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Abstract
Purpose: We propose a novel RF pulse providing an adiabatic null passage
(ANP) for magnetization transfer preparation with improved insensitivity to B+1
and B0 inhomogeneities and mitigated direct saturation and T2 effects.
Method: The phase modulation function of a 6-ms time-resampled frequency
offset–corrected pulse was modified to achieve zero flip angle at the end of the
pulse. The spectral response was simulated, and its insensitivity to B0 and B+1
was investigated and compared with a phase-inverted (1̄21-̄12̄1) binomial pulse.
The proposed pulse was implemented in a 2D-EPI pulse sequence to generate
magnetization transfer (MT) contrast and MT ratio (MTR) maps. In vivo exper-
iments were performed on 3 healthy participants with power-matched settings
for ANP and the binomial pulse with the following parameters: 6-ms binomial
pulse with a flip angle of 107◦ (shortest element) and pulse repetition period
(PRP) of TRslice = 59 ms, three experiments with 6-ms ANP and constant MT
used overdrive factor (OF)/PRP values of 1/TRslice,

√
2/2TRslice, and

√
3/3TRslice.

Results: At gray matter (white matter) in vivo, the MTR decreased from
61% (64%) at OF= 1 to 38% (42%) applying ANP with an OF =

√
3

and PRP= 3 TRslice, demonstrating the mitigation of T2/direct effect by 22%
(22%). Bloch-McConnell simulations gave similar values. In vivo experiments
showed significant improvement in the MTR values for areas with high B0

inhomogeneity.
Conclusion: ANP pulse was shown to be advantageous over its binomial coun-
terpart in providing MT contrast by mitigating the T2 effect and direct saturation
of the liquid pool as well as reduced sensitivity to B+1 and B0 inhomogeneity.
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134 ABBASI-RAD and NORRIS

1 INTRODUCTION

The phenomenon of magnetization transfer (MT) is under-
stood by the mechanism of cross-relaxation of water pro-
tons (free proton pool) as a result of the exchangeable spin
environment established by the macromolecules (bound
proton pool), and was first explored in the late 1970s.1–3

Quantitative attempts then followed through the satura-
tion transfer technique proposed by Forsen and Hoffman4

to characterize this phenomenon by measuring the under-
lying transfer rates and macroscopic relaxation times.5–9

Wolff and Balaban were the first to show its macroscopic
bulk effect. They produced in vivo magnetization trans-
fer contrast (MTC) images by combining the saturation
transfer technique with routine imaging procedures.10

MTC is generated by selectively saturating the bound
pool existing in the structure of macromolecules, ideally
without directly affecting the mobile long-T1/T2 free pool.
As a result of this selective saturation, the magnetization
exchange between the two pools results in a reduction in
the free pool magnetization (Msat), which would relax with
a new relaxation rate (R1,sat) if it were excited.10 Depending
on the pulse sequence and the readout, one can generate
two different variants (proton density or T1 weighted) of
the MTC.11–13

The reduced signal of the magnetization transfer
(MT)–sensitive tissues (with a higher concentration of
macromolecules such as muscle, brain, and cartilage) in
contrast to the (almost) intact signal of the MT-insensitive
tissues (with no or little concentration of macromolecules
such as blood, cerebrospinal, or synovial fluid) leads
to interesting clinical applications. Several examples are
blood versus background tissue in intracranial MR angiog-
raphy,14 cartilage versus joint fluid in intra-articular carti-
lage evaluation,15 and spinal cord versus CSF for diagnos-
ing degenerative disc disease in spine imaging.16

However, MT preparation is not straightforward to
implement. Early MTC images were obtained using
low-intensity (4–10 μT) continuous-wave RF irradiation
with a carrier frequency of up to 20 kHz far from the
Larmor frequency of hydrogen.10,17 This required the use
of auxiliary (decoupler) RF amplifiers and a second RF
frequency channel, and had practical limitations regard-
ing high-power deposition.15,18 Dixon et al. showed that
the MT effect could be detected, incidentally, in routine
2D multislice imaging as a result of the off-resonance RF
pulses used for slice selection.19 The observed inciden-
tal MT as a result of pulsed RF provided perspective on
the introduction of pulsed MT as an alternative to the
continuous-wave RF, which required hardware modifica-
tions.

