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The incorporation of velocity-encoding gradient pulses in RF-
ulse trains is proposed and examined. Velocity selective pertur-
ation is shown to be analogous in many respects to the well
stablished use of trains of short RF-pulses for chemical shift
elective perturbation. Velocity selective perturbation is viable in a
iomedical setting only if additional RF refocusing pulses are
nserted between the individual RF-pulse elements. Aspects of
elocity selective excitation saturation and inversion are exam-
ned, and new inversion pulse trains proposed. The selective per-
urbation of both flowing and stationary spins is demonstrated in
hantoms and possible biomedical applications of these pulse
rains are discussed. © 1999 Academic Press

Key Words: velocity selective perturbation; RF-pulse.

INTRODUCTION

Trains of short RF-pulses (1, 2) are an established meth
or achieving solvent suppression in NMR spectroscopy3).
he principle of operation of these pulse trains is that
volution of the chemical shift between the individual R
ulse elements modulates the pulse angle. The pulse ang

unction of chemical shift is determined by the phase of
agnetization at the time of the RF-pulse elements, and n

ts value at intermediate times. The earliest, and still comm
sed, pulse trains of this type had intensities determine
ording to binomial coefficients (2). It has long been esta
ished (4–6) that position, and its time derivatives, can
hase-encoded by means of pulsed magnetic field grad
nd particularly that velocity can be phase-encoded by m
f bipolar gradient pulses (or equivalently pairs of uni-p
radient pulses separated by 180° refocusing pulses). It is
lear that the insertion of bipolar gradient pulses betwee
F-pulse elements will additionally sensitize these pulse t

o velocity. In this communication the principles of veloc
elective perturbation will be described, and schemes for
ucing velocity selective excitation, saturation, and inver
resented, as will a simple method of combining velocity w
lice selection.

1 To whom correspondence should be addressed. Fax:1149 341 99 40 221
-mail: norris@cns.mpg.de.
231
e
-
s a

e
by
ly
c-

ts,
ns
r
us
e
s

o-
n

THEORY

The simplest pulse train of this type is 1 1# (90°–90°), often
nown as “Jump and Return,” was described in (1). It was
ubsequently found that the 1 3# 3 1# pulse with total angle 90
2, 7) had superior properties for solvent suppression. Fu
efinements (8–11) brought pulses with improved excitati
rofiles albeit at the cost of increased length, complexity,
ower deposition. The salient properties of RF-pulse train
sed in solvent suppression are:

(i) Perturbation is periodic along the frequency axis.
(ii) It is preferable to use pulse trains with an even num

f RF-pulse elements, because the symmetry of the pulse
hen means that errors in the pulse-gain setting cancel a
requency of zero perturbation.

(iii) The effects of finite pulse duration are minimized
etting the RF carrier frequency to the solvent frequency
(iv) With the notable exception of the “Jump and Retu

ulse, the transverse magnetization generated by such
rains has a phase which is, to a good approximation, lin
ependent on the frequency offset.

These properties can largely be transferred directly to
ocity selective perturbation. The effects of chemical shift

ain field inhomogeneity can best be eliminated by inse
80° refocusing pulses midway between RF-pulse elem
he velocity-encoding gradients are then placed abou
efocusing pulse, as shown in Fig. 1. The total number of
ulses in the sequence should normally be kept even to e

hat non-selected magnetization is returned to the1z axis at
he end of the pulse train. IfN, the total number of RF-puls
lements, is odd then onlyN 2 1 refocusing pulses need
pplied; forN even, each RF-pulse element should be follo
y a refocusing pulse.
The gradient pulses induce a velocity-dependent p

hange between each pair of RF-pulse elements given b

f 5 gGvdD, [1]

hereG, d, D are as defined in Fig. 1 andv is the velocity. At
5 venc the phase change induced between RF-pulse elem

s p and in general the perturbation is maximal. This
1090-7807/99 $30.00
Copyright © 1999 by Academic Press

All rights of reproduction in any form reserved.



p lso
v be
d
2
u elo
i b
t on
i ve
e -
n n
n en
d pe
t ee
R ere
t ter
R

ith
s oy
t on,
i 18
p oth
p oci
s xam
i

E

usl
b in
f r th
d th
p
e -
r ,
a
i ins
c

r
v gres-
s The
p
s by
D the
s
m

erse
m elec-
t ffset,
a s
p ds
( rain
w
I shift
s by the
a ulse
p rect
a
v r is

w een
R ient
p sing
p locity
s g the
R

R

er-
e e 90°
o pre-

oded
s
l n the
s ).

