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The incorporation of velocity-encoding gradient pulses in RF-
pulse trains is proposed and examined. Velocity selective pertur-
bation is shown to be analogous in many respects to the well
established use of trains of short RF-pulses for chemical shift
selective perturbation. Velocity selective perturbation is viable in a

THEORY

The simplest pulse train of this type is 1(30°—90), often
known as “Jump and Return,” was described 1). (t was
subsequently found that the 1331 pulse with total angle 90°

biomedical setting only if additional RF refocusing pulses are
inserted between the individual RF-pulse elements. Aspects of
velocity selective excitation saturation and inversion are exam-
ined, and new inversion pulse trains proposed. The selective per-
turbation of both flowing and stationary spins is demonstrated in
phantoms and possible biomedical applications of these pulse
trains are discussed. © 1999 Academic Press
Key Words: velocity selective perturbation; RF-pulse.

(2, 7) had superior properties for solvent suppression. Furthe
refinements §—11) brought pulses with improved excitation
profiles albeit at the cost of increased length, complexity, an
power deposition. The salient properties of RF-pulse trains ¢
used in solvent suppression are:

(i) Perturbation is periodic along the frequency axis.

(ii) It is preferable to use pulse trains with an even numbe
of RF-pulse elements, because the symmetry of the pulse tre
then means that errors in the pulse-gain setting cancel at t
frequency of zero perturbation.

(i) The effects of finite pulse duration are minimized by
setting the RF carrier frequency to the solvent frequency.

Trains of short RF-pulsesl(2) are an established method (iv) With the notable exception of the “Jump and Return”
for achieving solvent suppression in NMR spectroscaly ( pulse, the transverse magnetization generated by such pu

The principle of operation of these pulse trains is that thgyins has a phase which is, to a good approximation, linear
evolution of the chemical shift between the individual RFgependent on the frequency offset.

pulse elements modulates the pulse angle. The pulse angle as a

function of chemical shift is determined by the phase of the These properties can largely be transferred directly to ve
magnetization at the time of the RF-pulse elements, and not!Bgity selective perturbation. The effects of chemical shift anc
its value at intermediate times. The earliest, and still commor/gain field inhomogeneity can best be eliminated by insertin:
used, pulse trains of this type had intensities determined d80° refocusing pulses midway between RF-pulse element
cording to binomial coefficients?). It has long been estab- The velocity-encoding gradients are then placed about tt
lished @—6) that position, and its time derivatives, can bé&efocusing pulse, as shown in Fig. 1. The total number of 18C
phase-encoded by means of pulsed magnetic field gradieRigses in the sequence should normally be kept even to enst
and particularly that velocity can be phase-encoded by medfat non-selected magnetization is returned totreaxis at

of bipolar gradient pulses (or equivalently pairs of uni-poldfie end of the pulse train. N, the total number of RF-pulse
gradient pulses separated by 180° refocusing pulses). It is tiflgments, is odd then only — 1 refocusing pulses need be
clear that the insertion of bipolar gradient pulses between tABplied; forN even, each RF-pulse element should be followe
RF-pulse elements will additionally sensitize these pulse traif¥ & refocusing pulse.

to velocity. In this communication the principles of velocity The gradient pulses induce a velocity-dependent pha:
selective perturbation will be described, and schemes for pfdlange between each pair of RF-pulse elements given by
ducing velocity selective excitation, saturation, and inversion
presented, as will a simple method of combining velocity with
slice selection.

