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The problem of non-invasive spatial localization in NMR is approached by constructing a spatially selective composite 
pulse sequence and incorporating it into a recently developed difference scheme. The composite sequence described, which 
requires nine phase-shifted n pulses, functions only over a narrow range of radio-frequency (rf) field strengths while 

remaining effective over a broad range of resonance frequencies. Relying upon the field gradient of a surface coil to label 
regions in space by local rf amplitudes, the pulse inverts all nuclear spins at a selected distance from the coil across a broad 
range of chemical shifts. This approach will allow the observation of chemically shifted NMR signals from specific regions of 
a material or organism. Computer simulations are presented, and the method is demonstrated experimentally on a phantom 

sample using a surface coil. 

1. Introduction 

It is often useful in many areas of chemistry to 
be able to obtain spectroscopic information from 
a localized region of a sample non-invasively. Spa- 
tial localization is desirable in a number of sys- 
tems, ranging from heterogeneous solids such as 
coals, catalysts and semiconductors to living tis- 
sues and organisms. For example, the elucidation 
of the action of a catalyst may be aided consider- 
ably by restricting observed signals to those 
originating from the surface layer alone, eliminat- 
ing the otherwise overwhelming contribution from 
the bulk. The need for spatial localization is also 
felt keenly in in vivo NMR and magnetic reso- 
nance imaging, where signal frequently must be 
obtained from a selected organ without inter- 
ference from surrounding tissues. Thus spatially 
selective excitation, which can be directed at 
specific sites in a heterogeneous system and which 
can yield accurate chemical information from these 
sites, is a highly desirable goal for spectroscopy in 
general and NMR in particular. 

’ Present address: Department of Chemistry, University of 
Pennsylvania, Philadelphia, PA 19104, USA. 

In a recent Communication [l], we introduced 
a technique designed to localize NMR signals in 
space by combining the radio-frequency (rf) gradi- 
ent of a surface coil [2] with an excitation se- 
quence narrow-band in rf field strength [3-61. The 
excitation sequence is a variant of a composite 7~ 
pulse [7] that inverts spin populations only within 
a small range of rf field amplitudes. This paper 
enlarges upon the earlier work in three important 
areas. First, a pulse sequence is suggested that has 
the required narrow-band properties with respect 
to the rf amplitude but at the same time uniformly 
excites over a substantial range of resonant fre- 
quencies. This allows the technique to be used in 

situations where the observed signals span a large 
chemical shift range, without requiring unreasona- 
bly high rf power. Second, experimental results on 
a phantom sample and using a surface coil are 
given to demonstrate both the degree of spatial 
localization that may be achieved and the chem- 
ical shift range that may be covered. Third, we 
present a brief discussion of the relationship of 
our method to spatial localization methods pro- 
posed by other authors, with the intent of pointing 
out the experimental conditions under which dif- 
ferent techniques may be preferred. 
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2. Development of pulse sequences 

2.1. Narrow-band localized excitation (NOBLE) 

A NOBLE pulse sequence is comprised of two 
parts [l]. The first is a narrow-band inversion 
sequence P, which inverts spin populations in a 

narrow range of rf amplitudes centered about a 
nominal value ~7 (rad/s). The second is a read 
sequence R, which in the simplest case may be 
single pulse. The free induction decay (FID) after 
applying P and R in succession is subtracted 
from the FID after R alone. The remaining signal 
arises only from those regions in space where P 
inverts spins and R excites signal. Signal contribu- 
tions due to residual transverse magnetization 
created by P are eliminated either by dephasing in 
a delay between P and R or by phase cycling of 
P. Dephasing may result from an applied pulsed 
static field gradient, or from transverse relaxation 
if T, -C T,. 

