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It is useful to be able to suppress the NMR signal from spins
in a flowing fluid, for example for **black-blood’ visualization
of blood vessels in vivo, for the suppression of flow artifacts, and
for the estimation of tissue perfusion by continuous labeling of
inflowing arterial spins. This work considers the flow of fluid
through a region in which it is subjected to a train of saturation
pulses. Computer simulations and in vitro measurements show
that a train of equal-duration spoiler pulses produces less ef-
fective suppression than does a train of pulses of geometrically
increasing duration. It is shown analytically that a long train of

intrinsic signal-to-noise ratios than their continuous coun:
terparts and are more difficult to quantify. In this work, we
investigated the design of gradient pulse trains for the
continuous saturation of flowing fluid.

Continuous saturation is achieved by using an imagin
sequence with relatively long repetition time (TR), and
filling most of TR with saturation pulsedly, 13, 14. The
actual imaging part of the sequence is kept short to maxi
mize the saturation efficiency. The imaging readout may b

ideal equal-duration spoiler pulses converts initial magnetiza-
tion (0, 0, M) into a combination of longitudinal and transverse
magnetization equal to 0.29 (—M,, 0, M) and is therefore
unsatisfactory for continuous saturation. © 1998 Academic Press

achieved by echo-planar (single- or multishot) or by con-
ventional spin echo techniques. Each ‘“saturation” pulse
consists of a 90° RF pulse to excite the spins, followed by
a gradient spoiler pulse to dephase the transverse magne
zation. Multiple pulses are required to ensure that all the
blood magnetization passing through the saturation region |
spoiled, regardless of its flow velocity. Slow flowing blood

Calculation of the NMR signal strength from flowingwill have been exposed to several saturation pulses, ar
spins is a complex problem that has been treated mathenmsgssibly more than one repetition of the entire saturation
ically for both spin echo X) and gradient echo2] se- imaging sequence. On the other hand, fast flowing bloo
quences. In magnetic resonance imaging (MRI) one may|| have experienced only one or a few saturation pulses
wish to retain the signal from spins in flowing fluids, ang,nd the maximum flow velocity determines the maximum
there is a large literature on methods to achieve tBisg). gjjowable spoiler pulse duration. The simplest implementa
In the medical field, the imaging of spins in flowing blood iy yses spoiler pulses of equal durati@ {1). However,

:Jelrmdecil ang'logr:aphy'and allows t“‘é"""? V|sual||_|zat|on of this is unsatisfactory because of the unwanted refocusing ¢
ood flow in the major arteries and veins-{7). However, magnetization (production of stimulated echoes) in blooc

1?1 t?lsfwdor:?bwre tarle Concirne?nW'E[?] thei Or?ﬂoﬁrlternp;;)t\)/:/?r%at is flowing slowly enough to experience three or more
at of deniberately suppressing the sighat ro 0 éjlses. This occurs because gradient spoiling is a reversibl

spins. Such a technique is useful for reducing flow-relat . . .
artifacts @), for “black-blood” angiography 9), and for the coherent processl®, 20, and care is therefore required in
' ' the design of multiple pulse trains. Barker and Mareci

estimation of tissue blood perfusioni@—14. In the last _ . . .
application, arterial blood is magnetically labeled 0420) show that to avoid stimulated echoes the time in-

“tagged.” Subtraction of labeled images from nonlabelelf9rals of successive spoiler pulses should be related ge
images then yields perfusion images that may be quantififtgtrically. _ _

using longitudinal relaxation (T1) maps. Steady-state label-!N this work, we conducted computer simulations anc
ing of inflowing arterial blood may be achieved either by Vitro measurements of constant amplitude saturatio
saturation {1, 13, 14 or by inversion {0, 12. Although Pulse trains having (a) equal-duration pulses and (b) gec
spin inversion theoretically gives twice as much signal d8etrically increasing pulse durations in order to assess th
saturation, it requires the delivery of continuous radio freeffectiveness of continuous saturation of flowing fluid. Our
quency (RF) energy to effect adiabatic fast passagg and goal was the suppression of flowing fluid regardless of its
is therefore difficult to implement on standard scannerglocity and regardless of the subsequent imaging tect
which normally allow only pulsed RF. Pulsed labeling techrique, so we concentrate on what happens in the saturatic
niques (6-18 are gaining in popularity, but yield lower region.