Pulsed MT falls under two categories: (i) off-resonance
MT using shaped, narrow-bandwidth, long pulse, which

exploits the difference in the spectral width of the
pools,20–24 and (ii) on-resonance MT using short pulse
with binomial modulation,25 which directly relies on the
transfer of magnetization between the pools.26,27 Compar-
ison studies between the two classes were performed28,29

to compare the efficiency of the resultant MTC images.
Thorough optimization studies were done on selecting
binomial pulse parameters such as duration, peak ampli-
tude, number of subpulses, duty cycle, phase modulation
scheme, and flip angle to achieve the best pool selectiv-
ity and minimum energy deposition.30–33 The conclusion
was that the binomial pulses, with optimum parameters,
produce MTC in a more energy-efficient manner. How-
ever, there are two different mechanisms that compromise
the efficiency of on-resonance magnetization preparation
using binomial pulses: (i) direct saturation of the free pool
and (ii) T2 relaxation during preparation.28 Both lead to
the reduction of the available magnetization, which could
therefore be mistakenly interpreted as the MT-induced
effect.

Binomial-pulse modulation uses the jump-and-return
strategy (1-̄1), in which the spins are excited by a certain
flip angle in one direction and immediately with the same
flip angle in the opposite direction, leaving the free pools
untouched due to the net zero flip angle while saturat-
ing the bound pool protons. However, the second subpulse
does not always flip the free pool protons back to equilib-
rium, leaving a certain amount of magnetization on the
transverse plane. This unwanted direct saturation happens
due to two main reasons: (i) RF pulse instabilities includ-
ing an imbalance in binomial pulse timing, distortion in
the RF amplifier, incidental inconsistencies in phase or
amplitude modulation in the transmitter system, and RF
pulse drooping; and (ii) establishment of the effective field
for the off-resonance spins, which makes binomial pulses
vulnerable to B0 inhomogeneities.27

Another effect is the reduction in magnetization due
to T2 relaxation. To establish the saturation state for the
bound pool while imaging, the MT preparation mod-
ule is interleaved with the imaging sequence and is
applied repeatedly, leaving a small amount of magnetiza-
tion reduction through T2 relaxation at each application
of the pulse. The accumulated reduction at the end of the
imaging sequence could be significant and misinterpreted
as MT-induced reduction.

In this study, we use the B0 insensitivity of the fre-
quency offset–corrected family of adiabatic pulses and
their insensitivity to B+1 amplitude to explore their selec-
tive saturation performance compared with that of the
binomial pulses. Hence, we propose a new class of adi-
abatic pulses generating a zero flip angle, referred to as
an adiabatic null passage pulse. We exploit the adiabatic-
ity of these pulses so that we can apply them less often
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ABBASI-RAD and NORRIS 135

compared with their binomial counterpart, to achieve the
same MT performance but with a reduced T2 effect. We
expect that the adiabatic null passage pulses improve MTC
performance by (i) reducing the excessive direct saturation
compared with the conventional binomial pulse in areas
with high B0 inhomogeneity, (ii) reducing the sensitivity
to variations in B+1 amplitude, (iii) allowing the manipula-
tion of the MT effect without necessarily having to modify
the pulse duration, and (iv) minimizing the T2 effect by
allowing the use of short high-power pulses applied less
frequently.

