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It is shown that spatially selective inversion and saturation can
be achieved by concatenation of RF pulses with lower flip angles.
A concatenation rule which enables global doubling of the flip
angle of any given excitation pulse applied to initial z magnetiza-
tion is proposed. In this fashion, the selectivity of the single pulse
is preserved, making the high selectivity achievable in the low
flip-angle regime available for inversion and large flip-angle satu-
ration purposes. The profile quality achievable with exemplary
concatenated pulses is investigated in comparison with adiabatic
inversion. It is verified that by using concatenated inversion in the
transfer insensitive labeling technique (TILT), the MT artifact is
suppressed.  © 2000 Academic Press
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axes need not be identical throughout the selected volum
Rather, for mere inversion it is sufficient to rotate longitudinal
magnetization by 180° about any axes in the transverse plar

In this paper we propose taking advantage of this freedor
for creating selective inversion pulses by concatenation also
non-IRP components. It is shown that for any selective RI
pulse a complementary one can be created which, if applie
successively, globally doubles the net angle by which inial
magnetization is flipped away from tlzeaxis. In this fashion,
the selectivity of the single pulse is preserved, making the hig
selectivity achievable in the low flip-angle regime available for
inversion and large flip-angle saturation purposes.

netization transfer; TILT.

INTRODUCTION

One interesting application of the proposed concept is to us
concatenated 90° pulses for selective inversion in spin labelir
techniques, which are widely used for perfusion imagigg (
6). In the labeling approach, the magnetization of arterial bloo

. . L is inverted in a slab proximal to the volume of interest. As
The effect of RF irradiation on proton magnetization MaY heled blood is delivered to smaller vessels and the capillar
generally be viewed as a rotation about an effective rotation = . - cap
. . ) . ed, it reduces the local tissue magnetization, acting as

axis. For MR imaging purposes, the net rotation axes of a pulSé .

are often desired to be spatially invariant, e.g., for creatingr?gtural’ MR de_tec_tabl_e t_racer. However, the perfusion effe_ct 0

spin echo. The design of RF pulses with this property }gs;ue magnetization is inherently weak and thus susceptible

commonly based on Fourier principles, embedding the tv%t'faCtS'_ . .

transverse magnetization components in the complex pIaneI.n particular, spin !abelmg methods have long been _ham

The complex description, however, is only a two-dimensionBE"€d by magnetization transfer (MT) effectd.(The basic

approximation of the essentially three-dimensional magnetiZR0del of MT distinguishes two water compartments in humai

tion dynamics. As a consequence, the validity of the FourilipSue: a free pool and a so-called bound pool of water su
approach is limited to low flip angles. Pawgyal. showed that, rounding macromolecules. Due to reduced motility, the boun
in the low flip-angle regime, spatial invariance of the rotatioRC0! has a very shoft, (<100 ps). Therefore, on the one

axis is accomplished by pulses with Hermitiaspace weight- hand, itis not directly detected by MR imaging sequences. O

ing along a closed trajectoryl Such pulses effect purethe other hand, as a consequence of fast relaxation, the bou

rotations about thé8, axis and therefore have been nameB00! exhibits much broader absorption lines than free wate
inherently refocused pulses (IRP). In a following paper, tH¥otons. Therefore, in spin labeling methods the RF irradiatiol
same authors extended their analysis beyond small flip ang@plied for proximal inversion affects bound water also in the
suggesting large flip-angle excitation by concatenation of IRPglume to be imaged. Continual exchange between the tw
(2). The composite pulse again is refocused and effects a pw@ter compartments then results in net magnetization transf
B, rotation. from the free pool to the bound pool, reducing the magnetiza
This is indeed necessary for spin-echo refocusing pulséion of free water. In this fashion, MT mimics the perfusion

However, the situation is different for the inversionofag- effect and results in perfusion overestimation.

