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N uclear m agnetic resonance imaging (M RI) o f w ater and fat protons has been perform ed with 
a 1.5 T  whole body imager. The highly selective excitation, necessary for the d iscrim ination  o f the 
two proton species, has been achieved by different four and five pulse excitation schemes which 
had to be adapted  to the needs o f  MRI and com pleted to im aging sequences. T heir ability  to 
p roduce well separated water and fat d istribu tion  images o f test objects is dem onstrated. The 
special features o f the m ethod such as signal-to-noise ratio, insensitivity to rf-field inhom o­
geneities, ease o f im plem entation and data handling are discussed and com pared to existing 
spectral separation  techniques.

In contrast to conventional N M R  spectroscopy, 
where the existence o f  nuclei with different Larmor 
frequencies due to different chem ical surroundings 
is a strong analytical tool, this effect is often re­
garded as an “artifact” in N M R  im aging. If we con­
sider, e .g ., a hum an 'H spectrum, two major com ­
ponents arise from the fat (CH2) and the water 
protons. The corresponding chem ical shift am ounts 
to about 3.5 ppm and causes a slice offset and an 
im age shift in readout direction o f  2.8 mm betw een  
fat and water signals when the usual 2D -F ourier  
transform (FT ) im aging m ethod is em ployed and 
operated at 1.5 T with a slice selection and readout 
gradient o f  about 1.9 m T /m . The resulting im age is 
sm eared out and hides parts o f  the information. 
W orking at even higher m agnetic fields, w hich is 
under consideration for future applications [1], en­
hances the effect.

Different methods [2] have been developed [3 -1 3 ]  
in order to suppress one o f  these chem ical shift 
com ponents in order to get access to the spectral in­
form ation and to get rid o f  the im age distortions 
discussed above. Som e o f  them suffer from tim e  
consum ing post processing o f  the data [3], or a 
reduced signal-to-noise ratio [7, 12]. Som e other 
techniques require more than one data acquisition  
cycle [3] or high hom ogeneities o f  the static [3, 13] 
and the rf-field [6 , 8], In this work we report on a 
m ethod for obtaining water or fat proton im ages
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using a highly selective excitation  schem e which  
avoids most o f  the restrictions o f  the other m ethods 
but sim ultaneously retains m ost o f  their advantages.

Starting from H ore’s [14] 1 —3 — 3 —1 sequence, 
w hich is frequently used in N M R  spectroscopy  
[1 5 -1 8 ]  to elim inate the dom inating and narrow 
water peak in aqueous solutions, we developed  
four- and five-pulse excitation schem es to m eet the 
experim ental conditions appearing specifically  in 
m agnetic resonance im aging such as broad lines and 
long pulse durations.

Figure 1 dem onstrates the tim ing diagram and 
the Fourier transform o f  the frequency selective  
excitation functions considered. In contrast to the 
standard 1 —3 — 3 —1 excitation, w hich is shown for 
com parison in Fig. 1 a, a more selective excitation  
can be achieved by an optim ized  adjustment o f  the 
delays betw een the single pulses and the flip angles. 
The result is a broad unexcited region with steep  
edges around the central frequency when a m odified  
four-pulse train is em ployed (Fig. 1 b) with rf- 
am plitude ratios 1 - 3 . 6 - 3 . 6 - 1 .  For a fat-water 
offset frequency o f  225 Hz at 1.5 T or 3.5 ppm a 
delay o f  860 ps betw een the central 36° pulses, and 
2 1 5 0 |is  betw een the 36° and the 10° pulses, places 
one o f  the peaks in the 9 0 °  excitation region  
whereas the other signal rem ains practically un­
excited. In this way fat or water protons can sepa­
rately be excited w ithout a sh im m ing procedure as 
long as both o f the spectral com ponents are resolved.

An im provem ent in the sense o f  steeper slopes and 
a broader unexcited frequency interval is achieved  
using the five-pulse sequence presented in Figure 1 c.
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Fig. 1. Tim ing o f the investigated pulse trains (left) and 
their Fourier transform s (right): a) 1 -1 .5 6  ms — 3 -  1.56 
ms — 3 -1 .5 6  ms — 1 sequence, b) 1 -2 .1 5  ms — 3 .6 -0 .8 6  
ms -  3 .6 -2 .15  ms -  1 sequence, c) five pulse sequence 
with am plitude ratios and delays betw een the single pulses 
according to 1 -1 .5  ms -  3 -  1.6 ms -  4 - 1 .6  ms -  3 -1 .5  
ms -  1. The dura tion  of every single rectangular pulse is 
0.64 ms.
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Fig. 2. Im aging sequence with the five pulse excitation.

