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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

Key Words: RF pulses; selective inversion; spin labeling; mag-
etization transfer; TILT.

INTRODUCTION

The effect of RF irradiation on proton magnetization m
generally be viewed as a rotation about an effective rot
axis. For MR imaging purposes, the net rotation axes of a
are often desired to be spatially invariant, e.g., for creati
spin echo. The design of RF pulses with this propert
commonly based on Fourier principles, embedding the
transverse magnetization components in the complex p
The complex description, however, is only a two-dimensi
approximation of the essentially three-dimensional magne
tion dynamics. As a consequence, the validity of the Fo
approach is limited to low flip angles. Paulyet al.showed tha
in the low flip-angle regime, spatial invariance of the rota
axis is accomplished by pulses with Hermitiank space weigh
ing along a closed trajectory (1). Such pulses effect pu
rotations about theB1 axis and therefore have been nam
nherently refocused pulses (IRP). In a following paper,
ame authors extended their analysis beyond small flip an
uggesting large flip-angle excitation by concatenation of
2). The composite pulse again is refocused and effects a

B1 rotation.
This is indeed necessary for spin-echo refocusing pu

However, the situation is different for the inversion ofz mag-
netization. Selective spin inversion is an easier task than
echo refocusing in that the magnetization is known to
initially along thez axis. As a consequence, the net rota
581090-7807/00 $35.00
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axes need not be identical throughout the selected vo
Rather, for mere inversion it is sufficient to rotate longitud
magnetization by 180° about any axes in the transverse p

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

One interesting application of the proposed concept is to
concatenated 90° pulses for selective inversion in spin lab
techniques, which are widely used for perfusion imaging3–
6). In the labeling approach, the magnetization of arterial b
is inverted in a slab proximal to the volume of interest.
labeled blood is delivered to smaller vessels and the cap
bed, it reduces the local tissue magnetization, acting
natural, MR detectable tracer. However, the perfusion effe
tissue magnetization is inherently weak and thus suscepti
artifacts.

In particular, spin labeling methods have long been h
pered by magnetization transfer (MT) effects (7). The basic
model of MT distinguishes two water compartments in hu
tissue: a free pool and a so-called bound pool of water
rounding macromolecules. Due to reduced motility, the bo
pool has a very shortT2 (,100 ms). Therefore, on the on
hand, it is not directly detected by MR imaging sequences
the other hand, as a consequence of fast relaxation, the
pool exhibits much broader absorption lines than free w
protons. Therefore, in spin labeling methods the RF irradia
applied for proximal inversion affects bound water also in
volume to be imaged. Continual exchange between the
water compartments then results in net magnetization tra
from the free pool to the bound pool, reducing the magne
tion of free water. In this fashion, MT mimics the perfus
effect and results in perfusion overestimation.

The MT effect as such is an inevitable response to lab
RF irradiation. However, in labeling subtraction schemes i
be compensated for, as first proposed by Detreet al. in their
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59RF PULSE CONCATENATION FOR SPATIALLY SELECTIVE INVERSION
original paper (3). Using flow-driven, continuous inversio
they suggested additional distal labeling during control pr
ration in order to have MT effects cancel out in image s
traction. Later, the distal control approach was also used i
pulsed spin labeling technique EPISTAR (echo-planar ima
and signal targeting with alternating radiofrequency) (6). How-
ever, there are two major drawbacks to distal labeling
compensation mechanism. First, for exact MT correctio
requires mirror symmetry of the proximal and distal select
about the imaged volume and thus restricts imaging to
slice. Second, with distal labeling for control, potential di
inflow may give rise to perfusion misjudgment.

For continuous labeling, Alsop and co-workers recently
gested an alternative control strategy (8), which does not rel
on distal RF power deposition. Instead, during control pr
ration, RF is deposited by rotating the magnetization of p
imally inflowing blood by 360°. Double inversion is elegan
accomplished by cosine modulation of the RF envelope,
ting the RF into two frequency components, correspondin
two inversion planes. Yet, this solution makes specific us
flow-driven, adiabatic excitation and thus is not applicabl
pulsed methods.

