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Abstract 

The proton spectroscopic imaging technique that uses read gradient during acquisition was used for the measurement of the 
proton spectra in the lumbar and thoracic part of the spine of a patient with breast cancer without known skeletal metastases. 
The bone marrow fat water ratios were evaluated in the same location before and at~er chemotherapy treatment. The results were 
corrected for relaxation effects. The fat/water ratios showed a significant increase as a consequence of the bone marrow 
degradation process due to chemotherapy. The proposed spectroscopic imaging technique offers rapid acquisition of proton 
spectra from large volumes of the vertebral bodies. �9 2001 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

In hematological or metabolic diseases, the composi- 
tion of the bone marrow can alter during chemo- and 
radiotherapy. During and after the treatment the red 
marrow can change to yellow marrow and vice versa. 
Since the amount  of fat in red marrow ( ~  40%) is 
much less than the amount  of fat in yellow marrow 
( ~ 80%) in adolescents [1,2], non-invasive measurement 
of the water and fat content by MR techniques may 
give a measure of the red/yellow marrow ratio. To 
obtain more detailed information about the bone mar- 
row composition it is necessary to separate the contri- 
butions of fat and water. Several methods have been 
used to accomplish this goal. One method uses phase 
interference effects to measure the fat/water ratio in 
trabecular structure of vertebral bodies [3]. Another 
group of methods used chemical shift imaging [4,5]. A 
third approach to assess alternations of the bone mar- 
row is volume-selective ~H-spectroscopy [6-9] and mag- 
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netic resonance spectroscopic imaging (MRSI) [10,11]. 
We have applied a variant of the MRSI technique 

that uses read gradient during acquisition [12,13]. This 
method permits measurement of the proton spectra 
with high spatial and moderately high spectral resolu- 
tion with acquisition times of some minutes. The vol- 
ume of interest (VOI) can be defined flexibly to 
conform with irregularly shaped vertebral bodies. The 
advantage of spectroscopic imaging with high spatial 
resolution is the post-detection definition of relatively 
large and irregularly shaped VOI. This possibility has 
an important  significance in reliable characterization of 
bone marrow structure, for example in the spine, where 
red and yellow marrow distribution is heterogeneous 
[7]. 

2. Materials and methods 

A 52-year-old ~t:emale breast cancer patient wi th  no 
clinical or biochemical signs of skeletal metastases was 
investigated. The proton spectra were recorded with a 
Philips (Best, The Netherlands) Gyroscan NT whole- 
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body imager working at 1.5 T. The whole body coil was 
used for excitation and receiving. The spectroscopic 
imaging technique with high spatial resolution was 
based on a radiofrequency (RF) spoiled fast gradient 
echo sequence (TR = 100 ms, c~. = 25 ~ [13,14]. The 
spectral inforrnation was encoded by incrementing the 
echo time TErn = TEl + m A T  of the subsequent 32 im- 
age records (m = 0, 1, 2...31) with TE~ = 9 ms, FOV = 
450 mrn, slice thickness 5 mm, (256, 256) image matrix 
and chemical shift artefact two pixels; 192 phase encod- 
ing steps (scan percentage 75%) and one acquisition 
was used. Incrementing the echo time by A T -  1.56 ms 
led to a spectral bandwidth of 10 ppm (640 Hz). The 
spectral resolution was 0.31 ppm (19.8 Hz). The net 
measurement time was 10.2 min. Oversampling factor 2 
was used in read gra'dient direction kread. Data process- 
ing were performed on a Sun Ultra 10 workstation (Sun 
Microsystems Inc., CA, USA). The measured matrix 
(kread , kphase, 1/1) -~- (5 | 2, 192, 32) was zero-filled before 
data processing to a complex matrix size (512, 256, 
256). The first Fourier transform was performed along 
the m axis. The data matrix was then corrected for 
chemical shift artefacts using a first-order phase correc- 
tion [13,14]. Data processing continued by spatial 2D 
Fourier transform in the read (/':,-~,d) and phase-encod- 
ing dimensions (kph~,~). Oversampling of the data ma- 
trix was removed during the Fourier transform along 
the kread axis. The resulting matrix (Xrcad , )'phase, (3") O[" 
the size (256, 256, 256), where X~,d, Yphasc are spatial 
co-ordinates and c~ is the shielding constant, represents 
the proton spectra in a given voxel (1.76 x 1.76 x 5 
mm 3) of the measured slice. Complex proton voxel 
spectra were then simplified to the magnitude spectra. 
The static magnetic field distribution AB(Xread, )'phase) in 
the measured slice was computed fi'om the shift of the 
highest spectral peak in each voxel and used to reshift 
the voxel spectra about AB(xroaa, Yphase)/Bo" along the 
spectral axis c~ [13,14]. The chemical shift artefact-free 
image (Fig. l a) was computed by integration of the 
water and fat voxet spectral peaks. An integration 
range of _+ 0.3 ppm ( +  19 Hz) over the water and fiat 
spectral lines was used. The chemical shift artefact-free 
image served for definition of the volume of interest. 
The selection was performed manually with the aid of a 
'light pen'. The typical VOI in vertebral bodies (-~- 1550 
voxels, 24 cm 3) is depicted by overlaid high intensity 
pixels in Fig. l a. The average magnitude spectrum per 
voxel from the defined group of the voxels (VOI) was 
calculated by summation of the individual voxel spectra 
and division by the number of voxels. Subtraction of a 
constant was used for baseline correction. 