netization. Selective spin inversion is an easier task than spinThe MT effect as such is an inevitable response to labelin

echo refocusing in that the magnetization is known to liBF irradiation. However, in labeling subtraction schemes it ca

initially along thez axis. As a consequence, the net rotatione compensated for, as first proposed by Detral. in their
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original paper 8). Using flow-driven, continuous inversion,equation describing the effect 8f at a given location can be
they suggested additional distal labeling during control prepaxpressed in terms of the rotation matRx(t),

ration in order to have MT effects cancel out in image sub-

traction. Later, the distal control approach was also used in the d

pulsed spin labeling technique EPISTAR (echo-planar imaging gt R = A Ry(t),  Ry(0) = 1d (1]
and signal targeting with alternating radiofrequen@y) How-

ever, there are two major drawbacks to distal labeling as ath

compensation mechanism. First, for exact MT correction g

requires mirror symmetry of the proximal and distal selections

about the imaged volume and thus restricts imaging to one 0 BAt)  —By(t)
slice. Second, with distal labeling for control, potential distal Aty =y —BA) O Bx(t) |, (2]
inflow may give rise to perfusion misjudgment. By(t) —Bu(t) O

For continuous labeling, Alsop and co-workers recently sug-
gested an alternative control strate@y, Wwhich does not rely Where Id denotes X 3 identity, y is the gyromagnetic ratio of
on distal RF power deposition. Instead, during control prep@rotons, and,, B,, andB, are the components of the time-
ration, RF is deposited by rotating the magnetization of progependent net magnetic field. The rotation resulting f&ris
imally inflowing blood by 360°. Double inversion is elegantlydenoted
accomplished by cosine modulation of the RF envelope, split-
ting the RF into two frequency components, corresponding to R, = Ry(T). [3]
two inversion planes. Yet, this solution makes specific use of

flow-driven, adiabatic excitation and thus is not applicable iﬂccording to the rule given above, the Bloch equation for the
pulsed methods. complementary sequenc,, is identical to Eq. [1], except for

For MT-compensated perfusion imaging with pulsed Rfime inversion and changing of the sign®f. Using the mirror
recently the transfer insensitive labeling technique (TILT) Wag;nsform

proposed 9, 10. Using pulse concatenation for labeling, this
technique was designed to globally compensate for MT with-
; 2 . . : . +1 0 O
out geometric restriction of imaging or distal labeling. The U= 0 +1 0 4
experimental evaluation of labeling by concatenated pulses N ’ [4]
. i 0 0 -1
forms the second focus of the present paper. Profile quality and
MT compensation as achieved with TILT were studied b

means of numerical simulations and phantom experiments.'){ reads

d
—_— = — —_ -1 =
THEORY AND METHODS dt Ra(t) UA(T = DU TR(D),  R,(0) =11d, [5]

Doubling the Flip Angle by a Complementary Pulse with the solution

For any spatially selgcnve RF a!']d gra_td|ent sequ@cea R,(t) = UR,(T — HR; U L. [6]
complementary one exists, which, if applied successively, glo-
bally doubles the net angle by which initaimagnetization is
flipped away from the axis. The complementary sequence ¢
be derived from the reverse of the original. The latter is ~ ~
obtained by invertingS, in time, changing the sign of the R, = Ry(T) = UR;'U "% [7]
gradient and frequency modulation (FM) waveforms, and shift-
ing the RF phase by 180°. Here as frequency modulation viae net flip anglesp,, ¢, as effected by applyin®, and the
consider the frequency offset with respect to the Larmor freencatenatiors,S,, respectively, t@ magnetization, are given
guency in the isocenter where the gradient fields do not cdoy
tribute to the net field. In the absence of relaxation and addi-

alﬁ|ence, the rotation throug®, is given by

tional frequency offsets, the reverse ideally rewinds the cod¢,) = 2'R,z, 8]
rotation performed by, when applied successively. The com R

plementary counterpart @&, is identical to the reverse except cod¢,1) = 2'R;Ry7, [l
for the phase shift. For creating the complement, the phase of

the original RF pulse is preserved. wherez denotes the unit vector in thedirection.

To prove flip-angle doubling, consider a general excitation For explicit calculation of the cosine terms, we choose :
sequences; of durationT. Neglecting relaxation, the Bloch frame of reference in which the rotation axisRf lies in the
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y—z plane. Letx denote the rotation angle B and#6 the angle Label 90490 Control 90-90

between its rotation axis and tlzeaxis. ThenR, is given b
1150 y . .