This method leads to very simple expressions 
for the signal amplitude and phase. Suppose that 
P produces an inversion W( wl, Au) at an rf am- 
plitude w1 and a resonance offset Ao, where W is 
defined as usual [1,3-71 to run between - 1 and 1, 
with - 1 indicating equilibrium spin populations 
and 1 indicating complete population inversion. In 
addition, suppose that R excites transverse mag- 
netization with an amplitude A(o,, Aw) and a 

phase +(a,, Ao). Then the signal amplitude is 
proportional to S(o,, Aw), given by 

S(W,? Aw) = [l+ W(o,, Aw)]A(~,, Aw) (1) 

and the signal phase is +(a,, Ao). An additional 
factor of o1 would be present in eq. (l), arising 
from the detection efficiency, if the same surface 
coil were used for both excitation and detection 
[8]. The fact that the signal phase depends only on 
R is significant. In general, the direction of the net 
rotation axis of P, loosely speaking the “phase” of 
P, changes considerably with wl. If the signal 
phase were to depend on the phase of P, contribu- 
tions to the total acquired signal with different 
values of w1 and the same value of Aw could 
interfere destructively [9]. Thus, a loss of sensitiv- 
ity would result. NOBLE avoids this problem, 

since only the inversion produced by P and not 
the phase plays a role. 

2.2. Selective inversion sequences 

There remains considerable flexibility in the 
choice of specific sequences for P and R, subject 
to the constraint that the duration of the se- 
quences must be short compared to T, and T2. 
Narrow-band sequences have been derived using 
iterative schemes by our laboratory [3,4] and by 
Shaka and Freeman [5]. The iterative schemes can 
generate pulse sequences with arbitrarily small 
bandwidths in w,. Typically, however, the band- 
widths in Aw are also small, i.e. W( wl, ho) is a 
strong function of Aw as well as w,. Using fixed 
point methods, some progress has been made to- 
wards the development of iterative schemes for 
generating inversion sequences that are narrow- 
band with respect to w1 and broad-band with 
respect to Aw [4]. For the present purpose, how- 
ever, we programmed a computer to search for 
sequences that meet given bandwidth criteria. It 
was found that less than nine pulses do not meet 
the inversion profile requirements over both of w, 
and Aw. Therefore, in a typical search, the pro- 
gram examines all pulse sequences composed of 
nine pulses with nominal flip angles of 180” and 
with the individual phases in multiples of 15’. The 
desired values of W( w,, Aw ) are specified for 
twenty-six combinations of w1 and Aw. The actual 
values of W( wl, Aw ) are calculated for each pos- 
sible sequence. The sequence with the smallest 
variance between the actual W(w,, Aw) values 
and the desired W(w,, Aw) values is selected. 
Only sequences with symmetric phases are consid- 
ered, reducing the number of sequences that must 
be tested and eliminating the need to examine 
both positive and negative values of Aw [lo]. Once 
a sequence is found, it can be refined by changing 
the pulse phases in 5’ increments. Simulations 
indicate that phase errors within 5’ of the nominal 
phase do not appreciably alter the inversion pro- 
files. Therefore further refinement of the pulse 
phases is not necessary. 

The sequence 180,,180,,,180,3,180,,180,180,,- 

18O,,,I80,,180,,, which we denote PO, results 
from such a search procedure. The contour plot in 
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Fig. 1. Contour plot of inversion performance versus resonance 

offset (AU/W!) and rf field strength (+/WY) for the com- 

posite pulse sequence PO: 180~180,,180~~,180s,180,180ss- 

180,3,180,,1803c. Each pulse is specified by two angles, 8+, 

where 8 denotes the flip angle and + the phase. Pa produces 

narrow-band inversion with respect to ot and broad-band 

inversion with respect to AU. 

fig. 1 illustrates the inversion performance. 
According to eq. (l), PO allows the signal ampli- 
tude at w1 = WY to be greater than 75% of its 
maximum for all resonance offsets in the range 
-0.3~: c Ao c 0.34. Significant signal at unde- 
sired values of o, can only develop when ( Aw ) > 
0.34. 