For MT-compensated perfusion imaging with pulsed
recently the transfer insensitive labeling technique (TILT)
proposed (9, 10). Using pulse concatenation for labeling, t
technique was designed to globally compensate for MT w
out geometric restriction of imaging or distal labeling. T
experimental evaluation of labeling by concatenated p
forms the second focus of the present paper. Profile qualit
MT compensation as achieved with TILT were studied
means of numerical simulations and phantom experimen

THEORY AND METHODS

Doubling the Flip Angle by a Complementary Pulse

For any spatially selective RF and gradient sequenceS1, a
complementary one exists, which, if applied successively,
bally doubles the net angle by which initialz magnetization i
flipped away from thez axis. The complementary sequence
be derived from the reverse of the original. The latte
obtained by invertingS1 in time, changing the sign of th
gradient and frequency modulation (FM) waveforms, and s
ing the RF phase by 180°. Here as frequency modulatio
consider the frequency offset with respect to the Larmor
quency in the isocenter where the gradient fields do not
tribute to the net field. In the absence of relaxation and a
tional frequency offsets, the reverse ideally rewinds
rotation performed byS1 when applied successively. The co-
plementary counterpart ofS1 is identical to the reverse exce
for the phase shift. For creating the complement, the pha
the original RF pulse is preserved.

To prove flip-angle doubling, consider a general excita
sequenceS1 of durationT. Neglecting relaxation, the Bloc
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equation describing the effect ofS1 at a given location can b
expressed in terms of the rotation matrixR1(t),

d

dt
R1~t! 5 A1~t! R1~t!, R1~0! 5 Id [1]

ith

A1~t! 5 gS 0 Bz~t! 2By~t!
2Bz~t! 0 Bx~t!
By~t! 2Bx~t! 0

D , [2]

where Id denotes 33 3 identity,g is the gyromagnetic ratio
protons, andBx, By, andBz are the components of the tim
dependent net magnetic field. The rotation resulting fromS1 is
denoted

R̂1 5 R1~T!. [3]

ccording to the rule given above, the Bloch equation for
omplementary sequence,S2, is identical to Eq. [1], except fo

time inversion and changing of the sign ofBz. Using the mirro
transform

U 5 S11 0 0
0 11 0
0 0 21

D , [4]

it reads

d

dt
R2~t! 5 2UA1~T 2 t!U 21R2~t!, R2~0! 5 Id, [5]

ith the solution

R2~t! 5 UR1~T 2 t!R̂1
21U 21. [6]

Hence, the rotation throughS2 is given by

R̂2 5 R2~T! 5 UR̂1
21U 21. [7]

The net flip anglesw1, w21, as effected by applyingS1 and the
concatenationS2S1, respectively, toz magnetization, are give
by

cos~w1! 5 zTR̂1z, [8]

cos~w21! 5 zTR̂2R̂1z, [9]

wherez denotes the unit vector in thez direction.
For explicit calculation of the cosine terms, we choos

rame of reference in which the rotation axis ofR̂1 lies in the
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60 PRUESSMANN ET AL.
y–z plane. Leta denote the rotation angle ofR̂1 andu the angle
etween its rotation axis and thez axis. ThenR̂1 is given by

R̂1 5 S1 0 0
0 cosu 2sin u
0 sin u cosu

DScosa 2sin a 0
sin a cosa 0

0 0 1
D

3 S1 0 0
0 cosu sin u
0 2sin u cosu

D . [10]

The evaluation of Eqs. [8] and [9], using Eqs. [7] and [1
yields

cos~w1! 5 cos2~u ! 1 cos~a!sin2~u ! [11]

cos~w21! 5 ~cos2~u ! 1 cos~a!sin2~u !! 2

2 sin2~a!sin2~u ! 2 sin4Sa

2Dsin2~2u !. [12]

y substitution of Eq. [11] into the right-hand side of
dentity

cos~2w1! 5 2 cos2~w1! 2 1 [13]

we obtain

cos~2w1! 5 2~cos2~u ! 1 cos~a!sin2~u !! 2 2 1. [14]

ommon trigonometric transformation yields that the ri
and sides of Eqs. [12] and [14] are equal. Hence

2w1 5 w21. [15]

This holds independently at any position. Thus, the net
angle of any excitation sequence applied toz magnetization i

lobally doubled by concatenation with its complemen
equence.
The rotation axis belonging toR̂1, a1, is characterized by th

fact that it remains unchanged when rotated byR̂1:

R̂1a1 5 a1. [16]

Similarly, according to Eq. [7], the rotation axis ofR̂2, a2, is
described by

UR̂1
21U 21a2 5 a2, [17]

which is solved by

a2 5 Ua1. [18]

Hence the second rotation axis is a copy of the first, mirr
about the transverse plane. Due to this symmetry, the
,

-

p

y

d
et

rotation axis, which results from the successive applicatio
the two sequences, always lies in the transverse plane. T
fore, once doubled, the flip angle can be further multiplied
simply iterating the composite sequence. Note that due t
symmetry induced by the concatenation rule, the comple
tary counterpart of a composite pulse is identical to the c
posite pulse itself. Thus, playing out a composite pulse m
ple times is equivalent to iterating the concatenation pro
starting from the composite pulse. This corresponds to the
that whena1 is transverse already, it has an identical mirro
counterparta2.