f a
e idw
b e tw
g th t
s

232 NORRIS AND SCHWARZBAUER
otential disadvantage of such schemes because this is a
elocity at which the direction of flow can no longer
istinguished. The first zero in the perturbation occurs atv 5
venc. Some of the more sophisticated pulse trains (10, 8) have
nequal time intervals between RF-pulse elements. The v

ty selective analogues require the velocity sensitization
ween RF-pulse elements to be proportional to the corresp
ng time interval in the original scheme. This may be achie
ither by modifying theG, d, or D either singly or in combi
ation and hence the intervals between RF-pulse elements
ot correspond to those in the original scheme. A fundam
ifference between chemical shift and velocity selective

urbation is that the degree of velocity sensitization betw
F-pulse elements may be varied by the experimenter, wh

he evolution of the chemical shift is determined by the in
F-pulse element duration alone.
Velocity selective pulse trains may be used to perturb e

tationary or moving spins. In general RF-pulses are empl
o fulfill one of four basic functions: saturation, excitati
nversion, and refocusing. These require efficient 90° and
ulses, which can also serve as the basis for obtaining
ulse angles if required. The specific requirements for vel
elective perturbation in these situations shall now be e
ned in turn.

xcitation and Saturation

Pulse trains for achieving 90° excitation have previo
een developed and optimized (10, 8). In choosing a pulse tra

or a specific application the experimenter must conside
uration and power deposition against the efficiency of
ulse train. Following previous workers (8) we define the
xcitation/saturation efficiency,c es, as the fraction of the pe
iod for which Mxy . 0.9M 0 or Mz , 0.1M 0, respectively
nd note that a 1 3# 3 1# pulse has ac es of 0.28 (8). As shown

n Table 1 of Ref. (8), longer and more complex pulse tra
an reach efficiencies ofc es 5 0.76.

FIG. 1. Velocity-encoded perturbation. Only two RF-pulse elements o
xcitation train are shown, separated by a 180° refocusing pulse m
etween them. The velocity encoding is accomplished by means of th
radient pulses, which in most situations will also be of sufficient streng
poil transverse magnetization produced directly by the 180° pulse.
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Especially in the case of saturation, considerably highec es

alues can be obtained by employing the concept of pro
ive velocity-encoded saturation which is proposed here.
ulse train illustrated in Fig. 1 is repeatedm times. The
trength of the bipolar gradients is linearly incremented
G 5 G/m between successive blocks. Figure 2 shows
aturation profile calculated for a simple 90°–90° train with
5 6. The corresponding saturation efficiency isc es 5 0.88.
Excitation requires the production of coherent transv
agnetization. As indicated above many chemical shift s

ive pulse trains produce a frequency dependent phase o
nd for most pulse trains this is approximately 180t degree
er Herz offset, wheret is the pulse train duration in secon
8). For velocity selective excitation this means that for a t
ith N RF-pulse elements the phase gradient isNp per 2venc.

n contrast to a phase gradient produced by a chemical
elective pulse train this phase gradient can be reversed
pplication of an appropriate velocity sensitizing gradient p
air after the last RF-pulse element in the train. In di
nalogy to the refocusing of slice selective excitation (12) the
elocity sensitization of the refocusing gradient pulse pai

2~N 2 1!gGvdD

2
,

here the velocity sensitization for each interval betw
F-pulse elements is given by Eq. [1]. Either a bipolar grad
ulse or two unipolar pulses separated by a 180° refocu
ulse may be used. For rephasing, the sense of the ve
ensitization must of course be opposite to that used durin
F-pulse train.

efocusing and Inversion

In many potential applications there is little practical diff
nce in a spin-echo experiment between making either th
r the 180° pulse velocity selective. The RF-pulse trains