2.3. Read sequences 

Any sequence composed of an odd number of 
nominal 180” pulses such as P,,, will invert spin 
populations when w, is any odd multiple of WY. 
Thus large signal contributions may arise from 
regions in space where wi is approximately an 
odd multiple of WY in addition to the desired 
region where w, is approximately equal to w’j. In 
ref. [l], we suggested using a single nominal 60” 
pulse for R. A nominal 60” pulse becomes a 180” 
pulse at w, = 34, making A(34, 0) = 0. Bendall 
has demonstrated the same approach for suppress- 
ing high flux signals with depth pulses [11,12]. In 
fig. 2a, we show a plot of S( w,, 0) for NOBLE 
using PO and a nominal 60” pulse for R. Although 

Single n/3 Read Compose Pulse Read 

Z 
6 
G b d 

20 Of‘ Fk?sononce Off Resonance 

“_ 0 IO 20 30 40 0 10 20 30 40 

RF F,eld Strength (u&’ 

Fig. 2. Simulations of NOBLE signal amplitude S(w,, AU) 
with the inversion pulse P,,, as specified in fig. 1, and various 

read sequences R: (a) S(w,, 0) for R = n/3, (b) S(w,, 0.24) 

for R = n/3, (c) S(o,, 0) for R, = 90,,,120,30~90,,~120,30~, 
(d) S(w,, 0.24) for R, = 90,,120,30s,,90,,c120,30c. An ad- 
ditional factor of o, arising from the detection efficiency with 

a surface coil is included. The read sequence R, of(c) and (d) 
effectively eliminates the signals from the 34 region while 

maintaining almost maximum intensity in the WY region. 

S(34, 0) = 0, th ere is substantial signal on either 
side of 34. Signals on opposite sides of 34 have 
opposite phases so that partial cancellation may 
be expected, but the suppression is not ideal. The 
signal at 0: is reduced from its maximum factor 
of 3/2, since it is excited by a 60” pulse rather 
than a 90” pulse. In addition, as can be seen in fig. 
2b, a 60” pulse is not broad-band over the desired 
range of frequency offsets. 

A better choice for R would have the following 
three properties. First, it would be a broad-band 
inversion sequence near 34, inverting spins and 
exciting no signal over large ranges of both wi and 
AU. Second, it would excite nearly the maximum 
signal at wi = 0:. Third, it would excite signal 
with a nearly constant phase near w, = WY. A 
sequence that has these properties is 9O,s,120,- 
30,90,,,120,30,, which we denote R,. R, is 
derived from the composite n pulse 27O,a,360,- 
90,270,,,360,90, developed by Shaka and Free- 
man [13], simply by dividing all pulse lengths by 
three. That R, has the first property above is a 
consequence of the work of Shaka and Freeman 
[13]; that it has the other two properties might be 
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coincidental. Figs. 2c and 2d are plots of 

S(Q,, AU) for NOBLE using P,, and R,. The 
selectivity with respect to w, and the useful range 
of Aw are illustrated; the signal profile is essen- 
tially identical between Aw = 0 and Aw = 0.2. 

At this point, we stress that other choices for P 
and R are possible. PO and R, were selected 
principally to provide a large bandwidth in AU 
and to eliminate signal contributions from the 3~: 
region. Other considerations may require different 

sequences, for example a P with a narrower band- 
width in w, in order to produce finer spatial 
resolution [1,3-51. Read sequences that do not 
excite signal at higher multiples of w,, e.g., both 
30: and 5wy, can be found. 

A potentially important possibility is the use of 
an adiabatic frequency sweep [14] or an equivalent 
phase modulated pulse [15-171 as the read se- 
quence. Adiabatic sweeps can invert spins essen- 
tially completely for arbitrarily large values of o, 
above a threshold 0: that depends on the sweep 
rate [l&17]. Below w\, the conditions for adia- 
baticity [17] are not satisfied and transverse mag- 
netization is created. Thus by placing the threshold 
between WY and 3wy, all contributions to the sig- 
nal except those near WY could be eliminated. In 
addition, if the fine spatial resolution afforded by 
P is not required, an adiabatic sweep could be 
used alone. This would be an entirely new ap- 
proach to spatial localization. 

