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We propose a method to improve the sensitivity in volume
selective detection based on the CARVE excitation sequence (I.
Serša and S. Macura, J. Magn. Reson. 135, 466–477 (1998)) which
consists of signal acquisition with constant tip angle excitation and
a short phase-encoding gradient pulse. Volume selectivity is
achieved using the weighted average of a number of scans whose
weights and gradient steps are determined by the shape of the
excitation profile. The method is particularly useful for broadband
volume selective detection of insensitive spins where the volume
selection can be merged with the standard signal averaging pro-
cess, without compromising the excitation bandwidth or
sensitivity. © 2000 Academic Press

Key Words: spectroscopic imaging; volume selective excitation;
volume selective detection.

Volume selective excitation (VSE) provides the signal f
the region of interest much faster than the uniform excita
and imaging of the whole sample (1–4). This stems from
reduction in the dimensionality and subsequent decrease
total experiment time and data size. Whereas simple sh
(cubes or spheres) can be excited in a straightforward ma
complex shapes require sophisticated pulse sequences an
reduction techniques. For example, complex shapes ca
excited by spectral–spatial selective pulses which are bas
the simultaneous application of shaped radiofrequency
and gradient waveforms (5–7). The basic disadvantage
pectral–spatial selective pulses is that additional data pro
ng (regriding) is necessary prior to standard Fourier tran

ation. This arises because of the inherent limitations in
radient hardware. Additionally, because of long excita

ime the spectral–spatial selective pulses are sensitive t
esonance effects, and the desired excitation profile ca
btained for on-resonance spins only.
Volume selective detection (VSD) methods also enable
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nal localization to objects with complex shapes. VSD meth
are derived from spectroscopic imaging techniques (8, 9) uti-
lizing k-space signal weighting. Signals at different steps o
phase-encoding gradient are summed with different wei
and this restricts the signal to the desired region. Signal we
ing can be done online during acquisition by varying the
angle of the excitation pulse (10, 11), by varying the number o
signal averages at each step of phase-encoding gradient (12), or
in postprocessing, by numerical signal weighing (13, 14). Be-
cause VSD methods use broadband signal excitation, the
also insensitive to off-resonant spins. Thek-space signa
weighting is also used in imaging for reduction of the Gi
artifact (15–17).

We have proposed a similar technique for volume sele
excitation, CARVE (18, 19), which uses discrete RF puls
(generalized DANTE sequence (20)) in combination with dis
crete gradient steps. The basic advantage of CARVE is t
is linear and consequently the results of several experim
can be summed to generate an excitation profile of the de
(arbitrary) shape and spatial and spectral resolution (21). In this
Communication we describe a method that achieves con
able improvement in the sensitivity of CARVE-based VSD
utilizing a weighted average of the signals acquired with
stant tip angle (CTA) excitation.

The theoretical background of the CARVE method is
scribed in detail elsewhere (22). Here we outline the elemen
relevant for VSD. CARVE is based on the Fourier transf
relationship between the excitation profilePN(r n) defined in a
D-dimensional cube (with sidesL by a matrix of N 5 MD

equidistant pointsr n that span a rectangular grid) and
complex RF pulsesQN(k l) (5, 23, 24),

QN~k l! 5
1

N O
n50

N21

PN~r n! exp~ 2 i r nk l!. [1]

The complex RF pulsesQN(k l) which depend on thek-space
vectors, k l , are defined by the tip angleu l and phasew l :

ti

33.
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QN(k l) 5 u l exp(iw l). Similarly, an ideal profilePN(r n) is the
Fourier transform of the complex RF pulsesQN(k l). This can
be also interpreted as a projection of the profile ontoN basis
unctions (harmonics) exp(i r nk l) with weightsQN(k l) (21). In
ARVE each event consisting of a short RF pulse followe
gradient pulse generates one basis function. Thus, to

he profilePN(r n), defined withN basis functions, one needsN
F pulses andN gradient steps (k-space coordinates). Becau
may be prohibitively large for practical pulse seque

esign, it is necessary to reduce the number of RF pulse
easonable sizeN9, which yields a good approximation of t
deal profile:

PN9~r n! 5 O
l50

N921

QN~k l! exp~1i r nk l!. [2]

he summation in Eq. [2] is over theN9 selected coefficien
N(k l) and may provide significant savings in CARVE exp-

ment time.
Equation [2] does not specify the order in which the s
ation is performed. Neglecting relaxation during the
uence and the size of the excitation bandwidth, for on-r
ance magnetization the same result would be obtained
hole N9-pulse sequence is executed in a single experi