INTRODUCTION

¢ = yGVBA, [1]

whereG, §, A are as defined in Fig. 1 ands the velocity. At

* To whom correspondence should be addressed.Fax9 341 99 40 221; V = Venc th? phase change induced _between RF-puIse ?leme'
e-mail: norris@cns.mpg.de. is 7 and in general the perturbation is maximal. This is &
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Especially in the case of saturation, considerably higher
values can be obtained by employing the concept of progre
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RF‘ sive velocity-encoded saturation which is proposed here. Tt
pulse train illustrated in Fig. 1 is repeated times. The
strength of the bipolar gradients is linearly incremented b
5 AG = G/m between successive blocks. Figure 2 shows th
ot [ saturation profile calculated for a simple 90°23fain with
G i G } ] m = 6. The corresponding saturation efficiencysig = 0.88.
|

Excitation requires the production of coherent transvers
magnetization. As indicated above many chemical shift sele
A tive pulse trains produce a frequency dependent phase offs
FIG. 1. Velocity-encoded perturbation. Only two RF-pulse elements of @ad for most pulse trains this is appr'OX|mate'Iy 1'8iégrees
excitation train are shown, separated by a 180° refocusing pulse midwa@r Herz offset, wheré is the pulse train duration in seconds
between them. The velocity encoding is accomplished by means of the t®). For velocity selective excitation this means that for a trair
gradient pulses, which in most situations will also be of sufficient strength {gii, N RF-pulse elements the phase gradiertiis per &/
. . . . ° enc
spoil transverse magnetization produced directly by the 180° pulse. In contrast to a phase gradient produced by a chemical sh
selective pulse train this phase gradient can be reversed by t
- . application of an appropriate velocity sensitizing gradient puls
potential disadvantage of such schemes because this is alsg:\ﬁﬁa after the Iastp??FE)pulse elemz:/nt in the %c]rgin In d?rec
velocity at which the direction of flow can no longer b nalogy to the refocusing of slice selective excitatib®) the

distinguished. The first zero in the perturbation occurg at ; o . . L
. . velocity sensitization of the refocusing gradient pulse pair is
V.. Some of the more sophisticated pulse trait3, § have Y g9 P P

unequal time intervals between RF-pulse elements. The veloc-
ity selective analogues require the velocity sensitization be-
tween RF-pulse elements to be proportional to the correspond-
ing time interval in the original scheme. This may be achieved ) o _
either by modifying theG, 8, or A either singly or in combi- where the velocny_ se_nsmzatlon for e_ach mte_rval beth_ael
nation and hence the intervals between RF-pulse elements nBEgPulse elements is given by Eq. [1]. Either a bipolar gradier
not correspond to those in the original scheme. A fundamenB4llSé or two unipolar pulses separated by a 180° refocusir
difference between chemical shift and velocity selective pe?!IS€ may be used. For rephasing, the sense of the veloc
turbation is that the degree of velocity sensitization betwe&gNSitization must of course be opposite to that used during tl
RF-pulse elements may be varied by the experimenter, wherEdgPulse train.

the evolution of the chemical shift is determined by the inte
RF-pulse element duration alone.

Velocity selective pulse trains may be used to perturb eitherin many potential applications there is little practical differ-
stationary or moving spins. In general RF-pulses are employewqkce in a spin-echo experiment between making either the 9
to fulfill one of four basic functions: saturation, excitationpr the 180° pulse velocity selective. The RF-pulse trains pre
inversion, and refocusing. These require efficient 90° and 180°
pulses, which can also serve as the basis for obtaining other

—(N — 1)yGvsA
2 1

Eefocusing and Inversion

pulse angles if required. The specific requirements for velocity 1 F\\ I /
selective perturbation in these situations shall now be exam- L S /
ined in turn. | ' // “ | /,
Excitation and Saturation \ \\ ; | / /
M, ¢l W KW (V\/\qw/\”

Pulse trains for achieving 90° excitation have previously ! \ ’ / \‘
been developed and optimize 8. In choosing a pulse train Vo ; ) ” !
for a specific application the experimenter must consider the \\ \/ / IR
duration and power deposition against the efficiency of the | b / ' / /
pulse train. Following previous workers)(we define the -1 & S
excitation/saturation efficiencyl.,, as the fraction of the pe- 2v 0 2v
riod for which M,, > 0.9M, or M, < 0.1M,, respectively, ) ) ) )