Fig. 3. N M R  images of an arrangem ent o f  two cylinders 
(£^95  mm) filled with m ineral oil (upper reservoir) and 
water (lower reservoir, 52 mm apart): a) oil excitation 
mode, b) water excitation m ode, c) standard  spin echo 
technique.
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The frequency separation o f the 2.5% levels is 
doubled in com parison to Hore’s 1 —3 — 3 —1 tech­
nique. and the undulations appearing in the FT o f  
the m odified  four-pulse sequence (F ig. lb )  around  
the center are om itted. The frequency range covered  
by the excitation, how ever, is reduced compared to 
the m odified  four-pulse timing schedule. It will 
depend upon the application  if  either the four- or 
the five-pulse sequence is more appropriate to m eet 
the experim ental requirem ents.

A com plete tim ing diagram o f  the five-pulse  
im aging sequence is show n in Figure 2. The excita­
tion is follow ed by a phase encoding gradient. Slice 
selection is accom plished by a 180° sinc-pulse in 
the presence o f  a slice selection gradient. The spec­
trally selected spins form  an echo at tim e TE. This 
echo is read out and processed in the standard way 
o f 2 D  FT -im aging [19]. A dditionally a strong gra­
dient in slice selection  direction is applied to d e­
phase the longitudinal com ponents o f  stim ulated  
echoes produced by the multi-pulse excitation. These 
contributions are not affected by the phase encoding  
gradient. In com bination with a follow ing misaligned 
1 8 0 °-pulse they otherw ise lead to unwanted trans­
verse m agnetization and produce a line artifact in 
the final im age.

The experim ents have been perform ed after im ­
plem entation o f  the tim ing protocols in the software 
o f  a 1.5 T w hole-body im ager S iem ens M agnetom. 
The result o f  our first experim ent is shown in F ig ­
ure 3. The test objects are two cylinders filled with 
mineral oil and water placed inside the 'H headcoil 
o f  the w hole-body S iem ens M agnetom  system. If 
the frequency is adjusted to the water resonance the 
application o f  the four-pulse sequence keeps the 
water protons in the low er reservoir com pletely un­
affected (a), whereas the C H 2-m ineral oil protons, 
in this case 4.6 ppm shifted  against the water signal, 
are exposed to a 90° excitation. The sam e is true for 
the opposite case (F ig . 3 b) even in regions o f  lower 
B \-field  strengths o f  the headcoil. This demonstrates 
that the separation itse lf works well and does not 
depend upon the hom ogeneity  o f  the rf-field be­
cause variations o f  the rf-field strength only change 
the absolute values o f  the effective flip  angles but 
do not alter their ratios. A standard spin echo  
technique was applied for com parison in Figure 3 c. 
The intensity profiles demonstrate that either the 
water or the mineral oil signal can be suppressed 
down to noise level.

D ue to the som ew hat larger chem ical shift in the 
mineral oil-w ater arrangem ent com pared to human  
and m am m alian 'H spectra the parameters had to 
be m odified  to fit the different experim ental situa­
tion. In a rough approxim ation the necessary d is­
placem ent o f  the sidebands can be obtained by 
keeping the pulse w idths and the ratios o f  the delay  
tim es constant w hile changing the absolute values o f  
the delays alone. H ow ever, the m ethod is not partic­
ularly sensitive to sm all variations o f  the chem ical 
shift. This m eans that one sequence, when once 
optim ized to work for a fixed w ater-fat chem ical 
shift, e.g., in hum an tissue, is suitable to work for 
different organs as well as for different patients. A  
practical application to dem onstrate the usefulness 
o f  the five-pu lse sequence described in Fig. 2 is 
shown in the Figure 4. T he im ages show  a slice 
across a porcine foreleg placed inside the body coil 
o f  the w hole-body im aging system  in the water (a) 
and fat (b) im aging m ode. T he scope o f  the im ages 
covers an area o f  about 12 x 28 cm. T he addition o f  
both o f these im ages (c) in fact gives the sam e result 
as the conventional spin echo im age show n in F ig­
ure 4d . This com parison clearly dem onstrates one o f  
the main advantages o f  the m ethods described  
above, i.e ., the com plete conservation o f  the full 
signal-to-noise ratio o f  the usual sp in-echo tech­
nique. C linical applications on volunteers and pa­
tients will be published elsewhere.