INTRODUCTION
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FIG. 1. Schematic diagram showing blood flowing through a saturation region of thickiggssior to an imaging plane. The sequence repetition time TR
is filled with either (a) equal-duration or (b) geometrically increasing duration spoiler gradient pulses, with each spoiler pulse being preceded by a
excitation pulse. The blood experiences a number of spoiler pulses depending on its velocity, with slow flowing blood experiencing more than one comple
of pulses during its transit of the saturation region. The shaded areas represent the imaging periods in between successive saturation pulse trains.

METHOD matically to satisfy Eq. [4] (Appendix), and we used a calcu-
_ _ lation time step of 10Qus. The computation time is propor-
Simulations tional to the number of time steps and to the number o

Simulations were conducted on a Sun UltraSparc Compuiépchromats, and therefore increases as the square of the trar

(Sun Microcomputers, Mountain View, CA) and were writtefime across the saturation region. We used relaxation times

in C. Visualization of results was implemented using Matlahl = 2 S and T2= 1 s to represent water, and F. 1 s and

(The Mathworks, Natick, MA). Blood of velocity travels in 12 = 250 ms to represent bloo@1). The saturation region

the z-direction through a region of thickness,, in which it is thickness was 30 mm, and the image pixel size was 1 mn
exposed to a train of saturation pulses (Fig. 1). Each saturatfoHid velocities from 0.01 to 1.00 m/s (in steps of 0.01 m/s)
pulse was modeled as a combination of a 90° RF pulse f¥/€Te studied, covering the range of blood velocities encour
lowed by a spoiler gradient pulse that causes a dephasingte_iffed'n vivo. Two spoiler pulse trains were studied: one with

transverse magnetization. The spoiler pulses had duratighae Pulses of equal duration (8.8 ms), and the other with nin
Tepoiy @Nd intervalsT, wherei = 1. 2 n. and where Pulses whose durations increased geometrically by a factor
spoil(i y Ly ua

gap(iy .

nis the number of spoiler pulses in the train. The spoiler pulde® (1.1, 1.6, 2.4,.., 12, 18, 27ms). The spoiler pulse

train is followed by the imaging period;,. Blood traveling @mPplitude was 10 mT/m. The gap between all spoiler pulse
was 4.4 ms, this being the time taken for slice selection an

faster tharnv = dgaf(Tspoiny + Tgapny EXPEriENCES NO Excita- , by ,
tion pulses, and will therefore be unaffected. selective RF excitation available on our scanner. To study th

A simplified form of the Bloch equations was used, in Whicﬁffect.s. of the saturat.ion sequence itsellf, the interval betwee
all operations (RF pulses, spoiling, and simple relaxation) wefgPetitions of the spoiler train (the imaging periogd) was set
represented by matrix rotations of the magnetizakibre (M, to zero. The fllnal magnetlzatlon of the .bIood (as it eX|_ts the
M,, M,). The pulse sequence is thus reduced to a successioFgH'ration region) was saved in text files as a function o
matrix multiplications. RF pulses were regarded as actif§!oCity-
mstantaneou;ly to produce a 90° rotation of the magnet|zat|ﬁ1nvitro Flow Experiment
about they-axis.