Az FIG. 2. Calculated saturation profile for the progressive velocity-encodec
and note thaa 1 33 1 pUIse has Aes of 0.28 6) As shown saturation sequence using a 90°2gfain with m = 6 (solid line). The

in Table 1 of _REf- 8)1 longer and more complex pulse traingongitudinal magnetization is plotted against the velocity. For comparison th
can reach efficiencies af.; = 0.76. saturation profile produced by a single 90°2@@in is shown (dashed line).
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FIG. 3. Velocity selective inversion profiles obtained by computer simulation of the Bloch equations. (a) The longitudinal magnetization plotted a

velocity for the 17.8+1.2-—32.9-7—113.0+1 1 3r—32.9-7—1.2-—17.8 pulse train, which selectively inverts flowing spins. (b) The inversion profile for th
18.8-+58.9-+—58.9+-18.8 pulse train.

sented here for inversion could also be used for spin refocughere

ing, but experiments involving velocity selective refocusing

shall not be further considered. Bi=a,+ ar+ -+ a 3]
The use of RF-pulse trains to achieve solvent suppression

generally requires a 90° excitation of the frequency range . S -

interest. The simple attempt to use known excitation pulj(be solution of Eq. [2] was simplified by constralonmg Al

trains to obtain a broad inversion of flowing spins will mostl part.fromBN,z to have a mo.dulu.s of less than 30° and henc

be unsuccessful due to the nonlinearity of the Bloch equatior?élpw'.ng the coarse _ap_proxmathn sjh~ 0. The progoram

For example, if we define the inversion efficiengye, as the examined each permissible comblnaPoruQﬁn steps of 1° for

fraction of the period for which the longitudinal magnetizatiorllOtal pulse angles greater than 15@5"80 was calculated for

has a value of less than0.9M, then a 2662 pulse (a 1331.eaCh pulse train and for each combmaﬂomqialues exam-

pulse with a total angle of 180°) achieves a valuajgf, of ined th_e be.st value Qf,go Was no_ted. Prormsmg pul§e trains

0.08. If velocity selective inversion is to be of value in practic OUDd n .th's V\iay were rg—gxammed by incrementing by .

then more efficient pulse trains are clearly required and the é’f within £4° of the original value. The best pulse train

were sought by means of a computer simulation. In doing t %und was

it was also possible to consider the differing requirements for o

the inversion of flowing spins, which should normally occur 17.8-7-1.2—7-32.9+4-113.09-11 3—-

over as broad a range of velocities as possible, and for station- —

ary spins, which should be inverted, while flowing spins are 7-32.9-7-1.2--17.8

left unperturbed. The method adopted closely followed that of

Hall and Hore 8). Owing to the expected difficulty in finding With ¥ineo = 0.49, and atotal angle of 329.8°. The corre-

good inversion pulse trains their quality was evaluated accoRonding inversion profile is shown in Fig. 3a. For inversion a

ing to the value of,.s rather than the more stringent,q,. 2€r0 Velocity, four-element pulse trains close to 2662 wer

Pulse trains of the form examined. The criterion set here was tljat,, defined as the
fractional bandwidth for whicitM, > 0.9M,, be maximized.
Qs Tt T— The aim of course was to achieve an inversion at zero velocit
1 1 2 2

and minimal perturbation at other velocities. The pulse trail
were assessed. For inversion at non-zero velocity, pulse traiidnd was
with both odd and even numbers of RF-pulse elements were
considered, under the constraint that the first derivative of the 18.8-7-58.9-7-58.9-7-18.8
rotation propagator at zero velocity be zei). (Pulse trains

with an even number of elements must then satisfy the congliith ;.50 = 0.41, andy,5 = 0.49, and aotal excitation
tion that

angle of 155.4°. The inversion profile is shown in Fig. 3b. It
should be emphasized that no assertion is made here that th
pulse trains represent a global optimum: the aim is merely t
> sinpy =0, [2] find those with sufficiently good characteristics that the prac
k=1 tical implementation can be demonstrated. No pulse trair