VSE) or in a series ofN9 one-pulse scans (VSD). Equation
only stipulates that the desired excitation profile be obtaine
coaddition of signals excited by RF pulsesQN(k l) applied a
the respectivek-space points,k l . However, the excitation spe-
tral bandwidth depends on the pulse train duration and
broadband excitation a series ofN9 one-pulse scans is require

hus, broadband VSD consists of coaddition of signals
9 scans, each consisting of one RF pulse and one gra

step (21).
One way to reduce the number of coefficients fromN to N9

s to selectN9 Q-coefficients with the largest tip anglesu. If the
number of scans necessary to achieve the desired sign
noise ratio (SNR) is larger thanN9, then the implementation
VSD may be invisible because each scan can be acquir
one summation term from Eq. [2]. With more scans a la
number of coefficientsN9 can be used with an improvement
the SNR and spatial resolution. However, because of th
crease in the average tilt angle with an increasing numb
coefficients, such a simple picture is not quite true and a
detailed analysis of SNR is warranted.

The small tip angle excitation theory (23) here expressed b
Eqs. [1,2] implies that the total tip angle,u total, within the
profile is small (#5°). Therefore, in our analysis we assu
that the CARVE tip angles,u l , are sufficiently small so th
u total satisfies the small tip angle condition. We also assume
the noise is independent of the receiver gain and that the
is set to appropriately fill the analog to digital converter. If
signal from a unit volume inside the excitation profile, i
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single scan experiment withN9 coefficients, isS0 and corre-
sponding noises0, then with N9 scans the SNR is (S0/s 0)
=N9. In the experiment withN9 one-pulse scans, with the
anglesu l from the same set, and the same receiver gain
SNR 5 (S0/s 0) /=N9. The SNR in repeated scans decre
because the total magnetization is summed to the same va
that in a singleN9-pulse scan, and in repeated scans more n
is added. Since in a one-pulse scan the magnetization is t
for an individual tip angleu l (in contrast to aN9-pulses sca
where the total tip angle in each scan isu total), the receiver gai
ould be increased to accommodate a signal from the sca
maximal tip angleumax. Then the SNR of the experiment w

N9 one-pulse scans with variable tip angle (VTA) improve

SNRVTA 5
u total

umaxÎN9

S0

s0
. [3]

Because the average tip angle^u& (^u& 5 ¥ l50
N921u l /N9) is less

than or equal toumax, the experiment withN9 one-pulse scan
always has a lower SNR thanN9 repeated experiments
N9-pulse scans.

The SNR can be maximized if theN9 one-pulse scans a
repeated with a CTA excitation pulseuc (thenuc 5 umax) and
constant phasew0, but with variable gradients as required
Eq. [2], and if the receiver gain is optimized for a given pu
angle. In such an experiment with maximized SNR all in
mation about the geometry of the excitation profile is l
because all of theQ-coefficients are rendered equal. Howe
the original coefficients can be restored after data acquis
by the weighted averaging of individual scans. The weigh
the averaging are complex numbers with magnitudes pr
tional to the tilt anglesu and phases equal to the RF phasw.
The weighting scales both the signal and the noise, prese
their ratio in the individual scans. The weighted avera
scales the total signal to the level of the signal in anN9

FIG. 1. Pulse sequences for broadband volume selective excitatio
actual sequence; (b) the gradient-echo implementation for visual inspec
experimental excitation profiles.
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one-pulse experiment with variable tip angle,S0 u total/umax and
the noise tos0 (=¥ l50

N921 u l
2)/umax which yields

SNRCTA 5
u total

ÎO l50
N921 u l

2

S0

s0
. [4]

In comparison to the SNR of the variable tip angle experim
the total improvement is

f 5
SNRCTA

SNRVTA
5

umax

ÎO l50
N921 u l

2/N9
5

umax

Î^u 2&
. [5]

FIG. 2. Phase encoding in the constant tip angle experiment. A 10-
radients. Each gradient step corresponds to onek-space point (kx, ky). Only th

points. The images also represent the basis functions whose weighted s
centrosymmetrick-space points are complex conjugates of each other.
t,

he improvement factor,f, depends on the shape of the ac
xcitation profile. It is always greater than 1 and can be as
s 100 for high-definition (largeN9), delocalized (umax @ ^u&)

profiles. Thus, data acquisition with constant tip angle
subsequent weighted summation of the recorded signals
duces broadband VSD with an improved SNR.