2 THEORY

To understand the dynamics of the spins as being manip-
ulated by an adiabatic pulse, we consider an uncoupled
spin-1/2 system exposed to an external static magnetic field
(−→B = B0

−→
k′) in a rotating frame of reference with the unit

vectors
−→
i′ ,
−→
𝑗

′ ,
−→
k′. In the presence of an RF pulse applied

in the transverse plane with the carrier frequency of 𝜔rf,
the bulk magnetization vector precesses about an effective
magnetic field formulated as the following equation34 and
shown in Figure 1A:

−−→Beff =
𝛥𝜔

𝛾

−→
k′ + B1(t)

−→
i′ (1)

where B1(t) is the amplitude of the RF pulse; 𝛾 is the gyro-
magnetic ratio; and 𝛥𝜔

𝛾

−→
k′ is a fictitious field component

appearing in the rotating frame,35 indicating the degree of
off-resonance.

In the case of conventional amplitude-modulated (AM)
pulses, the𝜔rf is not time-varying; hence, the z-component
of the effective field is fixed during the pulse. However, adi-
abatic RF pulses use both frequency modulation (FM) and
AM:

Brf(t) = B1(t) e−i𝜔rf(t)t (2)

Therefore, in the adiabatic scenario, both z-
components and transverse-plane components of the
effective field are time-varying, and they can be fully con-
trolled by the modulation functions (AM/FM). During
this movement, the effective field changes its orientation
at the rate of ∣ d𝜓(t)

dt
∣, where 𝜓(t) (Figure 1A) is the angle

between
−→
k′ and −→

𝜔 vectors, and the bulk magnetization
(−→M) precesses around the effective field at the frequency
of −→𝜔(t) = 𝛾 |−→B eff(t)| (Figure 1A). Given that the movement
of the effective field is much slower than the precession
of the M vector around it, the spin manipulation happens
adiabatically, and M follows the trajectory of Beff during
the whole passage. This is called the adiabatic condition

and is formulated as follows36:

∣ d𝜓(t)
dt

∣<<∣ 𝜔eff(t) ∣ (3)

Therefore, by designing the AM and FM functions, we
can arbitrarily move the 𝜔eff vector, while ensuring that
the pulse is working above its adiabatic threshold. An adia-
batic full passage (AFP) uses symmetric AM/FM functions
that make the effective field start from parallel with B0,
crossing the origin at the midpoint, and end antiparal-
lel with B0.

37 In 1998, Norris38 proposed that by simply
reversing the phase of the pulse halfway through its time
course, the effective field would return to being parallel
with B0, resulting in a zero tip angle. He proposed this idea
to solve the problem of unequal MT between the control
and labeling experiments of multislice perfusion imaging.

Here, we extend this theory to tweak the
time-resampled frequency offset–corrected (TR-FOCI) RF
pulse, which is specific absorption rate (SAR)–efficient as
well as robust to B0/B+1 inhomogeneities.39

We added pi to the second half of the phase-modulation
function of the pulse. In this way, at the midpoint of the
time course, the effective field changes its direction and
starts taking the reverse orientation, which ends up being
parallel to the B0. Hence, we termed it an “adiabatic null
passage” (ANP). The trajectory of the effective field in an
𝜔rf-rotating frame is depicted for the ANP pulse and is
compared with its AFP counterpart in Figure 1B,C, respec-
tively.

Figure 2 shows the spectral response of a 6-ms
TR-FOCI pulse for both ANP and AFP scenarios simu-
lated by solving the Bloch equations. We proposed that this
pulse is a good candidate for on-resonance MT prepara-
tion, and we compared its performance with the currently
used pulse, which is phase-inverted 1̄21-̄12̄1 binomial
pulse preparation.

3 METHODS

3.1 RF pulse design

A 6-ms TR-FOCI adiabatic pulse39 was designed for nons-
elective inversion of the spins. The TR-FOCI pulse uses the
hyperbolic secant as the basis function and then exploits
reshaping40 and resampling41 functions for optimum spin
manipulation with minimum energy deposition. In total,
11 parameters (Amax, w, r1, r2, r3, r4, r5, 𝜇, 𝛽, 𝜏1, and 𝜏2)
characterize the pulse waveforms uniquely. The values
of Amax, w, r1, r2, r3, r4, and r5 determine the reshaping
function 𝜇 and 𝛽 the hyperbolic secant function, and 𝜏1
and 𝜏2 the time-resampling function. These parameters
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136 ABBASI-RAD and NORRIS