Each &, y) pixel in the downstream image plane contains Imaging was carried out on a Siemens 1.5-T Magneton
spins that have passed through a corresponding position in @8SP (Siemens Medical, Erlangen, Germany) equipped wit
saturation region. In the first part of the Appendix, it is exanshielded 10 mT/m gradients having a maximum slew rate c
plained how spoiling was simulated by summing the contribd0 T/m/s. The standard head coil was used.
tion of spin isochromats across the pixel in the direction of the A flow phantom was constructed from rigid plastic tubing
applied spoiling gradient. The readou} ¢lirection was chosen (bore 6.1 mm) immersed in a water bath. The phantom was fe
for spoiling. The number of isochromats was adjusted aut@p water from a constant pressure-head upper reservoir a
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FIG. 2. Theoretical residual longitudinal magnetizatigh as a function of flow velocity, for spoiler pulses of equal duration (solid line) and geometricall
increasing duration (dashed line). (a) Water withF122 s and T2= 1 s; (b) blood with T1= 1 s and T2= 250 ms. See text for details of sequence timing.

was drained to a lower reservoir via a flow control valve. Aulses were applied in the readoy} ¢lirection. The total TR
peristaltic pump (type 302S, Watson-Marlow, Falmouth, UK)f the sequence was 168 ms.
recirculated the water to the upper reservoir. Imaging measuretmages in a plane perpendicular to the flow direction were
ments were made at a flow rate of 620 ml/min (determined lagquired with a 256-mm field of view (FOV), with a 30-mm
timed collection of water), corresponding to a mean flowhick parallel saturation region positioned either upstream o
velocity of 35 cm/s. downstream of the region of interest. The separation betwee
A spin-echo sequence (echo time 225 ms) was modified the centers of the image and saturation planes was 80 mm,
to incorporate a train of nine saturation pulses acting onwhich distance direct interaction was negligible. An image
single, user-defined saturation region. Each saturation pupgane thickness of 15 mm was used to minimize spin washot
consisted of a 90° RF pulse followed by a gradient spoilingffects 8). Other imaging parameters were 256256 matrix
pulse of 10 mT/m amplitude. In one variant all the spoilgfi.e., 1 mm pixel dimensions) and four acquisitions. Both the
pulses had a duration of 8.8 ms, whereas in a second sequestpgal-duration and geometric saturation sequences were us
pulses with geometrically increasing spoiler durations (factor Phase-contrast velocity mapping images were also collecte
1.5) were implemented (as described previously). All spoilér the same image plane.



16 IAN MARSHALL

TABLE 1 the spoiling is poor; for example, only 50% suppression is

Theoretical Value of Longitudinal Magnetization M, Remaining  (ideally) achieved with three or four pulses (velocities betweel
after Application of a Number of Ideal Equal-Duration Spoiler 46 and 76 cm/s). The lower the flow velocity, the greater the
Pulses number of spoiler pulses experienced during transit of the
saturation band. The residual magnetization oscillates betwe

Number of pulses M, M,

two extremes that appear to converge slowly as the number
1 0 0.000 pulses increases (Fig. 2 and Table 1). In the third part of th
2 0 0.000 Appendix, an analytical solution for the case of a very large
3 172 0.500 number of (ideal) equal-duration pulses is given, and it i
‘51 1;; g'igg shown that the longitudinal magnetization tends towards
5 18 0.125 value of [1— (V2/2)]M, = 0.29M,,.
7 7116 0.438 Figure 2 (dashed line) shows the residivglfor the train
8 7116 0.438 of nine spoiler pulses of amplitude 10 mT/m and with
9 21/128 0.164 geometrically increasing durations. For velocities above 9!
10 21/128 0.164 cm/s, the transit time is less than the duration of the las

Note.Both exact and decimal values are given (see Appendix). spoiler pulse and gap ((2¥ 4.4) ms), so that the fluid is not