The concatenation rule ensures only that the resulting
rotation axes are transverse, while no general statements
made about their relative angles. In the general case, th
rotation axes are not aligned and not refocusable by l
gradient fields. For this reason, the concept is strictly app
ble only when the relative phases of resulting transverse
netization are not of interest. This is true for inversion
saturation purposes, while coherent excitation and refoc
do require well-defined phase relations.

Transfer Insensitive Labeling

In the TILT method, the proposed concatenation conce
used for the purpose of eliminating the MT artifact. Figur
shows schematic representations of the pulse combina
used in TILT for labeling and control preparation. Spin la
ing is performed by concatenating a selective 90° pulse wi
complementary counterpart. Both pulses are applied at
stant frequency. For selecting a slice off the isocenter, the
pulse is applied with a frequency offset. For the second p
such offset is inverted according to the concatenation rul

For control preparation, the phase of the second pul
shifted by 180°. According to the definition of the complem
tary sequence, this phase shift makes the second puls
reverse of the first. Thus, in control preparation the mag
zation is first selectively flipped by 90° and then rewou
resulting in the desired control state with no labeling. In
fashion, shifting the phase of the second RF pulse pe

FIG. 1. Sequence elements of the TILT scheme. (Left) Labelin
achieved by concatenation of two selective 90° pulses. The selection gra
(G) have opposite polarity and the second RF envelope is inverted in
(Right) For control preparation the phase of the second RF portion is shif
180°. In this fashion the second pulse is made the inverse of the first on
has a rewinding effect.
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61RF PULSE CONCATENATION FOR SPATIALLY SELECTIVE INVERSION
switching between labeling and control preparation. In pa
ular, the two preparation modes differ only in the phase o
second pulse.

MT compensation in TILT is based on theT2 difference
between free water and the bound pool. Note that both
bling the flip angle and rewinding the magnetization rely on
negligibility of relaxation during and between the compon
pulses. This assumption usually holds well for free w
whereT2 is significantly longer than typical pulse duratio

owever, in the bound pool with much shorterT2, the situation
is different. Due to fast transverse relaxation, the magnetiz
vector of bound water is only a little flipped away from thz

xis during RF irradiation. The main effect of RF on bo
ater magnetization is a gradual reduction of the longitud
omponent. Furthermore, in labeling as well as control pr
ation, a short break between the RF portions is natu
nduced by the need to switch the selection gradient. Du
his break of typically several hundred microseconds, bo
ater undergoes virtually complete transverse relaxatio
ther words, bound water magnetization loses any phas

ormation related to the first pulse. Therefore, it does not s
he RF phase shift used to switch between labeling and co
reparation. As a consequence, both ways of preparation
ound waterz magnetization in virtually exactly the same w

hroughout the object. In this fashion, magnetization tran

FIG. 2. Spectral dependence of the inversion profile obtained with co
by solving the Bloch equation with exemplary pulse duration of 1 ms each
selection direction (front–back). The component pulses interact only in th
shows a periodic spectral dependence related to wrapping of the offse
-
e

u-
e
t
r

.

on

al
a-
ly
g
d

In
in-
se
rol
lter

er

ffects are globally canceled out upon image subtraction,
ng TILT imaging insensitive to MT.

nfluence of Frequency Offsets

In creating the complementary counterpart of a pulse
nversion of the gradient and FM waveforms has a crucial
he resulting mirror symmetry of the effective magnetic fi
bout the transverse plane underlies the doubling of the
ngle of the single pulse. For the strict validity of Eq. [5] i
ecessary that variations of the Larmor frequency in the sa

ndeed arise only from switchable external gradients. A
ional frequency offsets due to chemical shift andB0 inhomo-
eneity cannot be inverted for the complementary pulse

hus violate the assumed symmetry.
Practically, frequency offsets that are not inverted lea

estructive coaction of the two RF portions when the o
hase accumulated between the pulse centers is an odd
le of 180°. As a consequence, the resulting excitation p
xhibits a periodic dependence on the frequency offset. T

