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We propose a method to improve the sensitivity in volume nal localization to objects with complex shapes. VSD methoc
selective detection based on the CARVE excitation sequence (I.  are derived from spectroscopic imaging techniqu<) uti-
Sersa and S. Macura, J. Magn. Reson. 135, 466-477 (1998)) which  |izing k-space signal weighting. Signals at different steps of tt
consists of signal acquisition with constant tip angle excitation and phase-encoding gradient are summed with different weigh
a short phase-encoding gradient pulse. Volume selectivity is 54 yhis restricts the signal to the desired region. Signal weigt
achieved using the weighted average of a number of scans whose . - - . ) .

ing can be done online during acquisition by varying the tij

weights and gradient steps are determined by the shape of the o .
excitation profile. The method is particularly useful for broadband angle of the excitation puls&Q, 11, by varying the number of

volume selective detection of insensitive spins where the volume ~Signal averages at each step of phase-encoding gratigno(

selection can be merged with the standard signal averaging pro- N postprocessing, by numerical Signa[ weighiag;,(l_zp. Be-
cess, without compromising the excitation bandwidth or cause VSD methods use broadband signal excitation, they -

sensitivity. © 2000 Academic Press also insensitive to off-resonant spins. Tlkespace signal
Key Words: spectroscopic imaging; volume selective excitation;  weighting is also used in imaging for reduction of the Gibb
volume selective detection. artifact (15—17.

We have proposed a similar technique for volume selectiy
) o _ _ excitation, CARVE (8, 19, which uses discrete RF pulses

Volume selective excitation (VSE) provides the signal fror(beneralized DANTE sequencgd) in combination with dis-
the region of interest much faster than the uniform excitatiq}ge gradient steps. The basic advantage of CARVE is tha
and imaging of the whole sampl@<{4). This stems from a s jinear and consequently the results of several experimel
reduction in the dimensionality and subsequent decrease in ih@ pe summed to generate an excitation profile of the desir
total experiment time and data size. Whereas simple shapgsitrary) shape and spatial and spectral resolugd (n this
(cubes or spheres) can be excited in a straightforward mann€smmunication we describe a method that achieves consid
complex shapes require sophisticated pulse sequences and ggf@improvement in the sensitivity of CARVE-based VSD by
reduction techniques. For example, complex shapes can fifizing a weighted average of the signals acquired with cor
excited by spectral-spatial selective pulses which are based.paht tip angle (CTA) excitation.
the simultaneous application of shaped radiofrequency (RF)the theoretical background of the CARVE method is de
and gradient waveformss¢7). The basic disadvantage Ofscriped in detail elsewher@2). Here we outline the elements
spectral-spatial selective pulses is that additional data procggssyant for VSD. CARVE is based on the Fourier transforr
ing (regriding) is necessary prior to standard Fourier tra”Sf%Iationship between the excitation profit(r,) defined in a
mation. This arises because of the inherent limitations in the §imensional cube (with sidels by a matrix of N = M®
gradient hardware. Additionally, because of long eXCitatioéhuidistant points', that span a rectangular grid) and the
time the spectral-spatial selective pulses are sensitive to Q,%mplex RF pulse® (k,) (5, 23, 24
resonance effects, and the desired excitation profile can be
obtained for on-resonance spins only.

Volume selective detection (VSD) methods also enable sig- NG

On(ky) =% 2 Pulry) expl —irgk)). [1]

' On leave from the Department of Solid State Physics, Josef Stefan Insti
tute, 1000 Ljubljana, Slovenia. )

2To whom correspondence should be addressed. Fax: (507) 284-8488€ complex RF pulse®(k,) which depend on th&-space
E-mail: macura@mayo.edu. vectors, k,, are defined by the tip anglé, and phasep;:
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O.(k) = 6, expl¢)). Similarly, an ideal profilé?(r,) is the single scan experiment witN’ coefficients, isS, and corre
Fourier transform of the complex RF puls®g(k,). This can sponding noiser,, then with N’ scans the SNR isS)/o)
be also interpreted as a projection of the profile odtbasis +/N’. In the experiment wittN’ one-pulse scans, with the tip
functions (harmonics) exp( .k,) with weights® (k,) (21). In angleso, from the same set, and the same receiver gain, t
CARVE each event consisting of a short RF pulse followed §NR = (S,/0,) /\/N’. The SNR in repeated scans decrease
a gradient pulse generates one basis function. Thus, to exbiéeause the total magnetization is summed to the same valu
the profileP(r,), defined withN basis functions, one neebls thatin a singleN’-pulse scan, and in repeated scans more noi
RF pulses ant\ gradient stepsktspace coordinates). Becausés added. Since in a one-pulse scan the magnetization is tipy
N may be prohibitively large for practical pulse sequender an individual tip angled, (in contrast to d\’-pulses scan
design, it is necessary to reduce the number of RF pulses talzere the total tip angle in each scardjs,), the receiver gain
reasonable sizbl’, which yields a good approximation of thecould be increased to accommodate a signal from the scan w
ideal profile: a maximal tip anglé,.... Then the SNR of the experiment with
N’ one-pulse scans with variable tip angle (VTA) improves ti