In conclusion we have described a m ethod o f  
selective non-excitation (SE N EX ) o f  broad spectral 
com ponents for application  in N M R  im aging. The 
m ultipulse excitation schem e has been shown to 
work under various experim ental conditions avoid ­
ing most o f  the disadvantages o f  other techniques or 
arrangements required for their use but m aintaining  
m ost o f  their benefits. W e have dem onstrated its 
ability to produce fat or water im ages o f  test objects 
as well as hum an and m am m alian tissue w ithout 
tim e consum ing m agnetic field  sh im m ing in ad­
vance. The signal-to-noise ratio obtained is the 
sam e as for a standard spin echo sequence. Further­
more, the separation o f  fat and water signals is also 
active in the presence o f  rf-field inhom ogeneities. 
The im plem entation on com m ercial system s in their 
routine use is easy and the data processing doesn’t 
need any m odification .

Further im provem ents are in progress and will 
include T \-w eighted  m ultislice option  as used in the 
STEAM -CHEES m ethod described by Haase et al.



Fig. 4. N M R  im ages o f a porcine foreleg: a) w ater image, b) fat image, c) add ition  o f the fat and the w ater im age, d) standard  spin echo m ethod. E xperi­
m ental param eters: 1 acquisition , repetition  time: 1 s, echo tim e: 32 ms, slice thickness: 5 mm, m easuring  tim e: 4.5 m in, m atrix  size: 256 x 256.
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[7, 12] and non-w eighted m ultislice operation re­
placing the rectangular excitation pulses by slice  
selective sinc-pulses. The m ultiecho m ode will allow  
a separate determ ination o f  fat or water relaxation  
tim es T2. Furtherm ore, this m ethod is also able to 
extract other spectral com ponents and can be used 
in heteronuclear im aging [20].

Acknowledgements

Financial support by the D eutsche Forschungsge­
m einschaft and the Bundesm inister für Forschung

und T echnologie (BM FT) o f  the Federal R epublic  
o f  G erm any (G rant 01 VI 85184) is gratefully ac­
know ledged. W e thank D ip l.-Phys. U . Klose and all 
the m em bers o f  the m agnetic resonance im aging  
facility o f  the U niversity o f  Tübingen for their help  
and advice.

[1] J. Vetter, H. Siebold, and L. Söldner, Sixth Annual 
M eeting, the Society o f M agnetic Resonance in M e­
dicine, N ew  York, 17 .-21 . 8. 1987.

[2] E. G rabbe, M. Heller, H. D enkhaus, J. Heinzerling, 
and H. Kooijm an, R öntgenstrahlen 56,34 (1986).

[3] W. Th. D ixon, Radiology 153,189 (1984).
[4] J. K. T. Lee, W. Th. Dixon, D. Ling, R. G. Levitt, and 

W. A. M urphy, Jr., Radiology 153,195 (1984).
[5] Ch. L. D um oulin , J. Mag. Res. 64,38 (1985).
[6] A. Haase, J. F rahm , W. Hänicke, and D. M atthaei, 

Phys. Med. Biol. 30,341 (1985).
[7] A. Haase and J. F rahm , J. Mag. Res. 64,94 (1985).
[8] J. F rahm , A. Haase, W. Hämcke, D. M atthaei, H. 

Bom sdorf, and Th. Helzel, Radiology 156,441 (1985).
[9] Ch. L. D um oulin , Mag. Res. Med. 3 ,90  (1986).

[10] Ch. L. D um oulin  and D. Vatis, Mag. Res. Med. 3, 282
(1986).

[11] A. Haase, J. F rahm , D. M atthaei, W. Hänicke, H. 
Bomsdorf, D. Kunze, and R. Tischler, Radiology 160, 
787 (1986).

[12] D. M atthaei, A. H aase J. F rahm , H. Bomsdorf, and 
W. Vollmann, R adiology 160,791 (1986).

[13] D. Kunz, Mag. Res. M ed. 3 ,639  (1986).
[14] P. J. Höre, J. Mag. Res. 5 5 ,283 (1983).
[15] Z. Starcuk and V. Sklenar, J. Mag. Res. 61, 567

(1985).
[16] Z. Starcuk and V. Sklenar, J. Mag. Res. 66, 391

(1986).
[17] M. P. Hall and P. J. H öre, J. Mag. Res. 70,350 (1986).
[18] A. T. Hsu, W. W. H unter, Jr., P. Schm albrock, and 

A. G. M arshall, J. Mag. Res. 72, 75 (1987).
[19] P. G. M orris, N uclear M agnetic Resonance Im aging 

in M edicine and Biology, C larendon Press, Oxford 
1986.

[20] M. Braun, O. Lutz, W. I. Jung, C. S. Kischkel, R. 
Oeschey, and M. Pfeffer, Z. N aturforsch. 42 a, 1037
(1987).