1 0 0 cosa —sina 0
R,=|0 cosf —sin6||sina cosa O /\ /\ /\
RF RF A\

0 sin6 cos6 0 0 1

1 0 0 Vv V Vv
x [0 cosf sinf|. [10]

0 —sin® cos6

FIG. 1. Sequence elements of the TILT scheme. (Left) Labeling is
chieved by concatenation of two selective 90° pulses. The selection gradier

The evaluation of Egs. [8] and [9], using Egs. [7] and [10?

'G) have opposite polarity and the second RF envelope is inverted in time

yields (Right) For control preparation the phase of the second RF portion is shifted &
180°. In this fashion the second pulse is made the inverse of the first one al
cog ¢;) = co(f) + coga)sin?(H) [11] has a rewinding effect.

cog @,;) = (cosX(6) + coqa)sin?(9))?

L AT rotation axis, which results from the successive application c
— sin®(a)sin®(6) — sin <2> sin“(26).  [12] the two sequences, always lies in the transverse plane. The!
fore, once doubled, the flip angle can be further multiplied by

By substitution of Eq. [11] into the right-hand side of thesimply iterating the composite sequence. Note that due to tt
symmetry induced by the concatenation rule, the complemel

identity . o )
tary counterpart of a composite pulse is identical to the com
c092¢,) = 2 cof(ey) — 1 [13] posn_e puls_,e |tse!f. Thus, pl.aymg out a composite pulse multi
ple times is equivalent to iterating the concatenation proces
we obtain starting from the composite pulse. This corresponds to the fa

that whena, is transverse already, it has an identical mirrorec
counterpar@s,.

The concatenation rule ensures only that the resulting n

) ) ] ] . rotation axes are transverse, while no general statements can

Common trigonometric transformation yields that the righty,aqe about their relative angles. In the general case, the r

hand sides of Egs. [12] and [14] are equal. Hence rotation axes are not aligned and not refocusable by line:

gradient fields. For this reason, the concept is strictly applice

2¢1 = @o1. [15]  ple only when the relative phases of resulting transverse mal

netization are not of interest. This is true for inversion anc

This holds independently at any position. Thus, the net flgaturation purposes, while coherent excitation and refocusir
angle of any excitation sequence applied tmagnetization is do require well-defined phase relations.

globally doubled by concatenation with its complementary
sequence. Transfer Insensitive Labeling

The rotation axis belonging ., a,, is characterized by the
fact that it remains unchanged when rotatedRyy

cog2¢;) = 2(cos’(0) + coda)sin?(h))*— 1. [14]

In the TILT method, the proposed concatenation concept i
used for the purpose of eliminating the MT artifact. Figure 1
shows schematic representations of the pulse combinatio
used in TILT for labeling and control preparation. Spin label-
ing is performed by concatenating a selective 90° pulse with it
complementary counterpart. Both pulses are applied at col
stant frequency. For selecting a slice off the isocenter, the fir:
pulse is applied with a frequency offset. For the second puls

ﬁlal = al. [16]

Similarly, according to Eq. [7], the rotation axis Bf, a,, is
described by

UR;'U a, = &, [17]  such offset is inverted according to the concatenation rule.

For control preparation, the phase of the second pulse
which is solved by shifted by 180°. According to the definition of the complemen-
tary sequence, this phase shift makes the second pulse t
a, = Ua,. [18] reverse of the first. Thus, in control preparation the magnet

zation is first selectively flipped by 90° and then rewound
Hence the second rotation axis is a copy of the first, mirroredsulting in the desired control state with no labeling. In this
about the transverse plane. Due to this symmetry, the rashion, shifting the phase of the second RF pulse permi
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FIG. 2. Spectral dependence of the inversion profile obtained with concatenated 90° pulses (Fig. 1, left). The RF effect on unit magnetization was sir
by solving the Bloch equation with exemplary pulse duration of 1 ms each. The resatiagnetization is plotted against frequency offset (left-right) and spatia
selection direction (front—back). The component pulses interact only in the intersection of tilted selection bands. Within the interactienizesision profile
shows a periodic spectral dependence related to wrapping of the offset phase accumulated between the two RF amplitude peaks.

switching between labeling and control preparation. In partieffects are globally canceled out upon image subtraction, ma
ular, the two preparation modes differ only in the phase of thieg TILT imaging insensitive to MT.
second pulse.