F I G U R E 1 (A) Precession of the bulk magnetization vector, M, about the effective-field vector, 𝜔eff, in the 𝜔rf-rotating frame of
reference. The key concept of this illustration is to demonstrate the ability to control the locus of the effective-field vector by manipulating its
transverse-plane component through the RF pulse amplitude-modulation function and its z-component through the RF pulse
frequency/phase-modulation function. The journey of the effective field during the course of a 6-ms time-resampled frequency
offset–corrected adiabatic pulse is depicted with full passage (B) and null passage (C). The first half of the trajectory is in black, and the
second half is in red. Note that the red part of the trajectory in (B) is reversed in (C) due to adding pi to the phase modulation function.

were optimized using genetic and greedy hill-climbing
algorithms. The optimization process is described briefly
in Abbasi-Rad et al.42 The phase modulation function of
the designed inversion pulse was then modified by adding
a pi phase offset to the second half of its time course to
achieve the null passage. The optimized values were as
follows: 8.01, 0.44, 0.79, 0.45, 0.89, 0.42, 0.97, 1.41, 4.59,
0.31, and 0.59.

The pulse was calibrated through the following steps:
(1) Using Bloch equations, the spectral response of the

pulse was calculated as a function of the peak B1 amplitude
to find the threshold value of the peak amplitude to func-
tion; (2) the corresponding voltage was determined; and
(3) an overdrive factor was defined as a scaling factor mul-
tiplied by the flip angle to drive the pulse with higher
voltages. Therefore, an overdrive factor (OF) of 1 is the
minimum peak voltage required for the pulse to function
and was found to be 10 μT for our experimental conditions.
The OF provides a degree of freedom to control the power
of the pulse, which is important for MTC, as the saturation
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ABBASI-RAD and NORRIS 137

F I G U R E 2 (A) The amplitude-modulation function for a 6-ms time-resampled frequency offset–corrected RF pulse is similar for both
adiabatic full passage (AFP) and adiabatic null passage (ANP) cases. (B) The phase-modulation functions result in adiabatic null (red) and
full (black) passages. (C) The spectral response over a 2000-Hz range of the frequency offsets for ANP (red) and AFP (black) scenarios.

of the bound pool and hence the MT-induced reduction in
the magnetization of the free pool depends on the power
of the MT pulse.

3.2 Simulation

Binomial modulation for the RF pulse is the optimum can-
didate for on-resonance MT preparation. Davies et al.43

identified a dark band artifact in the MTC images
produced by a 1̄21 binomial pulse and proposed that
the repetition of the pulse train with a phase-inverted
replica removes the artifact. Therefore, we compared our

proposed ANP pulse with a 6-ms phase-inverted 1̄21-̄12̄1
binomial pulse. In the simulation, we compared the sen-
sitivity of the saturation bandwidth of these two pulses to
the B0 and B+1 inhomogeneity. We also compared their MT
efficiency by evaluating the direct saturation and T2 effect
in the context of a practical pulse sequence.

3.2.1 B0 inhomogeneity

The performance of the binomial pulses is vulnerable to B0
inhomogeneity. After obtaining written informed consent,
we measured B0 field maps for 7 healthy participants
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138 ABBASI-RAD and NORRIS

using a vendor-provided dual-echo gradient-echo pulse
sequence with TEs of 2.2 and 4.6 ms. The results indi-
cated that the subject-dependent tissue-induced B0 inho-
mogeneity causes the frequency of the free pool to be in
a range of −350 to 350 Hz. Rather than measuring the
FWHM of the distribution, a common practice reported
in the literature, we considered the extreme values of the
field maps to account for all possible variations. It is ideal if
the null bandwidth of the pulse is larger than the water-fat
shift (≃ 440 Hz at 3 T) so that the fat signal would not
be reduced and hence misinterpreted as an MT-induced
reduction. Therefore, the MT pulse requires a null band-
width (transparent region) of about 880 Hz around the
Larmor frequency. Because the null bandwidth is depen-
dent on the power of the pulse, the independent variable
affecting the null bandwidth is the flip angle for binomial
pulses and the OF (a multiplicative factor determining
how much power we are using above the adiabaticity of the
pulse) for adiabatic pulses. To assess the saturation perfor-
mance of the MT pulse, we simulated the spectral response
of the pulses for different flip angles (FAs) of the shortest
subpulse (45, 75, 90, and 107) of the binomial and over-
drive factors (1,