3. Experimental demonstration of NOBLE 

3.1. Experimental design 

Experiments were performed at 180 MHz on a 
phantom sample of H,O(/) using a three turn 
surface coil. The configuration of the sample and 
coil is shown in fig. 3a. The sample consists of a 
10 mm long section of delrin rod with a diameter 
of 4 mm, into which five holes have been drilled 
with a spacing of 2.0 mm. The holes are filled with 
H,O( 8) and are labelled as positions 1 through 5 
in order of increasing distance from the plane of 
the coil. The coil diameter is 1.5 cm. To provide a 
one-dimensional image of the sample, a pulsed 
field gradient of approximately 1.14 G cm-’ is 

Surface 
Coil 

(a) 

lb) 

L I I I I 

6 3 0 -3 -6 

Frequency (kHz) 

Fig. 3. (a) Surface coil and sample geometry. The sample 

consists of a delrin rod (4 mm diameter) containing five small 
holes filled with H,O(C). (b) ‘H spectrum of the phantom 

sample recorded after a n/2 pulse at position 1. A static field 

gradient is used to obtain the one-dimensional image. 

applied along the long axis of the sample. Fig. 3b 
is a one-dimensional image of the phantom sam- 
ple obtained by giving a single pulse and Fourier 
transforming the ensuing FID. Signals from posi- 
tions 1 through 5 are clearly distinguished. The 
decrease in signal intensity with increasing num- 
ber is a consequence of both the smaller pulse flip 
angle and the reduced detection efficiency with 
increasing distance from the surface coil. The value 
of w,/2a at each position was determined by 
adjusting the pulse length so as to produce a null 

1 Siatlc Feld Grodlent 

-+4!!$- Preporatmn (PO, T 

Fig. 4. Experimental timing diagram. The selective inversion 
pulse, PO, shown in fig. 1 is followed by a period 7, during 

which transverse magnetization is allowed to dephase. The free 
induction decay is recorded following the read pulse, R,, of 
fig. 2c. A pulsed static field gradient along the long axis is used 
to provide the one-dimensional image of the phantom contain- 
ing H@(L). The NOBLE experiment is performed by sub- 
tracting the inverted signal from the FID obtained after R, 
alone. The signal that results when the pulses are applied with 
a surface coil arises only from a localized region in space. 
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of the signal. In order of increasing position num- 
ber, the values are 33, 21, 12.5, 7.9 and 4.9 kHz. 
The experimental timing sequence is shown in fig. 
4. The static field gradient serves only to allow a 
direct visualization of the spatial distribution of 
signal contributions for demonstration purposes 
and, less importantly, to cause transverse magneti- 
zation to dephase during r in fig. 4. The static 
field gradient is not a relevant component of the 
spatial selectivity of NOBLE. 

3.2. Experimental results 

Fig. 5 illustrates the degree of spatial localiza- 
tion resulting from NOBLE. Fig. 5a is the image 
resulting from excitation by R,; fig. 5b is the 
image resulting from excitation by R, after inver- 

(a) Nan-Selective 

A A / -- 

Difference 

L I I I I 
6 3 0 -3 -6 

Frequency (ktiz) 

Fig. 5. ‘H spectra obtained according to the NOBLE method 
for the phantom water sample shown. Pulse lengths were 
calibrated with reference to the nominal rf amplitude, ~7 = 12.5 

kHz,, existing at position 3. (a) R, = 90,,120,30&0,,120,- 
30,. The spectrum contains signals from all five bulbs. (b) 
Spectrum read by R, following a spatially selective inversion 

pulse, PO = 180,,180,cs180,,180s,1800180,,180,sc180,cs180,, 
adjusted for bulb 3. (c) Difference spectrum obtained by 
subtracting (b) from (a). Only signal from position 3 is retained 
in this spatially localized spectrum. 

BULB 3 SELECTIVITY 

Frequency Offrat, cl”/“; = 0 0.08 0.16 0.24 

I 
- 7.0 

I I I I 
-3.5 0 3.5 7.0 

Frequency (kHz) 

Fig. 6. Stacked plot illustrating the broad-band properties of 
the composite inversion pulse with respect to resonance offset. 

Each peak is a spatially localized signal from bulb 3, obtained 
under NOBLE with frequency offset as marked. Spatial selec- 

tivity is achieved successfully up to a frequency offset of 
approximately 25% of the nominal rf amplitude. 

sion by P,. The pulse lengths are adjusted accord- 
ing to the rf amplitude at position 3, i.e. 0: = 12.5 
kHz. Fig. 5c is the difference of figs. 5a and 5b. 
Appreciable signal remains at position 3 only. 