The spectra were analyzed by a standard peak-fitting 
procedure. Two Lorentzian shaped curves were used to 
fit the water (4.8 ppm) and fat (-CH2-),, (1.6 ppm) 
peaks (see dotted curves in Fig. l b). Due to limited 
spectral resolution the lipid spectrum was not analyzed 

in :more detail. Signal intensity I was computed from 
the area of the Lorentzian fitted water (I.) and fat (I0 
spectral lines and used for evaluation of the fat/water 
spin density ratio (!]:/Iw). In principle, signal intensities 
are directly proportional to concentrations, the propor- 
tionality constant is the same for all the spectral lines. 

Fig. 1. The average proton spectra of the lumbar and thoracic part of 
the spine. (a) The irregularly shaped VOI in the vertebral bodies 
( ~ 1550 voxels, 24 cm 3) is depicted by overlaid high intensity pixels. 
(b) Normal spectrum before the beginning of chemotherapy. The 
dotted curve displays the fitted Lorentzian line. (c) Spectrum just 
after 8 months course of the chemotherapy. (d) Spectrum 2 months 
after finishing the treatment. (e) Spectrum 7 months after end of 
chemotherapy . . . .  
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However, effects related to relaxation have to be taken 
into account for quantitative results [15]. The steady 
state signal achieved for RF spoiled fast gradient echo 
sequence can be described by the following well-known 
equation [16]: 

I =  p[1 - e x p ( -  TR/T~)]sin(~) e x p ( -  TE/T*) (1) 
[1 - exp( - TR / T1)]cos(c~) 

where p is proton density. Eq. (1) corresponds to the 
situation where the transverse magnetization before the 
next excitation pulse is effectively spoiled and cannot 
rephase at a later time [17]. The relaxation corrected 
water Pw and fat Pr spin densities were computed using 
Eq. (1) with T E =  TEl where TE~ is the echo time of 
the first image record, i.e. time of the first point of the 
k -FID [13,18]. In the calculation of the water Pw (red 
bone marrow) and fat Pr (yellow bone marrow) spin 
densities, spin-spin relaxation values T~w = 1350 ms for 
water and T~f=290 ms tbr fat were used [8]. The 
effective spin-spin relaxation time of water T*w = 
12.2 ! 0.3 ms and ~lt T~r= 14.1 _-_+ 0.4 ms were com- 
puted from the full width half maximum (FWHM) 
(T*=.v/3/(rc*FWHM)) of the Lorentzian shaped 
curves which were used for fitting of the magnitude 
spectra (Fig. lb-e) [19] .  These values agree well with 
the literature value T * =  13.4• 1.3 referring to the 
lumbar spine of a 48-year-old healthy subject [20]. The 
spin density fat/water ratio P/Pw was then converted to 
fat/water weight ratio mptlw using formulas m~.= 
267.8 18 
24.5 p~ and row=7-  - p,,~ where 267.8 g/mol and 18 

g/mol are the molecular weight of triglycerides and 
water, respectively. Constants 24.5 and 2 are average 
numbers of protons in the triglyceride that exist as 
(-CHe-),, and water, respectively. This calculation is 
based on the well-known fact that the lipid .composition 
of human bone marrow consists almost exclusively 
from the triglycerides [7,10]. 