MT compensation in TILT is based on the difference
between free water and the bound pool. Note that both dolﬂfluence of Frequency Offsets
bling the flip angle and rewinding the magnetization rely on the |n creating the complementary counterpart of a pulse, th
negligibility of relaxation during and between the componemversion of the gradient and FM waveforms has a crucial role
pulses. This assumption usually holds well for free watdthe resulting mirror symmetry of the effective magnetic field
whereT, is significantly longer than typical pulse durationsabout the transverse plane underlies the doubling of the fli
However, in the bound pool with much shorgy; the situation angle of the single pulse. For the strict validity of Eq. [5] it is
is different. Due to fast transverse relaxation, the magnetizatingcessary that variations of the Larmor frequency in the samp
vector of bound water is only a little flipped away from the indeed arise only from switchable external gradients. Addi
axis during RF irradiation. The main effect of RF on boundonal frequency offsets due to chemical shift @ginhomo
water magnetization is a gradual reduction of the longitudingeneity cannot be inverted for the complementary pulse ar
component. Furthermore, in labeling as well as control prep#us violate the assumed symmetry.
ration, a short break between the RF portions is naturally Practically, frequency offsets that are not inverted lead t
induced by the need to switch the selection gradient. Durimigstructive coaction of the two RF portions when the offse
this break of typically several hundred microseconds, bouptiase accumulated between the pulse centers is an odd mu
water undergoes virtually complete transverse relaxation. pie of 180°. As a consequence, the resulting excitation profil
other words, bound water magnetization loses any phase @xhibits a periodic dependence on the frequency offset. This
formation related to the first pulse. Therefore, it does not serifiestrated by Fig. 2, showing qualitatively the spectral depen
the RF phase shift used to switch between labeling and contdeince ofz magnetization as resulting from the labeling se-
preparation. As a consequence, both ways of preparation atiaence sketched in Fig. 1. The periodic spectral dependen
bound watez magnetization in virtually exactly the same waybserved in the center of the plot is typical for pulse trains witt
throughout the object. In this fashion, magnetization transfalternating gradient lobes as also used, e.g., for spectral-spa
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selective excitation1(1). The spectral distance of neighboringial fitting. Using the same procedure, slice profiles were als
peaks is the inverse of the time between the amplitude peaksdated for TILT control preparation and AFP labeling.
successive RF pulses in the pulse train. The width of theThe resulting slice profiles are shown in Fig. 3, with simu-
frequency selection band is the inverse of the time intervialtion results added for comparison. It is seen that the conce
between the first and last RF amplitude peaks. enation of two 90° pulses indeed acts as an inversion puls
In addition to phase effects, frequency offsets result imhile in TILT control preparation the magnetization is re-
spatial shifts of the selected volume. Due to the inversion wfound by the second pulse. In terms of overall selectivity, th
gradients and FM for the second part of a concatenation, th@file of the concatenated sinc—Gauss inversion is comparak
sensitive volume is shifted in opposite directions for the twim that of the 1000° AFP pulse. However, in the experimenta
RF portions. As seen in Fig. 2, in a spectral-spatial plot tARdLT profile a slight reduction of absolute magnetization is
sensitive volumes of the two pulses form tilted bands. Thabserved, which deviates from the simulation. This discrep
slope of these bands is characterized by the strength of @iy is due to microscopic field inhomogeneities, which affec
selection gradients. Pulse coaction is restricted to the cenffdlT labeling due to its sensitivity to frequency offsets.
intersection of these bands where both pulses have an effectFigure 4 shows the tails of the simulated labeling profiles
shown in Fig. 3 in a close-up view. It is seen that in terms o
EXPERIMENTS AND RESULTS o.ut—of—slice contamination t_he concatenated sinc—Gaus.s. inve
sion is theoretically superior to the AFP pulses. Additiona

Experimental evaluations were performed on a 1.5-T Phi”ﬁémulations with relaxation ignored revealed that there are tw
Gyroscan ACS-NT whole-body MR system (Philip.s Medicafifferent reasons for the more marked tails obtained witf
Systems, Best, The Netherlands). TILT labeling and contrgpmmon AFP labeling. With the 600° pulse, the selectivity is

preparation sequences, as depicted in Fig. 1, were created ugﬁgﬂy limited by the violation of the adiabatic condition at
an asymmetrical 90° pulse, which is a numerically optimiz

ab edges. With increasing pulse duration, profile broadenir
variant of a Gauss-windowed sinc shape with four full sid ue to relaxation becomes more significant and is the domina
lobes. The pulse shape is drawn to scale in Fig. 1, while t

feason for the contamination obtained with the 2000° AFF
gradient lobes and the time gap between the pulses are reﬁ =