FIG. 2. Calculated saturation profile for the progressive velocity-enc
aturation sequence using a 90°–90° train with m 5 6 (solid line). The

ongitudinal magnetization is plotted against the velocity. For compariso
aturation profile produced by a single 90°–90° train is shown (dashed line
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233VELOCITY SELECTIVE RF-PULSE TRAINS
ented here for inversion could also be used for spin refo
ng, but experiments involving velocity selective refocus
hall not be further considered.
The use of RF-pulse trains to achieve solvent suppre

enerally requires a 90° excitation of the frequency rang
nterest. The simple attempt to use known excitation p
rains to obtain a broad inversion of flowing spins will mos
e unsuccessful due to the nonlinearity of the Bloch equat
or example, if we define the inversion efficiencyc in90 as the

raction of the period for which the longitudinal magnetizat
as a value of less than20.9M 0 then a 2662 pulse (a 13
ulse with a total angle of 180°) achieves a value ofc in90 of
.08. If velocity selective inversion is to be of value in prac

hen more efficient pulse trains are clearly required and t
ere sought by means of a computer simulation. In doing

t was also possible to consider the differing requirement
he inversion of flowing spins, which should normally oc
ver as broad a range of velocities as possible, and for sta
ry spins, which should be inverted, while flowing spins

eft unperturbed. The method adopted closely followed th
all and Hore (8). Owing to the expected difficulty in findin
ood inversion pulse trains their quality was evaluated acc

ng to the value ofc in80 rather than the more stringentc in90.
ulse trains of the form

a1–n1t–a2–n2t–

ere assessed. For inversion at non-zero velocity, pulse
ith both odd and even numbers of RF-pulse elements
onsidered, under the constraint that the first derivative o
otation propagator at zero velocity be zero (7). Pulse train
ith an even number of elements must then satisfy the c

ion that

O
k51

N21

sin bk 5 0, [2]

FIG. 3. Velocity selective inversion profiles obtained by computer s
elocity for the 17.8–t–1.2–t–32.9–t–113.0–t–1# 1# 3#t–32.9–t–1.2–t–17.8 pu
8.8–t–58.9–t–58.9–t–18.8 pulse train.
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bk 5 a1 1 a2 1 . . . 1 ak. [3]

he solution of Eq. [2] was simplified by constraining allb k

part frombN/ 2 to have a modulus of less than 30° and he
llowing the coarse approximation sinu ' u. The program
xamined each permissible combination ofa k in steps of 1° fo

otal pulse angles greater than 150°.c in80 was calculated fo
ach pulse train and for each combination ofn-values exam

ned the best value ofc in80 was noted. Promising pulse tra
ound in this way were re-examined by incrementinga k by
.1° within 64° of the original value. The best pulse tr

ound was

17.8–t–1.2–t–32.9–t–113.0–t–1# 1# 3# –

t–32.9–t–1.2–t–17.8

ith c in80 5 0.49, and atotal angle of 329.8°. The corr
ponding inversion profile is shown in Fig. 3a. For inversio
ero velocity, four-element pulse trains close to 2662 w
xamined. The criterion set here was thatc in90, defined as th

ractional bandwidth for whichMz . 0.9M 0, be maximized
he aim of course was to achieve an inversion at zero velo
nd minimal perturbation at other velocities. The pulse t

ound was

18.8–t–58.9–t–58.9–t–18.8

ith c in90 5 0.41, andc in80 5 0.49, and atotal excitation
ngle of 155.4°. The inversion profile is shown in Fig. 3b
hould be emphasized that no assertion is made here tha
ulse trains represent a global optimum: the aim is mere
nd those with sufficiently good characteristics that the p
ical implementation can be demonstrated. No pulse t

lation of the Bloch equations. (a) The longitudinal magnetization plotte
train, which selectively inverts flowing spins. (b) The inversion profile fo
imu
lse
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234 NORRIS AND SCHWARZBAUER
ere found for inverting flowing spins which had ac in80 of
reater than 0.4 and fewer than eight RF-pulse elements

he inversion of non-flowing spins the search was not pur
eyond the simple form given above, because the prop
ere already as good as those of the inversion pulse tra
owing spins, which took considerably more effort to find
In some situations a combination of slice and velocity

ective perturbation would be desirable. Ideally this wo
ccur simultaneously, as is the case for some spatial–sp
D pulses (13, 14). Although such pulses are theoretica
ossible, a simpler approach is proposed here, based o
eparation of the slice and velocity selective functions
ashion similar to that recently proposed for slice and chem
hift selective excitation (15). An example of a slice selectiv

nversion scheme is shown in Fig. 4. It should be noted tha
o the presence of the refocusing pulse no slice–rephase
ients are required. This would also be the case for a satu
ulse. A coherent excitation scheme would require a con