3. Resu l t s  

The proton spectra in the lumbar and thoracic part 
of  the spine (Fig. l a) were measured in the same 
location before and after chemotherapy. Fig. l b shows 
a normal ~H-spectrum before starting the chemother- 
apy. The amplitude of the water peak (4.8 ppm) is 
approximately two times higher than the fat peak (1.6 
ppm). The measured fat/water spectral line intensities 
i~;/Iw and fat/water weight ratio mPnw were 0.48 and 
0.29, respectively (Table 1). Fig. l c shows the spectrum 
just after the 8-month course of therapy was completed. 
The fat/water signal intensity ratio increased to 0.74 
and fat/water weight ratio to 0.45. Increase of the 
fat/water ratio continued even 2 months after the end 
of treatment (Fig. I d). The fat/water signal intensity 

Table 1 
Fat/water signal intensity, spin density a and weight ratios a 

T i m e  Fat/water signal Fat/water ~ spin 
(months) intensity ratio density ratio 

Ir/Iw (a.u.) Pr/'Pw (a.u.) 

Fat/water ~ 
weight ratio 
,n6m w (a.u.) 

0 0.48 0.24 0.29 
8 0.74 0.37 0.45 
10 1.25 0.63 0.76 
15 1.48 0.74 0.90 

First row (0 month) shows Pat/water ratios before the beginning of 
chemotherapy. Second row (8 months) contains values just after the 
treatment. Rows 3 (10th month) and 4 (15th month) shows lEt/water 
ratios 2 and 7 months after finishing the chemotherapy. Error +_ 16% 
was estimated for the values corrected for relaxation effects. 

a Corrected for relaxation effects. 

and weight ratios reached values of 1.25 and 0.76, 
respectively. The last measurement (Fig. l e) was per- 
formed 15 months after beginning the treatment (7 
months after finishing the chemotherapy). Relatively 
small increase of the fat/water signal intensity (1.48) 
and weight ratio (0.90) indicated a slowing down of the 
bone marrow degradation process. 

4. D i s c u s s i o n  

In post-detection data processing the voxel spectra 
were corrected for the shifts caused by the static mag- 
netic field deviations. Good quality of the proton spec- 
tra could therefore be obtained without shimming 
procedures. Voxel spectra summation allowed an en- 
hancement of the signal-to-noise ratio (S/N). tIowever, 
this summation is relatively inefficient in terms of sensi- 
tivj_Uv: the S /N  in the sum of N voxels is reduced by 
s  compared to the signal fYom an N-times larger 
volume [13]. The calculations of the fat/water weight 
ratios suffers from the fact that the peak areas have to 
be corrected for relaxation effects. The computed effec- 
tive relaxation times of water T*w = 12.2 _+ 0.3 ms and 
l%.t T*f = 14.1 • 0.4 ms are probably sufficiently reliable 
[20]. However, the relaxation time T~ of water and fat 
in bone marrow of the vertebral bodies displays large 
variations [4,6,8]. The spin-lattice relaxation time of 
water Tlw was found in a range between 1000 and 1700 
ms, and Tlr (fat) in a range between 260 and 320 ms in 
healthy volunteers. The quantitative results corrected 
for relaxation effects (Table 1) have therefore limited 
precision. The error +_ 16% for relaxation corrected 
values (Table 1) was estimated by varying the mean 
T~w=1350 ms value approximately • 300 ms and 
T~r= 290 approximately _+ 30 ms. 

The spectrum quality of the described spectroscopic 
imaging method is inferior to those obtained by the 
usual single voxel (PRESS, STEAM) sequences [6-9]. 
S /N  and spectral linewidths are, however, comparable. 
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The disadvantage of single voxel spectroscopy is longer 
total measurement time due to shimming procedures, 
measurement of anatomic images and manual defini- [5] 
tion of VOI before spectrum measurement. The advan- 
tage of spectroscopic imaging with high spatial 
resolution is post-detection definition of large and irreg- [6] 
ularly shaped VOI. This has an important significance 
in view of the fact, that the distribution of  red and 
yellow marrow is very heterogeneous within each verte- [7] 
bral body and between different vertebrae [7]. The 
described technique can be useful to study the ratio 
between red and yellow bone marrow during treatment [8] 
of patients with various bone marrow disorders. 

5. Conclusions 
[91 

The spectroscopic imaging method offers rapid ac- [10] 
quisition of proton spectra from large volumes. The 
short examination time, the post-detection definition of 
the irregularly shaped VOI and the fact that there is no 
shimming or special hardware requirements, makes the [11] 
technique easily applicable in practice. 
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