excited at all, and hence no spoiling occurs. For velocities it
the range 33 to 95 cm/s, excellent spoiling is achieved, a
stimulated echoes are avoided by the use of increasin
spoiler pulse durations which prevent the refocusing o
magnetization. For velocities in the range 21 to 32 cm/s, thi
Figure 2 shows the simulated residual longitudinal magpoiling is not quite so good (residudj around 0.1) as the
netization M, (which contributes to the image) for spindluid has experienced the shortest spoiler pulses which ai
which have passed through a saturation region of 30-nmimadequate to cause complete dephasing. For velocities b
thickness. In the saturation region they experience either floev 21 cm/s, more than one complete train of pulses i
train of equal-duration saturation pulses (solid line) or thexperienced during transit, and the spoiling efficiency is no
train of geometrically increasing spoiler durations (dashedaintained as stimulated echoes are again produced.
line). Results are shown for T1 and T2 relaxation parameters
representative of water (Fig. 2a) and representative of blopg,,, Experiment
(Fig. 2b). The behavior oM, is similar for the two fluids,
with water having the higher residual magnetization and Figure 3 shows the results of thie vitro flow phantom
therefore being more difficult to suppress. The behavior ekperiment. The theoretical value for the Reynolds number i
M, for the equal-duration spoilers is striking, alternatind940 for the 620 ml/min flow rate, and conditions should
between two values that appear to converge as the velodigrefore be nonturbulent. We also took care to provide a lon
decreases (i.e., number of applied pulses increases). In straight inlet length (approximately 80 cm) to allow the flow to
second part of the Appendix, it is shown how theoreticdlecome fully developed before entering the imaging region
values of M, can be calculated for ideal spoiler pulse€onditions of laminar flow were confirmed by the parabolic
(complete dephasing) in the absence of relaxation effect®locity profile obtained from the phase-contrast images.
These values are given in Table 1 for the first 10 pulses,In the absence of upstream saturation (Fig. 3a), the inflowin
corresponding to flow velocities above 20 cm/s. water appears bright in comparison with the surrounding wate
The simulations for water are in reasonable agreement wiihth (inflow enhancement effect). There is no signal from the
these theoretical values, any discrepancies being attributabléuioe walls. The central pixels have a reduced intensity becau:
the fact that the simulations include the effects of relaxatigdhe flow velocity there is great enough for spins to pas:
with T1 = 2s and T2= 1s, and that for 10 mT/m gradientcompletely through the image slice in the echo time betwee
pulses, dephasing is not quite complete for the simulated 1-nexcitation and imaging (washout effect). Assuming laminat
pixels and spoiler pulses of duration 8.8 ms. In fact, zeroesftdw, the peak velocity in our experiment was 70 cm/s (twice
the spoiling function (Appendix, Eq. [2]), corresponding tahe mean velocity), whereas fluid traveling at greater than 6
successive complete wraps of the magnetization, occur at mera/s will wash out of the 15-mm thick imaging slice during the
tiples of 2.3 ms under these conditions. In between the zero2S;ms echo time. We therefore discarded the central pixels i
spoiling is dependent on thedlt/envelope term. the subsequent analysis. Other pixels will exhibit varying de
For velocities between 77 and 100 cm/s, very effectivgrees of signal loss due to washout, but the effect will be the
spoiling is achieved with equal-duration spoilers. Howevesame regardless of the saturation sequence used, so that a di
lower velocities lead to three or more pulses being applied tcomparison is possible. Fluid near the vessel walls also has
the flowing fluid, and stimulated echoes are generated so theduced intensity, presumably because the greater radial velc

RESULTS AND DISCUSSION

Simulations
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In vitro spin-echo images, acquired perpendicular to the direction of flow. The mean flow velocity was 35 cm/s. (a) 30-mm saturation region positioned

80 mm downstream of image plane; (b) 30-mm saturation band with equal-duration spoiler gradient pulses positioned 80 mm upstream of image plane; (c) 30-mm

FIG. 3.

saturation band with geometrically increasing spoiler gradient durations positioned 80 mm upstream of image plane. The windowing is the same for all three images.

ity gradient there leads to dephasing of the spins within a pixel
We did not use flow-compensated sequences in this work,
we wished to study the saturation effects in isolation. Som
ghosting is apparent in the phase (vertical) direction, an
Fourier ringing (Gibbs artifact) can be observed in the readou
(horizontal) direction.