The resonance offset range of the P,, and R, 
sequences is demonstrated in fig. 6. NOBLE is 
applied with the pulse lengths adjusted to localize 
the signal to position 3. Without changing the 
pulse lengths, the rf carrier frequency is changed 
in increments of 1000 Hz. Good localization is 
preserved up to resonance offsets of 3000 Hz, or 
U/O; = 0.24. 

4. Discussion of spatial localization methods 

Various methods for spatially localizing NMR 
signals, with the preservation of spectral informa- 
tion, have been developed. Some of these rely on 
static field gradients [18-291, some rely on rf field 
gradients [1,5,6,11,12,30-391, and some rely on a 
combination of the two [11,40]. Methods that rely 
on static field gradients have the advantage that 
signals can in principle by localized to a well-re- 
stricted sensitive volume, for example a cube. They 
have the disadvantage that pulsed gradients in 
three independent directions are required for lo- 
calization in three dimensions. Methods that rely 
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on rf field gradients have the advantage of com- 
parative simplicity, insofar as probe or magnet 
design is concerned, and can exploit the sensitivity 
advantage and partial localization inherent in 
surface coils [2,41]. The major disadvantage of rf 
gradient methods, including NOBLE, is the dif- 
fuse sensitive volume, as determined by the shapes 
of surfaces of constant transverse rf fields. Spatial 
localization achieved by the selection of a particu- 
lar value of the B, field is not necessarily restricted 
to a point on the axis of the surface coil but will 
also occur along the transverse component of the 
rf field. This results in a sensitive volume whose 
shape is defined by the rf field profile of the 
surface coil, This disadvantage can be overcome to 
an extent by alternative coil geometries [42], mul- 
tiple excitation coils [36], separate excitation and 
detection coils [34], and the combination of rf and 
static field gradients [11,40]. 

For the present discussion, we limit ourselves to 
rf gradient methods. In addition to NOBLE, there 
are two other techniques that have been developed 
to date to acquire NMR signals only from a 
limited spatial region in an rf gradient. One of 
these, that of Shaka et al. [5,6] also makes use of 
narrow-band inversion sequences. Signals from 
outside the region of interest are eliminated in a 
phase-cycling scheme involving the coaddition of 
four [5] or sixteen [6] FID signals. Provided that 
the same inversion sequence is used, the sensitive 
volumes of NOBLE and the four-step version of 
Shake et al. are the same. The latter method is 
susceptible to destructive interference within the 
sensitive volume arising from phase variations in 
the inversion sequence as discussed above. 
Whether this proves to be a significant distinction 
in practice is determined by the choice of the 
inversion sequence and by the signal distribution 
within the sensitive volume. The sequence 
180,180,,,180,,, demonstrated by Shaka et al. [6] 
produces no phase variations on resonance, a con- 
sequence of the antisymmetric rf phases of such 
sequences. Shaka and Freeman have also described 
another method designed to function over a large 
range of resonance offsets [39]. Here, composite 
prepulses, broad-band in both Aw and w,, are 
incorporated into phase-cycling schemes in order 
to achieve the desired localization. As more pre- 

pulses are applied, the w1 profile becomes pro- 
gressively narrower. The best signal profile, which 
covers a large range of resonance offsets and is 
narrow-band in rf field strength, arises from a 
24-stage scheme containing three prepulses. The 
phase of the signal is well behaved with this 
method. 

The second technique is the depth pulse method 
of Bendall et al. [11,12,33-381. Depth pulse se- 
quences all consist of strings of pulses combined 
with specific phase cycling schemes. The pulses 
themselves do not possess narrow band properties. 
Rather, the sensitivity to the rf amplitude results 
from the extensive phase cycling, which cancels 
signals from undesired spatial regions. Thus, the 
depth pulse method is conceptually quite different 
from NOBLE, arising out of the phase cycling 
tradition in NMR rather than the more recent 
composite pulse tradition [7]. 