N'—-1

PN’(rn) = E ®N(kl) exq—Hrnkl)- [2] etotal SO
1=0 SNRa = PR [3]

| !
Omax\r‘N To

The summation in Eq. [2] is over the’ selected coefficients . - "
@,(k,) and may provide significant savings in CARVE experB€cause the average tip anglh ((6) = 2=, 6/N’) is less
iment time. than or equal td®,..,, the experiment witlN’ one-pulse scans

Equation [2] does not specify the order in which the sunfiWays has a lower SNR thaN’ repeated experiments of
mation is performed. Neglecting relaxation during the s& -Pulse scans. o
quence and the size of the excitation bandwidth, for on-reso-1he SNR can be maximized if th¢’ one-pulse scans are
nance magnetization the same result would be obtained if figPeated with a CTA excitation pulgg (then 6, = 6. and
whole N’-pulse sequence is executed in a single experiminStant phase,, but with variable gradients as required by
(VSE) or in a series oK’ one-pulse scans (VSD). Equation [2]Eq. [2], and if the receiver gain is opt|m|_ze_d for a given |_ouIS1
only stipulates that the desired excitation profile be obtained B9!€- In such an experiment with maximized SNR all infor
coaddition of signals excited by RF puls®s,(k,) applied at mation about the geom_e_try of the excitation profile is los
the respectivé&-space pointsg,. However, the excitation spec becau_sc_e all of th@-_coefflments are rendered equal. Howgv_e_r
tral bandwidth depends on the pulse train duration and i€ Original coefficients can be restored after data acquisitit
broadband excitation a series\f one-pulse scans is required PY the weighted averaging of individual scans. The weights
Thus, broadband VSD consists of coaddition of signals frofi€ @veraging are complex numbers with magnitudes propc

N’ scans, each consisting of one RF pulse and one gradiiffia! to the tilt angles) and phases equal to the RF phase
step @1). The weighting scales both the signal and the noise, preservi

One way to reduce the number of coefficients frisino N’ their ratio in the individual scans. The weighted averagin
is to selecN’ ©-coefficients with the largest tip anglésif the Scales the total signal to the level of the signal in fdh
number of scans necessary to achieve the desired signal-to-
noise ratio (SNR) is larger thax’, then the implementation of
VSD may be invisible because each scan can be acquired@as ©:(6.¢) b
one summation term from Eq. [2]. With more scans a larger /\ﬂ/\
number of coefficientdl’ can be used with an improvement of RF RF
the SNR and spatial resolution. However, because of the de-

crease in the average tilt angle with an increasing number ofG, Gr 1
coefficients, such a simple picture is not quite true and a more L]
detailed analysis of SNR is warranted. G G %
The small tip angle excitation theor23) here expressed by ™ F =
Egs. [1,2] implies that the total tip angl@,, within the . = AL
profile is small €5°). Therefore, in our analysis we assume G, | G, 1
that the CARVE tip anglesf,, are sufficiently small so that LT

0w Satisfies the small tip angle condition. We also assume that At
the noise is 'ndePendent of the receiver gan and that the lattel‘EIG. 1. Pulse sequences for broadband volume selective excitation: (

is_ setto appropri:?\tely fill the_' ar.‘a|09 to digi_tal .convert(.ar. |f th8ctual sequence; (b) the gradient-echo implementation for visual inspection
signal from a unit volume inside the excitation profile, in @xperimental excitation profiles.
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(0,0) (1,0) w (1,1)

FIG. 2. Phase encoding in the constant tip angle experiment. A 10-mm NMR tube is imaged with a constant tip angle pulse and different phase-¢
gradients. Each gradient step corresponds tckesygace pointK,, k,). Only the real part of the image is shown, thus the phases are the same for centrosymir
points. The images also represent the basis functions whose weighted sum, Eq. [2], gives the desired profile. For real profiles the weightitg afoeditien
centrosymmetrik-space points are complex conjugates of each other.

one-pulse experiment with variable tip ang8s, 0./ 0max @and  The improvement factof, depends on the shape of the actuz

the noise too, (VXYo" 67)/0,,. Which yields excitation profile. It is always greater than 1 and can be as hi
as 100 for high-definition (larghl’), delocalized §..« > (0))
Oora S, profiles. Thus, data acquisition with constant tip angle ar
SNRcra = ti‘,“_a—. [4] subsequent weighted summation of the recorded signals p
VE Zo" 0F 00 duces broadband VSD with an improved SNR.