√
2,
√

3, and
√

4) of the ANP pulse, with
the same durations.

3.2.2 B+1 inhomogeneity

In general, for any composite pulse with a phase difference
of pi, the magnetization response is independent of the
flip angle for on-resonance spins. However, off-resonance,
the jump-and-return principle of the binomial pulse, is
compromised, and this makes it vulnerable to B+1 inho-
mogeneity.31 To evaluate the sensitivity of our technique
to B+1 inhomogeneity, we simulated the magnetization
response of two isochromat of spins precessing at 100
and 240 Hz off-resonance (arbitrarily chosen as represen-
tatives of low and high off-resonance populations) as a
function of FA and overdrive factor for binomial and ANP,
respectively.

3.2.3 MT, direct saturation, and T2 effect

For simulating the MT-related response of the pulses,
we first need a model for the tissue to determine the
exchange behavior among different pools of protons. We
assumed the two-pool model for the brain tissue, which is
used widely in literature. We then used Bloch-McConnell
equations to simulate our in vivo experiment and calcu-
late the contamination of the achieved MT effect with
direct saturation and T2 relaxation produced by trains of
MT preparation pulses (binomial and ANP). The two-pool

T A B L E 1 The two-pool model parameters for gray matter
and white matter at 3T field strength. The values are used in
Bloch-McConnell simulations.

Model parameter Gray matter White matter

M0b (arbitrary unit) 0.072 0.161

kab (s−1) 2.4 4.3

T1a (ms) 1075 555

T2a (ms) 56 37

T2b (μs) 11 12.3

model and the Bloch-McConnell equations are explained
briefly as follows.

Two-pool model
We assume that protons of the tissue exist in two pools.
One is an on-resonance narrowband pool of freely mov-
ing protons (free water molecules and protons in lipid
structure) in the liquid state, and the other one is an
on-resonance broadband pool of restricted protons (bound
water, protons in the structure of macromolecules like pro-
teins, and cell membranes) in the semisolid state. We use
the terms “liquid” or “free” and “semisolid” or “bound”
for referring to them throughout this article with “a” and
“b” subscripts in the mathematical descriptions. The equi-
librium magnetizations of the pools are M0a for the liquid
pool, M0b for the semisolid pool, and F =M0b∖M0a is the
pool size ratio. There is an exchange of magnetization
between the two pools referred to as kab (rate constant
pool a to b) and kba in the reverse direction. We can write
kba = kab/F, because the exchange rate depends on the dif-
ference of the magnetizations. Each pool is characterized
by its intrinsic relaxation parameters, which are T1a, T2a,
T1b, and T2b. The MT models are not sensitive to the T1
value of the semisolid pool; therefore, it is assumed to be
1 s (based on the estimated correlation time of the dipolar
spin).29 For gray matter and white matter at 3 T, the model
is well-characterized, and the values are summarized in
Table 1 taken from Sled and Pike.11

Bloch-McConnell simulation
Bloch-McConnell equations extend the Bloch equations
according to the two-pool model and quantitatively
describe the behavior of the magnetization through the
coupled set of equations stated in the matrix form as

d−→M
dt

= A.−→M +
−→
C (4)

where −→M = [Mxa, Mya, Mza, Mzb] is the combined magne-
tization vector for liquid (a) and semisolid pool (b);

