between marrow and reference region was evaluated
as described under Materials and Methods. Whereas in the
adult appendicular skeleton the marrow isamost exclusively
fatty (16) thisis not the case in the vertebrae, for example,
and the technique would thus not be applicable to the spine.
Nevertheless, even in the femur small deviations from an
al-fatty marrow make-up may occur. Therefore, the error
incurred as a result of replacement of fat by water in the
marrow region is of some interest. Figure 5 shows the re-
sulting error in apparent R5 as a function of added water for
three typical R5 values. The error is found to scale amost
linearly with water concentration and is negative, thus lead-
ing to an underestimation of R5. Further, its magnitude in-
creases with decreasing R5.

Figure 6 shows a correlation between R3 obtained by the
two different methods (GESFIDE vs the current deconvolu-
tion method) in four subjects for various ROIls. The large
range of values reflects the widely varying trabecular density
in the ROIs chosen. The R; map of Fig. 6a indicates very
low density in the femoral shaft and Ward's triangle, inter-
mediate density in the greater trochanter, and very high den-
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FIG. 5. Error in apparent R5 derived by deconvolution of the fatty

marrow interferogram with a reference waveform obtained by gradual addi-
tion of water (in volume %) while decrementing the fat fraction. For the
calculation, T,yaer = 35 Ms was assumed.

sity in the femoral head. The data indicate R34 t0 be sys-
tematically lower than R5 obtained by the GESFIDE method.
The likely cause of this consistently observed trend is global
inhomogeneity in the reference region. The deconvolution
operation corresponds to a subtraction of the relaxation rate
in the reference region from that in the analytical region
(bone marrow). Hence, artifactua line broadening from
macroscopic field inhomogeneity in the reference region
causes an underestimation of R5. Another possible cause of
this discrepancy is the presence of a small excess concentra-
tion of water in the marrow region which, as has been dem-
onstrated, causes a reduction in the apparent R5.

Both methods are remarkably reproducible, as the data
from repeat scans show (Table 1). *‘Intrasession’’ refers to
measurements conducted by repeating the scans with the
subject landmarked identically. By contrast, in the *‘interses-
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ET AL.
TABLE 1
Results of Reproducibility Evaluation
Intrasession (n = 3) Intersession (n = 3)

Parameter Mean Std. dev. C.V. Mean Std. dev. C.V.
R 69.6 0.6 0.9 69.2 16 24
R, 12.4 0.6 51 12.7 0.1 0.6
Dges 57.1 0.1 0.1 56.4 16 2.8
Rbdec 52.10 116 22 51.7 0.8 16

Note. Intrasession refers to repeat measurements in the same subject
within a single imaging session, intersession involved repeat measurements
in the same subject in successive imaging sessions. All dataare in reciprocal
seconds (s™') except coefficient of variation (c.v.) which is in percent.
Riges aNd Ry refer to Ry values derived by GESFIDE and reference signel
deconvolution processing, respectively.

sion’’ study the subject was removed from the table between
scans. The latter thus is a measure of serial reproducibility
in longitudinal studies where the variance is primarily deter-
mined by failure to accurately match up the ROIs which is
particularly critical in the femur where trabecular density
(and structural organization) is highly variant. Nevertheless,
a coefficient of variation of 3 and 1.5% for GESFIDE and
deconvolution-derived R is quite encouraging (though it is
still inferior to dual-energy X-ray absorptiometry).

DISCUSSION AND CONCLUSIONS

The deconvolution method provides an efficient means
for deriving R5 of magnetically inhomogeneous tissues in
the presence of multiple spectral components, on condition
that areference signal of identical spectral make-up be avail-

y=0.942x - 3.342 1?=0.965
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Relationship between R4 and R} g4 (derived by GESFIDE processing). Data combined from four subjects using ROIs indicated in the

R3 image for both femurs (a); (b) R34 computed by deconvolving 16-point interferogram with the modulus signal from ROI in subcutaneous fat and
fitting residual to an exponential. Note that R4 is systematically lower than R derived by GESFIDE.
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able and that thislatter not be modulated by the field perturb-
ers. The apparent R} or R} relaxation rates obtained by the
GESFIDE technique (or any method that fails to remove the
chemical shift modulations, such as echo offset methods
(1)) depend on the length of the echo train or range of
echo offset increments. Thisis evident when considering the
nature of modulations present in the rather complex FATG
spectrum. Some of these modulations have periods of 30
ms and longer at 1.5 T (corresponding to chemical shift
differences of 0.5 ppm such as the those between methylenes
and a-carboxy (CH,’'s) (5). By contrast, R5 derived with
the deconvolution method should be entirely independent of
echo train length (ignoring, of course, the effect of noise).
Processing is extremely simple in that it requires only divi-
sion of each echo by the reference modulus signal. Another
limitation of the GESFIDE and related methods is the as-
sumption of monoexponential R, relaxation. However, the
protonsin thefatty acid chains have different effective corre-
lation times. For instance, relaxation of protons closer to the
glyceryl moiety relax faster, and thus their contribution to
the echo decreases rapidly with increasing TE (for a discus-
sion of segmental motion and their implications on relaxation
rates, see, for example, Ref. (17)). This phenomenon mani-
fests in an anomalously intense signal at very short TE, an
observation which is very consistent and which prompted
usto discard the TE = 4.6 ms echo for GESFIDE processing.
By contrast, the nature of the modulation isirrelevant in the
present method.

The major source of error is differences in background
gradients (as arising from poor shimming or large-scale
susceptibility effects) at the reference site, which are often
present since the subcutaneous tissue is near tissue—air
boundaries. In this case, asis readily seen, R5 is underesti-
mated. Searching for a reference region of optimum field
homogeneity is relatively straightforward and should rem-
edy the problem. The algorithm used for this purpose was
found to provide fairly consistent R for the range of sub-
jects studied. Obviously, the reverse is also possible in that
the macroscopic field gradientsin the analytical region (i.e.,
trabecular bone marrow) could exceed those in the refer-
enceregion, in which case Rj is overestimated. Such errors
can in principle be corrected with a separate deconvolution
since the field gradients are obtainable from the multiecho
data (15). However, in practice this is more complicated
since the largest voxel dimension is usually the one orthog-
onal to the imaging plane and thus artifactual dephasing
due to background gradients in this direction is the greatest
(18). The detrimental effects of the background gradients
themselves can be minimized by decreasing voxel size.
There are, of course, practical limits in doing so, not least
because Rj; from subvoxel microscopic gradients (the
guantity of interest) becomes itself voxel size dependent
as voxel size decreases (1). Three-dimensiona gradient-
echo techniques minimize dephasing from macroscopic

background gradients (19) but these techniques would lead
to considerably longer scan times and very large data
arrays. Another potential difficulty isthe lack of a suitable
reference ROI in subjects with a thin subcutaneous layer.
Finally, the method fails for mixed bone marrow such as
in the vertebrae where the composition of the marrow is
variably fatty/hematopoietic (20).

In summary, the spectral deconvolution method presented
has likely applications for the evaluation of cancellous bone
structure and density at anatomic sites of predominantly fatty
marrow, which essentially comprises the entire appendicular
skeleton. Its main benefit isthe direct measurement it enables
of R5 with a minimum of processing, while circumventing
the complications from chemical shift modulation, which
hamper virtually all aternative methods. Finally, the method
may gain additional significance in light of recent evidence
suggesting that osteodensitometry may be more effective at
sites of yellow marrow (21).
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