The pulse sequence for broadband VSD consists of a s
event from the CARVE sequence (a small tip angle p
followed by the gradient step) and data acquisition, as dep
in Fig. 1a. In a standard experiment the receiver ga
optimized using the scan with maximal tip angle and in
sequent scans the gradient magnitude, the RF tip angle
phase are read from a list generated individually for e

NMR tube is imaged with a constant tip angle pulse and different phas
al part of the image is shown, thus the phases are the same for centrosy
, Eq. [2], gives the desired profile. For real profiles the weighting coefficts of each
mm
e re
um
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profile shape. These scans are coadded. In the CTA e
ments the RF tip angle is kept constant and the receiver g
optimized accordingly. Then, the gradient and RF phase v
are changed in subsequent scans as in CARVE and sca
added with the weights proportional to their original tip ang

To demonstrate the different properties of broadband V
we have incorporated the sequence into a standard gra
echo imaging routine, as shown in Fig. 1b. For simplicity,
have performed experiments in two dimensions only. For
stant gradient timesDt, the transverse magnetization crea
by the RF pulse is modulated by the applied gradients
This modulation is depicted in Fig. 2 where a series of ph
sensitive images (cross-sections of a water-filled 10-mm N
tube) are shown representing different combinations ofx andy

radients. Each image represents the signal modulation
ndicatedk-space point (since each gradient combination
esents a distinctk-space point). All images were acquired w

the sameu0 RF pulse and thus represent a subset of b
unctions over which the actual excitation profile is descr
see Eq. [2]). In contrast to spectroscopic imaging where a
asis functions are used, CARVE uses a subset of the

unctions with the largestQ-coefficients. Functions, havin
their Q-coefficients below a selected threshold, have
magnitude set to zero. This provides enormous savings in
size and acquisition time since the subset is often orde
magnitude smaller than the original basis set. In return su
truncated set generates an approximate profile.

Since the CARVE profile approximation is based on sim
elimination of the smallest Fourier coefficients (Eq. [2]),
generated approximate profile suffers from truncation e
(Gibbs phenomenon). However, these errors can be minim
by smoothing of the ideal profile using a low-pass filter. M
complex methods can be used to selectN9 basis functions an
to calculate their corresponding coefficients to generate
distorted approximations. While such methods are more
putationally intensive, their output is better optimized. T
either a better approximation of the ideal profile may be
tained with the same number of basis functions or the sim
approximation can be obtained with fewer basis function

The extent of the SNR improvement in the CTA experim
can be deduced from Fig. 3 which shows experimental im
of the phantom obtained by the two methods. Figure 3a s
the original 2563 256 pixel2 phantom and Fig. 3b the ima

fter smoothing (to avoid Gibbs phenomenon). Figures 3c
d show the experimental profiles obtained in the same e

mental time with variable and constant tip angle, respecti
he experimental SNR enhancement factor in the CTA ex

ment of 11.5 is in good agreement with the theoretic
redicted value of 11.9.
The basic disadvantage of the CTA experiment is that

ent commercial spectrometer software does not allow
escaling of individual FIDs before coaddition. In our exp
ents we have collected the FIDs separately in a 2D ma
nd have coadded them with appropriate weights during s
ri-
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processing. However, the weighted signal averaging cou
easily implemented with minor software modifications.

With the widespread use of three-axis gradient probes
conceivable that weighted signal averaging can be benefi
used in any experiment where signal averaging is perfo
due to inherently poor SNR. For example, in the detec
(direct or indirect) of insensitive nuclei using natural ab
dance, the weighted averaging scheme can be invisibly im
mented to localize the signal to the region of interest.
proposed method is closely related to the partial Fourier
aging method (12, 13) in which weighting is achieved b
varying the number of scans. ForN9 5 N the method is th
same as the VSD method in which the spectroscopic ima
data set is multiplied by a filter function.

The experiments were performed on a Bruker Avance
wide-bore high-resolution spectrometer equipped with m
imaging accessories on a 10-mm tube filled with water

FIG. 3. Experimental demonstration of the SNR improvement in
constant tip angle (CTA) experiment: (a) 8-bit 2563 256 ideal excitatio
profile; (b) the profile approximation with 1000 coefficients, Eq. [2];
experimental profile with the variable tip angle (VTA) 1000 one-pulse s
(d) experimental profile reconstructed by the weighted averaging of the
one-pulse scans with CTA. Cross-sections shown below the respective
are taken from the same position within the images as indicated by the a
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eliminate the effects of finite gradient slew rates the
duration of each gradient step,Dt, was set at 1 ms. This al
kept the gradient load within 18% of the maximal gradient
mT/m vs 500 mT/m. The profiles in Fig. 2 were obtained by
gradient-echo imaging sequence with a field of view 10
repetition rate 100 ms, imaging matrix size 2563 256, and
imaging time 25.6 s. The total experiment time to visualize
profile (Figs. 3c and 3d) was 10003 25.6 s, which is approx
imately 7 h. However, volume selective detection of a s
trum from a selected region at these parameters would
only 10003 100 ms5 100 s.
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