llustrated by Fig. 2, showing qualitatively the spectral dep
ence ofz magnetization as resulting from the labeling
uence sketched in Fig. 1. The periodic spectral depend
bserved in the center of the plot is typical for pulse trains
lternating gradient lobes as also used, e.g., for spectral–s

tenated 90° pulses (Fig. 1, left). The RF effect on unit magnetization wa
e resultingz magnetization is plotted against frequency offset (left–right) and s
tersection of tilted selection bands. Within the interaction zone, the inversion profil
ase accumulated between the two RF amplitude peaks.
nca
. Th
e in
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62 PRUESSMANN ET AL.
selective excitation (11). The spectral distance of neighbor
eaks is the inverse of the time between the amplitude pea
uccessive RF pulses in the pulse train. The width of
requency selection band is the inverse of the time inte
etween the first and last RF amplitude peaks.
In addition to phase effects, frequency offsets resu

patial shifts of the selected volume. Due to the inversio
radients and FM for the second part of a concatenation
ensitive volume is shifted in opposite directions for the
F portions. As seen in Fig. 2, in a spectral–spatial plo
ensitive volumes of the two pulses form tilted bands.
lope of these bands is characterized by the strength o
election gradients. Pulse coaction is restricted to the ce
ntersection of these bands where both pulses have an e

EXPERIMENTS AND RESULTS

Experimental evaluations were performed on a 1.5-T Ph
Gyroscan ACS-NT whole-body MR system (Philips Med
Systems, Best, The Netherlands). TILT labeling and co
preparation sequences, as depicted in Fig. 1, were created
an asymmetrical 90° pulse, which is a numerically optim
variant of a Gauss-windowed sinc shape with four full
lobes. The pulse shape is drawn to scale in Fig. 1, while
gradient lobes and the time gap between the pulses are
sented only schematically. The duration of a single RF po
was 2.2 ms, with a bandwidth of 4.59 kHz. The gap betw
the pulses was 1.0 ms, resulting in the full duration of 5.4
for each sequence.

For comparison, all labeling experiments were repeate
ing standard hyperbolic secant (HS) AFP pulses with vi
anglesa 5 600°, 1000°, and 2000°, where by “virtual ang
we denote

a 5 E gB1~t!dt. [19]

he AFP pulses were realized with a maximumB1 of 20 mT,
resulting in pulse durations of 6.4, 10.6, and 21.2 ms, res
tively. Simulations were carried out by numerical integra
of the Bloch equations with relaxation taken into account.
quality of labeling profiles in free water was studied by ex
iments on a water phantom. The phantom was doped wi
mg/liter MnSO4, resulting in relaxation timesT1 5 655 ms
and T2 5 97 ms (at 1.5 T), which are in the same rang
those present in brain tissue. TILT labeling was used
inversion of a 100-mm-thick slab in an inversion-recov
spin-echo sequence with readout parallel to the inversion
dient (G 5 1.08 mT/m). The delay between inversion a
imaging was varied in eight steps from 50 to 1000 ms. In
fashion, a series of slice profiles with increasingT1 relaxation
effect was obtained, enabling the determination of the sta
the z magnetization immediately after excitation by expon
of
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tial fitting. Using the same procedure, slice profiles were
created for TILT control preparation and AFP labeling.

The resulting slice profiles are shown in Fig. 3, with sim
lation results added for comparison. It is seen that the co
enation of two 90° pulses indeed acts as an inversion p
while in TILT control preparation the magnetization is
wound by the second pulse. In terms of overall selectivity
profile of the concatenated sinc–Gauss inversion is compa
to that of the 1000° AFP pulse. However, in the experime
TILT profile a slight reduction of absolutez magnetization i

bserved, which deviates from the simulation. This disc
ncy is due to microscopic field inhomogeneities, which a
ILT labeling due to its sensitivity to frequency offsets.
Figure 4 shows the tails of the simulated labeling pro

hown in Fig. 3 in a close-up view. It is seen that in term
ut-of-slice contamination the concatenated sinc–Gauss
ion is theoretically superior to the AFP pulses. Additio
imulations with relaxation ignored revealed that there are
ifferent reasons for the more marked tails obtained
ommon AFP labeling. With the 600° pulse, the selectivit
ainly limited by the violation of the adiabatic condition

lab edges. With increasing pulse duration, profile broade
ue to relaxation becomes more significant and is the dom
eason for the contamination obtained with the 2000°
ulse.
A second series of phantom experiments focused on th

ffect. On the one hand, the suppression of the MT artifa
ILT was to be verified. On the other hand, the poten
rtifact in labeling data without MT compensation was to
emonstrated. For this purpose, a phantom consisting o
ottles was used (Fig. 5). One bottle was filled with agar
8%), exhibiting a relatively large bound water pool. T
econd bottle was filled with water for reference. TILT labe
nd control images were obtained from a 10-mm slice. The
etween the imaged slice and the 100-mm-thick labeling
as varied between 0 and 10 cm by shifting the latter.