Lise.
sented only schematically. The duration of a single RF portionA second series of phantom experiments focused on the M

was 2.2 ms, with a bandwidth of 4.59 kHz. The gap betwe&gfed' On the one hand, the suppression of the MT artifact i
the pulses was 1.0 ms, resulting in the full duration of 5.4 mdLT was to be verified. On the other hand, the potentia
for each sequence. artifact in labeling data without MT compensation was to be

For comparison, all labeling experiments were repeated (¢monstrated. For this purpose, a phantom consisting of

ing standard hyperbolic secant (HS) AFP pulses with virtuPttles was used (Fig. 5). One bottle was filled with agar ge
anglesa = 600°, 1000°, and 2000°, where by “virtual angle’(S%)' exhibiting a relatively large bound water pool. The
we denote second bottle was filled with water for reference. TILT labeling

and control images were obtained from a 10-mm slice. The gz
between the imaged slice and the 100-mm-thick labeling sla
was varied between 0 and 10 cm by shifting the latter. Fo
! ZJ yBi(Ddt. [19] imaging a common gradient-echo sequence was used. T
delay between labeling and imaging was= 500 ms, and the
repetition time wasTy = 5000 ms. To demonstrate the MT
The AFP pulses were realized with a maxim@mnof 20 uT, artifact, the same procedure was repeated with AFP labelir
resulting in pulse durations of 6.4, 10.6, and 21.2 ms, respeaxd no control preparation.
tively. Simulations were carried out by numerical integration To quantify the MT effect in the agar gel, a region of interest
of the Bloch equations with relaxation taken into account. THROI) was selected inside each phantom bottle in the imag
quality of labeling profiles in free water was studied by expeplane. Individual image scaling by the scanner software wa
iments on a water phantom. The phantom was doped with 8mpensated for by scaling all images such as to yield un
mg/liter MnSQ,, resulting in relaxation time3, = 655 ms mean modulus in the water ROl where no MT was presen
andT, = 97 ms (at 1.5 T), which are in the same range ahen the relative MT artifact was determined by subtracting
those present in brain tissue. TILT labeling was used ftlle mean modulus values in the agar ROI of correspondin
inversion of a 100-mm-thick slab in an inversion-recoveriabeling and control images and dividing the difference by the
spin-echo sequence with readout parallel to the inversion gcantrol value:
dient (G = 1.08 mT/m). The delay between inversion and
imaging was varied in eight steps from 50 to 1000 ms. In this
fashion, a series of slice profiles with increasihgrelaxation
effect was obtained, enabling the determination of the state of
the z magnetization immediately after excitation by exponerFhe resulting artifact percentages are shown in Fig. 6. Consit

_ Avg[|Control] — Avgl[|Label]

MT = Avg[|Control] [20]
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FIG. 3. Selection profiles obtained with TILT preparation sequences (a, b) and AFP pulses (c, d, e). Retatyeetization as resulting immediately after
application of the pulse is plotted against position. Thin black lines show experimental results, and thick gray lines show simulated profifiestionvéie
nominal width of the selection is 10.0 cm, the limits being indicated by vertical lines. The relaxation time3 weré55 ms andl, = 97 ms (1.5 T).