−→
C =

[0, 0, R1aM0z, R1bM0b] is given by longitudinal rates and
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ABBASI-RAD and NORRIS 139

equilibrium magnetizations; and A is a 4× 4 matrix44–48 as
follows:

A =

|||||||||||

− R2a −Δ𝜔a −𝜔1y 0
+Δ𝜔a −R2a +𝜔1x 0
+𝜔1y −𝜔1x −R1a − kab kba

0 0 kab −R1b − Rrfb − kba

|||||||||||
(5)

Where 𝜔1 represents the amplitude of the RF pulse; 𝛥𝜔 is
the RF pulse offset relative to the Larmor frequency; kab/ba
the magnetization exchange rate; R1 and R2 are the relax-
ation rates; and Rrfb is the rate of saturation of the semisolid
pool caused by the applied MT pulse, as follows:

Rrfb = 𝜋
1
T∫

T

0
𝜔

2
1(t)dt.G (6)

where T is the pulse duration; 𝜔1(t) is the waveform of the
MT pulse; and G is absorption line-shape of the semisolid
pool. The transverse component of the semisolid pool mag-
netization is negligible due to the very short T2 of the
protons, as they are restricted to the structure of the macro-
molecules.49 We used the super-Lorentzian absorption line
shape, which is shown to provide the best approximation
for biological tissues.50

As Eq. (6) suggests, MT pulses with the same power sat-
urate the semisolid pool at the same rate; therefore, they
provide an identical amount of MT-related contrast in the
tissue. To compare the performance of the binomial pulse
with the ANP MT preparation, we simulated the pulse
sequence using two power-matched MT pulses generat-
ing the same amount of MT. Therefore, it allowed us to
estimate the contamination of their MT performance with
direct saturation and T2 relaxation effect.

3.3 Experiment

Imaging was performed on a 3T scanner (Prisma; Siemens
Healthineers, Erlangen, Germany) with the 32-channel
head coil. We compared the MT performance of our pro-
posed ANP pulse (6 ms) with a phase-inverted 1̄21-̄12̄1
binomial scheme3 (6 ms) with the MT preparation module
in both cases followed by a simple 2D multislice EPI read-
out. Figure 3 shows the diagram for the pulse sequences,
with different MT preparation pulses. The imaging
parameters were FOV= 240× 240 mm2, TR= 1800 ms,
TE= 11 ms, GRAPPA= 2, slice thickness= 3 mm, and par-
tial Fourier= 6/8. Base matrix size was set to 80, achiev-
ing 3-mm isotropic resolution. A total of 30 slices were
acquired in each volume with the interslice TR of 59 ms.
The pulse repetition period (PRP) was defined as the time

between two successive MT pulses, and the value is a
multiple of the slice TR, depending on the protocol. For
each experiment, we acquired 40 volumes: the first 20 vol-
umes without the MT pulse (providing a reference image)
and the second 20 volumes with the MT pulse. To ensure
that the MT-related equilibrium is achieved, and the MTC
is built up, we chose the 40th volume as the MT-weighted
image. The 20th volume was used as the reference image.
A field map was also acquired using a simple dual-echo
gradient-echo sequence with TEs of 2.2 and 4.6 ms with
the same FOV, resolution, and slice position as the MTC
volumes. We obtained written informed consent from the
3 participants as approved by the local human ethics com-
mittee (Committee on Research Involving Human Sub-
jects, Region Arnhem-Nijmegen, the Netherlands).

3.4 Image analysis

To show the MT-induced reductions due to the satura-
tion of the semisolid, we calculated magnetization transfer
ratio (MTR) maps for each experiment (participant). The
MTR values were calculated as 1 – (MT-weighted inten-
sity/reference intensity) for each voxel inside the brain to
obtain the MT map. Before the MTR calculation, several
processing steps were performed: (1) The whole 40-volume
scan was realigned based on the midvolume using mcflirt
in FSL for motion correction; (2) the images were cor-
rected for bias field due to the receive coil sensitivity profile
using SPM; and (3) the brain was masked using BET, and
gray matter (GM), white matter (WM), and CSF were seg-
mented using SPM. Given that CSF is a non-MT-active
tissue with a long T1/T2, we looked at the CSF signal as
a reliable site to observe direct saturation. Therefore, for
this analysis, we plotted an average of line profiles passing
through CSF in the lateral ventricles of the brain, which
provides a comparison of the MTR values in GM, WM,
and CSF.