When the saturation band is moved upstream of the imag
plane, the flowing fluid signal intensity is reduced (Figs. 3b anc
3c). Signal intensity measurements were made on an annul
region of interest (ROI) of outer radius 3 mm (coinciding with
the tube wall) and inner radius 1 mm to exclude fluid that
theoretically exhibits complete washout. Suppression factors «
5.0 (i.e., residuaM, = 0.20) and 6.5, = 0.15) were found
for the equal-duration and geometric saturation sequence
respectively.

It is possible to calculate the residudl, expected from the
ROI by using the radial velocity distribution and the results of
Fig. 2a. At each radius (1-3 mm, in sufficiently small steps).
the velocity is calculated assuming a parabolic profile with ¢
central maximum velocity of 70 cm/84, for that velocity is
read from the data file corresponding to Fig. 2a, and the sign:
is multiplied by the elemental annular area. These contribu
tions are summed over the range of radii corresponding to tt
annular ROI. The resulting theoretical suppression factors (re
sidualM,) for the equal-duration and the geometrically increas:
ing duration spoiler pulse trains are 3.6 (0.28) and 36 (0.03]
respectively.

Thus, the experimental suppression factor of 5.0 for the
equal-duration sequence is rather better than the 3.6 expect
from the simulations, whereas the factor of 6.5 for the geomet
rical sequence is rather disappointing compared with the the
oretical value of 36. Nonetheless, the geometric sequenc
yields a modest but worthwhile improvement over the equal
duration sequence under these conditions.

The poor performance of the geometric sequence (relative |
the simulations) may be due to several factors. We did nc
model the effect of the imaging sequence itself in the simula
tions presented here. Although the image readout gradiel
(applied in the sameX] direction as the spoiler gradient) will
perturb the carefully balanced timing of the geometrical pulse
train, thereby causing some unwanted refocusing of magnet
zation, preliminary results from more complete simulations
suggest that the effect may not be very significant. Anothe
simplification made in the simulations was that the RF pulse
were regarded as acting instantaneously. In the actual s
guences, their duration was 2.56 ms, during which time spin
will move slightly, thus complicating the excitation profile.
Slice select gradient pulses are applied (in the direction ©
flow) simultaneously with the RF pulses in order to define the
saturation region. The effects of these pulses are extreme
complex to evaluate, a® (Eq. [1], Appendix) itself then
becomes a function of time, and the simple model of spoiling
no longer holds. However, because these pulses are applied
a direction orthogonal to the spoiler trains, their effect shoulc
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be to increase the suppression factor, and this may explain whary the spoiler gradient pulse amplitudes rather than the
the equal-duration spoiler sequence performed better than sdgrations. However, similar limitations apply: Low ampli-
gested by the corresponding simulation. A further complicatidndes would not produce adequate spoiling, and the avai
is the nonideal saturation band profile, such that spins expeable hardware sets an upper limit. An alternative approach i
encing an excitation pulse when near either edge of the baRB dephasing42), which was used by Karlsest al. (13) in
will be flipped not by 90° but by some lower angle. Eddgombination with gradient spoiling.
current effects may also contribute to the discrepancies be-
tween theory and experiment. CONCLUSIONS
Although fast-flowing fluids with long T1 will not reach
equilibrium magnetization in the time available between The continuous saturation of magnetization in a flowing
entering the 1.5-T field of the scanner and reaching tfiglid is a nontrivial problem when a range of velocities is
imaging region, this applies equally to both types of spoild@resent, as in thin vivo case. The use of a train of geometri-
sequence and should not be important so long as a dirgatly increasing duration spoiler gradient pulses leads to mor
comparison is made with all other factors being held treffective suppression than does a train consisting of equa
same. Increasing the time the fluid spends in the scaniigration spoilers, since stimulated echoes are avoided. Sim
would entail folding or coiling the inlet tube, thus disruptindations suggested that the magnetization of water flowing unde
the laminar flow. Similarly, relaxation of magnetizatiodaminar conditions and with a mean velocity of 35 cm/s could
between the saturation and image planes will affect boi¢ suppressed by factors of 3.6 and 36 using equal-duratic
spoiler sequences equally. and geometrically increasing duration spoiler pulses, respe
Figure 2 suggests that the suppression of signal froiiigely. With a flow phantom, the actual suppression factors
blood should be slightly easier than for water, because of thghieved were 5.0 and 6.5, respectively. Reasons for the di
reduced T1 and T2. The experimental study with waté&fepancy, particularly the disappointing performance of the
therefore represents a worst case, as well as being m@&emetric sequence, may include finite-duration RF pulse:
more convenient to carry out. Although we did not explicitlpaturation region slice select gradients, and imaging gradient
study pulsatile flow, we have studied the range of velocitiddiese effects are being studied in more complete simulation
encounteredn vivo by taking care to make measurements It is shown analytically that a long train of ideal equal-
under conditions of laminar flow. duration spoiler pulses converts initial magnetization (0/§),
The inadvertent creation of stimulated echoes was not digto a combination of longitudinal and transverse magnetiza
cussed by Mugler and BrookemaB) {n their investigation of tion equal to 0.29¢ Mg, 0, M), and is therefore unsatisfactory
flow artifact suppression, but can be observed in their resuigs continuous saturation.
for slow flow where poor suppression is achieved. Unfortu-
nately, they do not give any details of the spoiling pulses used. APPENDIX
Stimulated echoes could be avoided if the spoiler gradi-
ents were applied along orthogonal directions for successigénulation of Spoiling