N—-1
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, o, n 180° o, tivity of 88.5 s rad/m; i.e.y.,. corresponded to the maximum
RF /\/\ //\ J\ velocit'y present. Thel??l field strength in all t'he velocity-
——Aakdn encoding RF-pulse trains was 3d, corresponding to a 180°

inversion pulse duration for protons of 3.28 ms. In the majority
of experiments it was sufficient to prepare the magnetizatio
e along the longitudinal axis, and here imaging was performe
L ; using a snapshot-FLASH experiments) with the following
FIG. 4. Slice and velocity selective perturbation. As in Fig. 1 only twgParameters: FOV, 120 mm; slice thickness, 5 i, 2.2 ms,
RF-pulse elements are shown. The shaded gradients are slice selective. TRe 4.35 ms, flipangle, 15°; Gaussian pulse form, acquisition
gradient strengths are not drawn to scale. It should be noted that the velockgndwidth 80 kHz; data matrix, 128 (read) by 64. In the
encoding gradients need not be parallel to those for slice encoding. velocity selective excitation experiments, which require coher
ent transverse magnetization a spin-echo experiment was e
] ) . ) ) ployed in which the refocusing pulse was a slice selective 18(
were found for inverting flowing spins which hadya.s of  (17). The velocity refocusing was performed by inserting the
greater than 0.4 and fewer than eight RF-pulse elements. B@hropriate bipolar gradient pulses after the 180° pulse. Tt
the inversion _of non-flowmg spins the search was not pursuﬁgometric parameters were the same in both experiments, &
beyond the simple form given above, because the properigier experimental parameters wef, 39 ms; TR, 1 s. In
were already as good as those of the inversion pulse train g8 glice and velocity selective inversion, sinc pulse elemen
flowing spins, which took considerably more effort to find. of 2 ms duration were employed. The slice inverted was 1.
In some situations a combination of slice and velocity Sgmes broader than the FWHM of the Gaussian excitation puls
lective perturbation would be desirable. Ideally this woulg, e subsequent snapshot-FLASH experiment.
occur simultaneously, as is the case for some spatial-spectratne resuits obtained for saturation and excitation are pre
2D pulses 13, 19. Although such pulses are theoreticallysented in Fig. 5. In (a) and (b) the saturation of non-flowing an:
possible, a simpler approach is proposed here, based onging material is depicted; in (c) and (d) the corresponding
separation of the slice and velocity selective functions in & itation images are shown. A simple 121 of IRF-pulse
fashion similar to that recently proposed for slice and chemicghin was used as appropriate. The effects of the laminar flo
shift selective excitation1). An example of a slice selectlvepmf”e are visible in all these images. Figure 6 shows thi

inversion scheme is shown in Fig. 4. It should be noted that djgits of control inversion—recovery measurements withot
to the presence of the refocusing pulse no slice-rephase gra-

dients are required. This would also be the case for a saturation
pulse. A coherent excitation scheme would require a conven-
tional refocusing gradient after the final RF-pulse element.

EXPERIMENTAL

All experiments were performed using a Bruker 3 T, 100 cm
Medspec system and a Magnex head-gradient insert which has
a performance of 35 mT/m within 15@s. Transmission and
reception were performed using a standard circularly polarized
birdcage resonator of 280 mm i.d. A constant-head flow phan-
tom was used to generate laminar flow through plastic tubing
of 19 mm i.d. The phantom used consisted of the outward and
return sections of the tubing, plus two stationary bottles, doped
with NiCl, to give T, values of approximately 500 and 1600
ms. In all the images shown the two bottles are above the
tubing with the bottle having th&, value of 500 ms on the
right. The proton densities of all parts of the phantom were
roughly equal, and the differenceTn values between the two ki 5. Velocity selective saturation and excitation. In each image a 12:
stationary bottles could be used to test the quality of inversiagpe pulse train was used for velocity encoding. (a) The saturation of stationa
The total flow rate in the phantom was 0.32 L/min, whickpins. (b) The saturation of flowing spins. (c, d) The same experiments wi
under the justified assumption of laminar flow corresponds cmcitation used instead of satu_ration. .In (a) and (b), imgging was performe