erable MT effects are evident in the data obtained with ARRater ROI. Where free water is directly saturated, the scalin
labeling. In agreement with MT theory, the effect increasesiep results in signal overestimation in the labeling image:s
with the virtual pulse angle and decreases with the distantbereby the saturation effect in the agar is overcompensats
from the labeling slab. The reduced and partly negative artifegihceT, relaxation in water is much slower. In this fashion, the
values at small distances reflect the imperfections of the sliskce profile effects are clearly distinguished from MT. In
profiles where free water magnetization was directly saturatagreement with the simulations, the 600° AFP profile exhibit:
by labeling RF. The effect of direct saturation has the oppositee strongest slice profile effect, while with 1000° and 2000
sign of the MT effect due to the initial scaling according to th&FP pulses the slice tails gradually become less prominen
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FIG. 4. Close-up view of the simulated labeling profiles shown in Fig. 2. FIG. 6. Signal changes in agar gel due to labeling, as assessed in subtrz
The right tails are plotted from the nominal slab limit. Note the vertical scaléion images obtained with TILT and AFP labeling. The percentagélof
With TILT labeling, contamination drops sharply at a distance of 1 cm frofeduction due to labeling is plotted against the gap width between labeling sle
the labeling slab. The tails of the AFP profiles are due to violation of thend imaging slice. Considerable MT artifact is obtained with AFP inversion.
adiabatic condition (600°, 1000°) and to relaxation effects (1000°, 2000°). while transfer effects are compensated with TILT. Near the labeling slab, slic

profile effects are observed, having the opposite of the MT effect due t
calibration with a water reference.

Slice imperfection is also observed in the TILT data. However,
at distances of 10 mm and more, no significant artifact is found,
indicating that MT effects were indeed successfully suppulses 12, 13 yield a superior profile quality that cannot be
pressed. matched by concatenation of non-frequency-modulated pulse
With respect to the pulse combination used in this work, som
DISCUSSION profile improvements shall be possible by further numerica
optimization of the component pulses, using, e.g., the SLI
The concatenation principle proposed in this work generalpproach 14, 19 or iterative optimization. Note that the nu-
permits doubling the flip angle of any RF pulse when applie@lerical generation of 90° pulses usually aims at coherence
to z magnetization. The inversion profile obtained by an exransverse magnetization along with profile quality. However
emplary pulse pair has been evaluated in comparison with th@focusing of the transverse component is not required fc
achieved with HS-AFP pulses as commonly used in arter@ncatenation components. The added freedom may facilita
labeling techniques. It has been demonstrated that pulse cgie numerical determination of improved component pulses.
catenation enables inversion with a profile quality similar to |n principle, the concatenation concept holds for any com
that achievable with common, 1000° HS-AFP. Generally, theination of RF amplitude, FM, and gradient waveforms, in-
concatenation concept enables fairly high profile quality gtuding adiabatic pulses. In concatenations of adiabatic pulse
short pulse duration and low RF deposition. For sharpesire must be taken that the adiabatic condition is not violate
inversion profiles, however, the adiabatic principle clearly sy the required zero crossings of gradients and FM. Beside
more appropriate. In particular, advanced variants like FO@is restriction, concatenating adiabatic pulses for the purpo:
of selective inversion generally seems little useful. On the on
hand, spatially selective adiabatic excitation with low flip
angles up to 90° is not straightforward. At the same time
excellent inversion selectivity is available with relatively basic
— AgarGel  Water I waveforms. In this sense, the problems of the adiabatic aj
1 proach are opposite to those faced with non-frequency-mod
lated pulses. On the other hand, adiabatic pulses tend to requ
longer pulse durations, causing more marked relaxation effec
- L in violation of the assumptions made in the concatenatio
1 ' ' approach. Nevertheless, the arguments used in this work m
be of some use for theoretical considerations of adiabati
FIG. 5 ‘Experimental verificqtion of the insensitivity of TILT labeling torpulses, as many species of adiabatic pulses exhibit symmetri
magnetization transfer (MT), using an agar phantom and water as refererice. . . .
Magnetization was inverted in a 10-cm-thick labeling slab. After a delay of 5 milar to those induced by the Concatenlatlon rule. o
ms, MT-related signal reduction was assessed by imaging of a 1-cm-thick slicelt has been shown that the concatenation of a pulse with i
at varying distance from the labeled volume. complementary counterpart globally ensures transverse net 1

Label |
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tation axes. Therefore, such concatenations can theoreticallysbeption line. On the other hand, the constant labeling gradiel
iterated for the purpose of flipping magnetization away fromm Norris’ method certainly has the advantage of making la
thez axis. This kind of iteration is similar to the concatenatioibeling more robust against frequency offsets in the free wate
of IRPs with canceling rephase and prephase gradient lobespasl.

suggested by Paubt al. (16). However, the arguments used in

this work also hold for non-IRP components. Therefore, asym- REFERENCES
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