maging a common gradient-echo sequence was used
elay between labeling and imaging wasTI 5 500 ms, and th

repetition time wasTR 5 5000 ms. To demonstrate the M
artifact, the same procedure was repeated with AFP lab
and no control preparation.

To quantify the MT effect in the agar gel, a region of inte
(ROI) was selected inside each phantom bottle in the im
plane. Individual image scaling by the scanner software
compensated for by scaling all images such as to yield
mean modulus in the water ROI where no MT was pres
Then the relative MT artifact was determined by subtrac
the mean modulus values in the agar ROI of correspon
labeling and control images and dividing the difference by
control value:

MT 5
Avg@uControlu# 2 Avg@uLabelu#

Avg@uControlu# . [20]

he resulting artifact percentages are shown in Fig. 6. Co
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63RF PULSE CONCATENATION FOR SPATIALLY SELECTIVE INVERSION
erable MT effects are evident in the data obtained with
labeling. In agreement with MT theory, the effect increa
with the virtual pulse angle and decreases with the dist
from the labeling slab. The reduced and partly negative ar
values at small distances reflect the imperfections of the
profiles where free water magnetization was directly satu
by labeling RF. The effect of direct saturation has the opp
sign of the MT effect due to the initial scaling according to

FIG. 3. Selection profiles obtained with TILT preparation sequences
application of the pulse is plotted against position. Thin black lines show

ominal width of the selection is 10.0 cm, the limits being indicated by
P
s
ce
ct
ce
ed
te

water ROI. Where free water is directly saturated, the sc
step results in signal overestimation in the labeling ima
Thereby the saturation effect in the agar is overcompen
sinceT1 relaxation in water is much slower. In this fashion,
slice profile effects are clearly distinguished from MT.
agreement with the simulations, the 600° AFP profile exh
the strongest slice profile effect, while with 1000° and 20
AFP pulses the slice tails gradually become less promi

b) and AFP pulses (c, d, e). Relativez magnetization as resulting immediately a
perimental results, and thick gray lines show simulated profiles for verification. The
tical lines. The relaxation times wereT1 5 655 ms andT2 5 97 ms (1.5 T).
(a,
ex
ver
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Slice imperfection is also observed in the TILT data. Howe
at distances of 10 mm and more, no significant artifact is fo
indicating that MT effects were indeed successfully s
pressed.

DISCUSSION

The concatenation principle proposed in this work gene
permits doubling the flip angle of any RF pulse when app
to z magnetization. The inversion profile obtained by an
emplary pulse pair has been evaluated in comparison with
achieved with HS-AFP pulses as commonly used in art
labeling techniques. It has been demonstrated that pulse
catenation enables inversion with a profile quality simila
that achievable with common, 1000° HS-AFP. Generally
concatenation concept enables fairly high profile qualit
short pulse duration and low RF deposition. For shar
inversion profiles, however, the adiabatic principle clear
more appropriate. In particular, advanced variants like F

FIG. 4. Close-up view of the simulated labeling profiles shown in Fig
he right tails are plotted from the nominal slab limit. Note the vertical s
ith TILT labeling, contamination drops sharply at a distance of 1 cm

he labeling slab. The tails of the AFP profiles are due to violation o
diabatic condition (600°, 1000°) and to relaxation effects (1000°, 2000

FIG. 5. Experimental verification of the insensitivity of TILT labeling
magnetization transfer (MT), using an agar phantom and water as refe
Magnetization was inverted in a 10-cm-thick labeling slab. After a delay o
ms, MT-related signal reduction was assessed by imaging of a 1-cm-thic
at varying distance from the labeled volume.
r,
d,
-

ly
d
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al
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o
e
t
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pulses (12, 13) yield a superior profile quality that cannot
matched by concatenation of non-frequency-modulated pu
With respect to the pulse combination used in this work, s
profile improvements shall be possible by further nume
optimization of the component pulses, using, e.g., the
approach (14, 15) or iterative optimization. Note that the n
merical generation of 90° pulses usually aims at coheren
transverse magnetization along with profile quality. Howe
refocusing of the transverse component is not required
concatenation components. The added freedom may fac
the numerical determination of improved component puls