ional refocusing gradient after the final RF-pulse elemen

EXPERIMENTAL

All experiments were performed using a Bruker 3 T, 100
edspec system and a Magnex head-gradient insert whic
performance of 35 mT/m within 150ms. Transmission an

eception were performed using a standard circularly pola
irdcage resonator of 280 mm i.d. A constant-head flow p

om was used to generate laminar flow through plastic tu
f 19 mm i.d. The phantom used consisted of the outward
eturn sections of the tubing, plus two stationary bottles, d
ith NiCl 2 to give T1 values of approximately 500 and 16
s. In all the images shown the two bottles are above

ubing with the bottle having theT1 value of 500 ms on th
ight. The proton densities of all parts of the phantom w
oughly equal, and the difference inT1 values between the tw
tationary bottles could be used to test the quality of inver
he total flow rate in the phantom was 0.32 L/min, wh
nder the justified assumption of laminar flow correspond
maximum velocity of 38 mm/s. The flow-encoding gradie
sed were of strength 7.35 mT/m,d was 5.2 ms, andD was 8.7
s, which, using the notation of Eq. [1], gives a flow se

FIG. 4. Slice and velocity selective perturbation. As in Fig. 1 only
F-pulse elements are shown. The shaded gradients are slice selecti
radient strengths are not drawn to scale. It should be noted that the ve
ncoding gradients need not be parallel to those for slice encoding.
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ivity of 88.5 s rad/m; i.e.,venc corresponded to the maximu
elocity present. TheB1 field strength in all the velocity
ncoding RF-pulse trains was 36mT, corresponding to a 180

nversion pulse duration for protons of 3.28 ms. In the majo
f experiments it was sufficient to prepare the magnetiza
long the longitudinal axis, and here imaging was perfor
sing a snapshot-FLASH experiment (16) with the following
arameters: FOV, 120 mm; slice thickness, 5 mm;TE, 2.2 ms
R, 4.35 ms, flipangle, 15°; Gaussian pulse form, acquisi
andwidth 80 kHz; data matrix, 128 (read) by 64. In
elocity selective excitation experiments, which require co
nt transverse magnetization a spin-echo experiment wa
loyed in which the refocusing pulse was a slice selective
17). The velocity refocusing was performed by inserting
ppropriate bipolar gradient pulses after the 180° pulse.
eometric parameters were the same in both experiment
ther experimental parameters were:TE, 39 ms;TR, 1 s. In

he slice and velocity selective inversion, sinc pulse elem
f 2 ms duration were employed. The slice inverted was

imes broader than the FWHM of the Gaussian excitation p
n the subsequent snapshot-FLASH experiment.

The results obtained for saturation and excitation are
ented in Fig. 5. In (a) and (b) the saturation of non-flowing
owing material is depicted; in (c) and (d) the correspond
xcitation images are shown. A simple 121 or 12#1 RF-pulse

rain was used as appropriate. The effects of the laminar
rofile are visible in all these images. Figure 6 shows
esults of control inversion–recovery measurements wit

FIG. 5. Velocity selective saturation and excitation. In each image a
ype pulse train was used for velocity encoding. (a) The saturation of stati
pins. (b) The saturation of flowing spins. (c, d) The same experiments
xcitation used instead of saturation. In (a) and (b), imaging was perfo
sing a snapshot-FLASH experiment; in (c) and (d), a spin-echo sequen
sed. Despite the different imaging sequences used the corresponde

ween the images is good in that saturation produces images that are the
f those produced by excitation.
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235VELOCITY SELECTIVE RF-PULSE TRAINS
ow. In all images the inversion time was 1 s, which result
low signal intensity for all but the right bottle, the left bo

eing close to the zero transition. The hyperbolic secant (s
ulse is known to provide high quality inversion over a w
ange ofB1 values, and hence a lower quality of inversion
he velocity selective pulse trains should give rise to notice
hanges in signal intensity for the left bottle. In (a), a s
nversion pulse of 10 ms was applied, in (b) the result from
nversion of non-flowing material is shown, and in (c)
ombination of slice and velocity selective inversion is sho
n (b) and (c) the optimized RF-pulse train for inversion
on-flowing material described above was used. The inve

s qualitatively somewhat worse in 6b than in 6a and det
ates further when slice selection is incorporated. Figur
hows the control inversion of flowing spins, again using

FIG. 6. Control inversion–recovery experiments in the absence of
a) Inversion using a standard hyperbolic secant pulse. (b) The ve
elective inversion of stationary spins using the 18.8–t–58.9–t–58.9–t–18.8
ulse train. (c) Use of the slice selective version. (d) Testing of the 17.t–
.2–t–32.9–t–113.0–t–1# 1# 3#–t–32.9–t–1.2–t–17.8 pulse train for the inve
ion of flowing material.