repetitions of the pulse sequence, but there will be a lower|; patween applied RF pulses, the magnetization relaxe

velocity below which all three orthogonal directions havgih time constants T1 and T2, which are the longitudinal anc

been used and stimulated echoes then become inevitablg,s\erse decay times, respectively. Relaxation over a peric
This situation could be avoided by increasing the length gf;q represented by the matriX, where

the basic pulse train. This is not a straightforward matter,

however, since adding shorter pulses at the beginning of the exp—7/T2)coswr)  —exp(r/T2)sinwT)

train does little to increase the overall time, and in any case, _ : -

they may not be long enough to achieve adequate dephasing. expl T/TOZ)SIn(wT) exp 7/T§)cos(w7)

Adding longer pulses at the end of the train leads very

quickly to excessive spoiler pulse durations so that the 0 0

maximum allowable flow velocity is severely reduced. One 0 0 . [
solution would be to reduce the geometric factor, although exp(—7/T1) 1—exp(—7/T1)

this would weaken the overall suppression achieved. The

value of 1.5 used in this work is a compromise between tfeis applied to the augmented magnetizatibh,(M,, M, M),
factor 2 suggested by Barker and Mare2D)Y and lower, whereMy is the equilibrium longitudinal magnetization and
less effective values. In continuous suppression schemissthe effective angular frequency. For on-resonance magnet
there is a need to balance the pulse durations against #agion in the absence of an applied gradieris zero for all the
range of velocities likely to be encountered. Since it is th&pins contributing to the signal. When a (spoiling) gradiént
integrated amplitude—time function that determines the applied,w takes on the value(r) = yG - r wherevy is the
amount of dephasingl@, 20, it would also be possible to gyromagnetic ratio andis the position of the contributing spin
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within the image plane. Implicit in this relationship is the time 0 01
independence ofu(r); that is, the spoiling gradient is not p=| 0 1 0. [5]
applied in the direction of flow. Contributions arise from all the -1 00

spins across a pixel, so that we must consider a range of values o . o

of r (19). This amounts to considering a range of frequencieamilarly, the application of a gradient spoiling pulse causes :
o(r), and applying the entire pulse sequence to them all, takiFfationd = ¥G - rt about thez-axis, wherey is the gyromag-
the sum at each discrete time point. Analytically, the effect GFUC constants is the gradient strengtin,the position of the
an ideal spoiler pulse of duratidr{neglecting relaxation) is to contributing spin, andis the pulse duration. This rotation can
reduce the net transverse magnetization from unity to be represented by the matii, where

sin(0) co96) O
0 0 1

Ry =

coqg0) -—sin(f) O
( [6]