In principle, the concatenation concept holds for any c
bination of RF amplitude, FM, and gradient waveforms,
cluding adiabatic pulses. In concatenations of adiabatic pu
care must be taken that the adiabatic condition is not vio
by the required zero crossings of gradients and FM. Be
this restriction, concatenating adiabatic pulses for the pur
of selective inversion generally seems little useful. On the
hand, spatially selective adiabatic excitation with low
angles up to 90° is not straightforward. At the same t
excellent inversion selectivity is available with relatively ba
waveforms. In this sense, the problems of the adiabatic
proach are opposite to those faced with non-frequency-m
lated pulses. On the other hand, adiabatic pulses tend to r
longer pulse durations, causing more marked relaxation e
in violation of the assumptions made in the concatena
approach. Nevertheless, the arguments used in this work
be of some use for theoretical considerations of adia
pulses, as many species of adiabatic pulses exhibit symm
similar to those induced by the concatenation rule.

It has been shown that the concatenation of a pulse wi
complementary counterpart globally ensures transverse n

.
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FIG. 6. Signal changes in agar gel due to labeling, as assessed in s
tion images obtained with TILT and AFP labeling. The percentage oMz

reduction due to labeling is plotted against the gap width between labelin
and imaging slice. Considerable MT artifact is obtained with AFP inver
while transfer effects are compensated with TILT. Near the labeling slab
profile effects are observed, having the opposite of the MT effect d
calibration with a water reference.
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65RF PULSE CONCATENATION FOR SPATIALLY SELECTIVE INVERSION
tation axes. Therefore, such concatenations can theoretica
iterated for the purpose of flipping magnetization away f
thez axis. This kind of iteration is similar to the concatena
of IRPs with canceling rephase and prephase gradient lob
suggested by Paulyet al.(16). However, the arguments used
his work also hold for non-IRP components. Therefore, as
etric RF envelopes can be used and the component p
eed not directly fulfill the low flip-angle assumption.
A common property of RF pulse trains with switched se

ion gradients is the spectral dependence of the selection p
11). It has been found that frequency offsets due to
nhomogeneity reduce the net flip angle resulting from
oncatenation of two 90° pulses. The spectral inversion b
idth is inversely proportional to the peak-to-peak interva

he concatenated RF portions. Therefore, to minimize the
ral dependence of the inversion profile, the maximal avai

1 power and gradient switching rate should be used. Non
concatenation of two RF pulses, as used in this work, off
further means of increasing the selection band. In this cas
RF peak-to-peak interval can further be reduced by u
asymmetrical RF envelopes with a noncentered main
Finally, for concatenated pulses just as for spectral–sp
excitation, the spectral bandwidth present in the sample s
be narrowed as much as possible by shimming.

The concatenation concept proposed in this work is of
ticular interest for spin labeling as it offers a straightforw
solution of the MT problem. It has been found that, us
concatenated labeling in the TILT scheme, magnetiza
transfer is indeed globally compensated for. As oppose
control concepts based on distal labeling, the method doe
impose any geometric restrictions on the imaging volu
Furthermore, unlike techniques with distal control, TILT p
fusion mapping is not prone to errors due to distal infl
during control imaging. From the spatial variation of the
effect, as observed in the agar phantom, it is also concei
that distal control indeed requires approximate mirror sym
try for reliable MT compensation.

Recently, Norris independently developed a similar me
for MT compensation in perfusion imaging (17). The approac

escribed in that work is based on the decomposition
ymmetrical inversion pulse into the two parts induced
ymmetry. As opposed to that, in TILT two 90° pulses
oncatenated for net inversion. The two techniques fur
ore differ in the way the selection gradients are switc
nlike TILT, in Norris’ method the selection gradient
witched only during control preparation while during labe
ts polarity is maintained. Therefore, to ensure MT equivale
f the two preparation sequences, the method require
bsorption spectrum of the bound water pool to be symme
17). In principle, this assumption does not strictly hold w
eld inhomogeneities induce shifts in the bound water s
rum. However, the effect of field inhomogeneity is usu
mall with respect to the bandwidth of the bound water
be

, as
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orption line. On the other hand, the constant labeling gra
n Norris’ method certainly has the advantage of making
eling more robust against frequency offsets in the free w
ool.
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