. . . . sing a snapshot-FLASH experiment; in (c) and (d), a spin-echo sequence w
amaximum VEIOCIty of 38 mm/s. The flow-encodlng gradlenf?sed. Despite the different imaging sequences used the correspondence
used were of strength 7.35 mT/@was 5.2 ms, and was 8.7 yyeen the images is good in that saturation produces images that are the inve
ms, which, using the notation of Eq. [1], gives a flow sensbf those produced by excitation.
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optimized RF-pulse train for this purpose described above. It |
clear that the magnetization of the stationary spins is perturbe
to a limited extent by this pulse train as otherwise all the
objects shown in Fig. 6d would show the same intensity
Finally, Fig. 7 shows the inversion experiments with flow.
Figure 7a results from the inversion of stationary material. A
expected, the non-inverted flowing spins give the maximun
signal intensity. The slice selective variant is shown in (b). The
high intensity of the signal in the tubes is caused by inflow
during the 1 s inversion delay. As expected, the inversion o
flowing spins in (c) results in the near nulling of the signal in
the center of the tubes.

DISCUSSION AND CONCLUSIONS

In this communication the principles of velocity selective
perturbation have been demonstrated for the standard applic
tions of RF-pulses. Both simple and complex pulse trains hav

FIG. 6. Control inversion-recovery experiments in the absence of flo/2€€Nn shown in practice to perform broadly as expected. Tt
(a) Inversion using a standard hyperbolic secant pulse. (b) The velociyajor advantage of these pulse schemes is that moving spi
e v 6 5 o e st rr ) Ty e oo be ety magnetically labeled on the basis of the
E 2-7-32.9-+113.01 1 3-—32.9+1.2+17.8 pulse train ?or the inver- velocity and independently of position. .
sion of flowing material. The differing types of pulse train presented vary consider

ably in terms of their utility. The potential for velocity selective

excitation is probably somewhat limited. Refocusing the phas
flow. In all images the inversion time was 1 s, which results idistribution produces coherently excited spins, but in biomec
a low signal intensity for all but the right bottle, the left bottldcal applications it is to be expected that these rapidly depha:
being close to the zero transition. The hyperbolic secant (secimder the influence of static magnetic field gradients. Satur:
pulse is known to provide high quality inversion over a widéon has a number of advantages: as shown above, progress
range ofB, values, and hence a lower quality of inversion fovelocity-encoded saturation yields an excellent saturation pre
the velocity selective pulse trains should give rise to noticealdie, and rapid sequential saturation with the velocity-encodin
changes in signal intensity for the left bottle. In (a), a sedradients applied successively in three orthogonal directior
inversion pulse of 10 ms was applied, in (b) the result from theakes the experiment independent of the direction of flow
inversion of non-flowing material is shown, and in (c) th&hese considerations apply self-evidently to the saturation «
combination of slice and velocity selective inversion is showflowing spins: the saturation of stationary material inevitably
In (b) and (c) the optimized RF-pulse train for inversion oincludes that moving perpendicular to the gradient directior
non-flowing material described above was used. The inversi@n alternative approach is to use the successive inversion
is qualitatively somewhat worse in 6b than in 6a and deterioroving spins with the sensitizing gradients applied in thre
rates further when slice selection is incorporated. Figure @&dthogonal directions to make the experiment independent
shows the control inversion of flowing spins, again using thbe direction of motion.

FIG. 7. Velocity selective inversion—recovery experiments. The water in the tubes is flowing; otherwise the experimental parameters shown in (a), (
(c) are the same as those for Figs. 6b, c, and d, respectively. The high signal intensity in the tubes in (b) is caused by inflow during the inverien tim
than any improvement in the inversion profile compared to (a).
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