Depth pulse sequences that provide localization 
in the vicinity of w1 = WY similar to that in fig. 2 
require the coaddition of sixteen or more FID 
signals [12]. Procedures for eliminating signal from 
the 3~: and 507 regions have been suggested, and 
require thirty-two and sixty-four FIDS respec- 
tively [ll]. The useful resonance offset ranges of 
the depth pulse sequences are similar to that ex- 
hibited using P,, and R,. 

We expect NOBLE, when combined with a 
suitable inversion pulse, to be useful under a 
number of relevant experimental conditions. First 
consider a situation in which the intrinsic signal- 
to-noise ratio is high and in which time is limited. 
In this case, NOBLE offers the advantage of good 
time resolution. In addition to the requirement of 
fewer FID signals, NOBLE can be repeated with 
an arbitrarily short recycle delay without appre- 
ciable degradation of the spatial selectivity. This is 
because the longitudinal magnetization before each 
shot in the undesired spatial regions is a constant, 
independent of the pulse phases in the previous 
shot, once a steady state is reached. Rapid pulsing 
can lead to a greater signal to noise ratio in a fixed 
time. 

Another important limit is an experiment with 
a low intrinsic signal-to-noise ratio and with no 
time constraint. In such an experiment, none of 
the techniques has an overriding, intrinsic ad- 
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vantage. A decision is likely to be made on the 
basis of experimental convenience. The use of 
separate excitation and detection coils [34], and 
the use of multiple excitation coils to restrict the 
sensitive volume have been developed for depth 
pulses by Bendall et al. [36]. Ideally, these ingeni- 
ous multiple coil experiments could be combined 
with the selectivity of NOBLE. 

An alternative for experiments in which consid- 

erable signal averaging is permitted or required is 
to use a rotating frame chemical shift imaging 

(RFCSI) technique [30-321. Briefly, a two-dimen- 
sional RFCSI experiment consists of collecting a 
series of FIDs, acquired in the intervals labelled 
by t,, following excitation by a pulse of variable 
length t,, from a surface coil or other source of an 
inhomogeneous rf field. A double Fourier trans- 
form yields a two-dimensional “spectrum” with 
spectral information along one axis and rf strength, 
i.e. distance, information along the other axis. 
RFCSI clearly differs from NOBLE and depth 
pulse sequences in that signal from all spatial 
regions is preserved but is separated by the Four- 
ier transformation with respect to t,. In order to 
achieve a spatial resolution and extent comparable 
to that in figs. 2 and 5, a minimum of approxi- 
mately sixteen values of t, would have to be 
sampled. Thus the minimum time for an RFCSI 
experiment is comparable to that of a depth pulse 
experiment, but is eight times greater than that of 
a NOBLE experiment. The signal-to-noise ratio in 
an RFCSI spectrum is expected to be less than 
that in a depth pulse or NOBLE spectrum by a 
factor on the order of two for a fixed total number 
of acquired FIDs [30]. However, spectral informa- 
tion from all spatial regions is acquired at once, 
making for greater efficiency if such information 
is desired. In a sense, the relationship of RFCSI to 
depth pulses and NOBLE is analogous to the 
relationship of sensitive line methods to sensitive 
point methods, as explained in discussions of 
NMR imaging [43-451. 

5. Conclusion 

We have presented a composite pulse sequence, 
narrow-band in space and broad-band in fre- 

quency, which can be used in conjunction with a 
surface coil to acquire a chemically shifted NMR 
signal from a localized region of a sample. The 
9-pulse population inversion sequence, used in the 
NOBLE method, spatially localizes signals in an rf 
field gradient to a region where the rf amplitude 
w, approximately satisfies 0.75~: -Z w, c 1.2507, 
and retains a useful resonance offset range of 

-0.3~: < Aw < 0.3~:. Undesired signals arising 
from spatial regions where wi is approximately 

3~: are suppressed by using an read sequence that 
is a broad-band composite n pulse near 3~:. It is 
suggested that adiabatic frequency sweeps may be 
used to suppress signals from regions where w, is 
a higher multiple of WY. A combination of these 
selective techniques with SHARP spectroscopy [46] 
may allow high-resolution surface coil NMR in 
the presence of inhomogeneous static fields. 
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