FIG. 7. Velocity selective inversion–recovery experiments. The wate
c) are the same as those for Figs. 6b, c, and d, respectively. The high
han any improvement in the inversion profile compared to (a).
n

h)

r
le
h
e

.
f
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d
e

ptimized RF-pulse train for this purpose described above
lear that the magnetization of the stationary spins is pertu
o a limited extent by this pulse train as otherwise all
bjects shown in Fig. 6d would show the same inten
inally, Fig. 7 shows the inversion experiments with flo
igure 7a results from the inversion of stationary material
xpected, the non-inverted flowing spins give the maxim
ignal intensity. The slice selective variant is shown in (b).
igh intensity of the signal in the tubes is caused by in
uring the 1 s inversion delay. As expected, the inversio
owing spins in (c) results in the near nulling of the signa
he center of the tubes.

DISCUSSION AND CONCLUSIONS

In this communication the principles of velocity select
erturbation have been demonstrated for the standard ap

ions of RF-pulses. Both simple and complex pulse trains
een shown in practice to perform broadly as expected.
ajor advantage of these pulse schemes is that moving

an be directly magnetically labeled on the basis of t
elocity and independently of position.
The differing types of pulse train presented vary consi

bly in terms of their utility. The potential for velocity select
xcitation is probably somewhat limited. Refocusing the p
istribution produces coherently excited spins, but in biom

cal applications it is to be expected that these rapidly dep
nder the influence of static magnetic field gradients. Sa

ion has a number of advantages: as shown above, progr
elocity-encoded saturation yields an excellent saturation
le, and rapid sequential saturation with the velocity-enco
radients applied successively in three orthogonal direc
akes the experiment independent of the direction of fl
hese considerations apply self-evidently to the saturatio
owing spins: the saturation of stationary material inevita
ncludes that moving perpendicular to the gradient direc
n alternative approach is to use the successive inversi
oving spins with the sensitizing gradients applied in th
rthogonal directions to make the experiment independe

he direction of motion.

.
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the tubes is flowing; otherwise the experimental parameters shown in (
nal intensity in the tubes in (b) is caused by inflow during the inversionther
r in
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236 NORRIS AND SCHWARZBAUER
Technical limitations of the pulse schemes demonstr
ere are that, dependent on the characteristics of the gra
ystem used, they are of relatively lengthy duration, and
equirement to insert a refocusing pulse between RF-p
lements means that, particularly the more complex sch
ave a high power deposition. It is unlikely that such sche
ould be implemented on systems without good self-shie
radient coils.
Conceivable applications for these pulse trains can be f

n the fields of flow and angiography, motion and in-fl
esensitization, and perfusion. As shown above it is possib
irectly image spins within a defined range of velocities. H
ver, the main potential benefit in angiography is that
resaturation of stationary spins should mean that flo
aterial is imaged under ideal conditions. Instead of satur

pins within a slice or slab and waiting for inflow to occur
owing spins should yield a signal intensity that is indepen
f position. The pre-saturation of moving spins should red

n-flow and motion artefacts without the complications
osed by the slice selective saturation of neighboring sl
imilarly, in functional imaging inflow effects could be r
uced, and saturation of the venous compartment could
rove the localization of activation to the parenchyma.
In recent years significant progress in perfusion imaging

een made using spin labeling methods (18–21). Velocity
elective perturbation could improve these methods by lab
lood closer to the imaging plane without significantly pertu

ng slow moving or stationary spins. As the blood flow
reater in the arteries the gradient requirements are si
antly reduced by labeling it here. Perfusion measure
sually relies on taking the difference between a perfu
ensitized and a non-sensitive control image with other
dentical contrast. Such control images could be obtaine
emoving the flow-sensitizing gradients, or by nulling their fi
oment. Cross-talk due to the flow of labeled blood betw

lices could be eliminated by the use of such pulse tr
aking them eminently applicable to multislice perfusion
ging.
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