The pulse sequence for broadband VSD consists of a sin

In comparison to the SNR of the variable tip angle experimergvent from the CARVE sequence (a small tip angle puls

the total improvement is followed by the gradient step) and data acquisition, as depict
in Fig. la. In a standard experiment the receiver gain

SNR. 0 0 optimized using the scan with maximal tip angle and in sut

i max max sequent scans the gradient magnitude, the RF tip angle, ¢

f= — . [5]
SNRrma (X1t 0FINT - ((67) phase are read from a list generated individually for eac
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profile shape. These scans are coadded. In the CTA exp
ments the RF tip angle is kept constant and the receiver gait
optimized accordingly. Then, the gradient and RF phase valt
are changed in subsequent scans as in CARVE and scans
added with the weights proportional to their original tip angle:
To demonstrate the different properties of broadband VS
we have incorporated the sequence into a standard gradit
echo imaging routine, as shown in Fig. 1b. For simplicity, w
have performed experiments in two dimensions only. For co
stant gradient timedt, the transverse magnetization create
by the RF pulse is modulated by the applied gradients on
This modulation is depicted in Fig. 2 where a series of phas
sensitive images (cross-sections of a water-filled 10-mm NV
tube) are shown representing different combinations arfidy
gradients. Each image represents the signal modulation at
indicatedk-space point (since each gradient combination re
resents a distindt-space point). All images were acquired witt
the samef, RF pulse and thus represent a subset of ba
functions over which the actual excitation profile is describe
(see Eq. [2]). In contrast to spectroscopic imaging where all t
basis functions are used, CARVE uses a subset of the be
functions with the larges®-coefficients. Functions, having
their ©-coefficients below a selected threshold, have the
magnitude set to zero. This provides enormous savings in d
size and acquisition time since the subset is often orders

magnitude smaller than the original basis set. In return sucl ” r q }\
truncated set generates an approximate profile. \ ‘ ‘

Since the CARVE profile approximation is based on simp w J i f U ’ \ \
elimination of the smallest Fourier coefficients (Eq. [2]), thl_,‘k.wf h ot L\J il -

generated approximate profile suffers from truncation errors
(Gibbs phenomenon). However, these errors can be minimizedlG. 3. Experimental demonstration of the SNR improvement in-the
by smoothing of the ideal profile using a Iow-pass filter. MorgPnstant tip angle (CTA) experiment: (a) 8-bit 256 256 ideal excitation

. - profile; (b) the profile approximation with 1000 coefficients, Eq. [2]; (c)
complex methods can be used to seltbasis functions and experimental profile with the variable tip angle (VTA) 1000 one-pulse scan

t(? calculate thei.r co_rrespond!ng coefficients to generate Ig§fexperimental profile reconstructed by the weighted averaging of the 10
distorted approximations. While such methods are more cosme-pulse scans with CTA. Cross-sections shown below the respective ima

putationally intensive, their output is better optimized. The#re taken from the same position within the images as indicated by the arro\
either a better approximation of the ideal profile may be ob-

tained with the same number of basis functions or the similprocessing. However, the weighted signal averaging could
approximation can be obtained with fewer basis functions. easily implemented with minor software modifications.

The extent of the SNR improvement in the CTA experiment With the widespread use of three-axis gradient probes, it
can be deduced from Fig. 3 which shows experimental imagemnceivable that weighted signal averaging can be beneficia
of the phantom obtained by the two methods. Figure 3a shoused in any experiment where signal averaging is perform
the original 256x 256 pixef phantom and Fig. 3b the imagedue to inherently poor SNR. For example, in the detectio
after smoothing (to avoid Gibbs phenomenon). Figures 3c afatirect or indirect) of insensitive nuclei using natural abun
3d show the experimental profiles obtained in the same expdance, the weighted averaging scheme can be invisibly impl
imental time with variable and constant tip angle, respectiveljnented to localize the signal to the region of interest. Th
The experimental SNR enhancement factor in the CTA expgrroposed method is closely related to the partial Fourier in
iment of 11.5 is in good agreement with the theoreticallgging method X2, 13 in which weighting is achieved by
predicted value of 11.9. varying the number of scans. FbF = N the method is the

The basic disadvantage of the CTA experiment is that c.same as the VSD method in which the spectroscopic imagi
rent commercial spectrometer software does not allow tldata set is multiplied by a filter function.
rescaling of individual FIDs before coaddition. In our experi- The experiments were performed on a Bruker Avance 3(
ments we have collected the FIDs separately in a 2D manmnéde-bore high-resolution spectrometer equipped with micre
and have coadded them with appropriate weights during sigimalging accessories on a 10-mm tube filled with water. T
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eliminate the effects of finite gradient slew rates the time.
duration of each gradient steft, was set at 1 ms. This also

kept the gradient load within 18% of the maximal gradient, 90
mT/m vs 500 mT/m. The profiles in Fig. 2 were obtained by the-
gradient-echo imaging sequence with a field of view 10 mm,
repetition rate 100 ms, imaging matrix size 256256, and
imaging time 25.6 s. The total experiment time to visualize the
profile (Figs. 3c and 3d) was 1000 25.6 s, which is approx-

imately 7 h. However, volume selective detection of a spegs.

T. R. Brown, B. M. Kincaid, and K. Ugurbil, NMR chemical shift
imaging in three dimensions, Proc. Natl. Acad. Sci. USA 79, 3523—
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