M. = i . e(*iwt)dw = Ii (e(*iwmt) _ 1) [2]
ideal, spoiling O wmt ’
0
The composite excitation and spoiling pulSées given by the

_ _ matrix productC = R,P,, namely,
where o, is the maximum frequency(r,,) = vG-r,

corresponding to the far edge of the pixel at positign 0 —sin(8) cog6)
Equation [2] represents a behavior that is oscillatory with time, C= 0 co$6) sin(6) [7]
and with an envelope that is inversely proportional to time. The -1 0 0 '

first zero occurs whew,t = 27 (i.e.,t = 2#w/yGr,) corre-

spondm% to _oncla cl:\lomple_te lwr_ap ?f _the magnetlzartT;%n ?haﬁ‘nethe absence of relaxation, the applicatiomauch pulses to
across the pixel. Numerical simulations use a numident iy magnetizationM,,; = (0, 0, M) leads to a final mag-

discrete “isochromats” rather than an integral, and Eq. [2] 'ﬁetizatioanma| = C"M,,. This can be evaluated explicitly in

replaced by the summation terms of polynomials of sim) and cosg). Assuming perfect
spoiling, all values of) are equally likely, so that one takes the
e 1/ 1— el-ion) average oveb. Terms in the polynor_nials invglving odd pow-
M numspoiing = N 3 giimtN) — N (1_(.w/N>> . [3] ers of.sme) or cosg) therefore vanish, Ieaymg te.rms of the
j=0 € form sirf(0)cog™(6) (I, m= [0, 1, 2, .. .]). ltis readily shown
that after the first few pulses, the remaining longitudinal mag

_ _ _ netizationM, (z-component oMy,,,) is as given in Table 1.
The summation of Eq. [3] differs from the integral of Eq. [2], Many pulses. Observing that the sequence of valued/f

having subsidiary maxima whenewegt/N is a multiple of 2r. o ) : ) .
e . o . . . appears to converge, it is pertinent to investigate the behavit
These “diffraction grating” maxima are an artifact of using a

. : ) sn increases. Clearly, this matrix multiplication method be-
discrete sum rather than a continuous integral, and must be . :
. S : py . L comes impractical fon much larger than tabulated here. An
avoided in simulations of spoiling by using sufficiently man

; . Yiternative method is to rega@ias a composite rotation about
isochromats so thab,t/N < 2. This translates to o 9 . P ,
its eigenvecton. After many rotations by all possible angles,
only the componenv of M;,,; parallel ton will remain, the
Gr. " perpendicular components having been completely dephase
N > T 4 e then take the average wofover all angles to arrive at the
TS Tt [4] We then take th ge vfover all angles t t th
2m =l final magnetization. A suitably normalized eigenvectoCaf

wherer,, represents the pixel size, and the blood velocity iy = o (—sin<6> ' C05<9> ’ sirr(e)), 8]
such that it experiences saturation pulsést 1, . . . ,n while inz(g) 2 2 2
traversing the saturation region. When Eq. [4] is satisfied, the 2
spurious maxima are effectively shifted to beyond the time
frame of interest. and the component d¥l,,; along this axis is
Analysis of a Train of Equal-Duration Spoilers V= (M- nn

Repeated pulses.An exact analytical solution is possible L
for the case of a train of excitation/spoiler pulses of equal S'“(z) ) 6\ (0
duration. A 90° RF pulse applied along tlyeaxis can be =Mo| — ¢ (‘SIV'(Z),COi<2>-S"'<2)> [9]
represented by the rotation mati, where 1+ sir?(z)
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Miinar iS then given bya(—Mg, 0, Mp), wherea is the mean 7.
value of

8.

0
S|r12( 2) 9.
1+ Slnz( g) 10.

which evaluates to [ (V2 /2)]. This has a numerical value 1L

of 0.29. 1
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