4 RESULTS

Figure 4A–D shows the comparison of the spectral
responses for a 6-ms ANP and a 6-ms phase-inverted bino-
mial pulse train for different FAs and OFs. The green band
of frequency is the ideal null bandwidth that we expect to
achieve at 3 T. Although no pulse can achieve the ideal, the
figure shows clearly that the fluctuations inside the green
band are reduced considerably with the ANP pulse, indi-
cating improved sensitivity of the saturation performance
toward B0 inhomogeneity for the ANP pulse.

Figure 4E,F shows the longitudinal magnetization
as a function of FA and OF for binomial and ANP
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140 ABBASI-RAD and NORRIS

F I G U R E 3 The pulse sequence used to generate the magnetization-transfer contrast with a 1̄21-̄12̄1 binomial scheme (A) and with our
proposed adiabatic null passage pulse (B). This scheme repeats by the number of slices (30) in a volume TR of 1800 ms.

pulses, respectively, for two isochromat of spins with off-
set frequencies of 100 and 240 Hz. At offset frequencies
as low as 100 Hz, both ANP and binomial pulses are
almost immune to B+1 variations, with about 10% varia-
tions in the magnitude. At higher frequency offset values,
the pulse performance deteriorates, showing larger oscil-
lations. However, the results clearly show that despite the
oscillations (about 20% in magnitude), the overall trend of
the magnetization shows a higher level of robustness to B+1
variations for the ANP pulse at large frequency-offset val-
ues compared with the binomial pulse. This suggests that
our proposed technique performs the jump-and-return of
the spins slowly and adiabatically, which makes it robust
to alterations in the RF amplitude.

Figure 5A shows the evolution of the longitudinal mag-
netization of the liquid pool for a certain slice during the
repetitive application of the MT pulse, which is calculated
using the established two-pool model for GM (Table 1)
and through Bloch-McConnell simulations (Eq. [6]). The
simulation is done for four power-matched protocols and
each for two volumes (volume TR= 1.8 s) with 30 slices
per volume (slice TR= 59 ms). The MT pulse is followed
by a 4-ms spoiler gradient. Figure 5B shows a zoomed
view of the simulation for the duration of six TRslice. The
temporal resolution of the simulation point varies during
the simulated volume. From Points A to B, which takes
6 ms, seven time points are used to depict the evolution
of the magnetization through the application of the MT
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ABBASI-RAD and NORRIS 141

F I G U R E 4 The saturation performance of 1̄21-̄12̄1 binomial (A) and our proposed adiabatic null passage (ANP) pulse (B) are
compared by showing their spectral response. The green area shows the range of frequency offsets of the free pool protons in a human head
at 3 T. The spectral responses are shown for different flip angles (FAs) for the binomial pulse (C) and various overdrive factors for the ANP
pulse (D). The longitudinal magnetization as a function of FA (of the shortest subpulse) and the overdrive factor for binomial (red) and ANP
(blue) pulse for an isochromat of spins at 100 Hz (E) and 240 Hz (F) off-resonance.

pulse. High temporal resolution is used to visualize the
jump-and-return of the spins, whereas from Points C to D,
which is the duration of the readout for the whole slice
(47 ms), only two time points are depicted. Lower temporal
resolution was used, as nothing other than simple relax-
ation happens during this period. The time between Points
B to C relates to the spoiler gradient and takes 3 ms.

The power of the MT pulse is balanced with the pulse
repetition period (PRP values of TR, 2TR, and 3TR cor-
respond to OFs of 1,

√
2, and

√
3, respectively) so that

all four protocols have identical power. This guarantees
a fixed rate for the saturation of the semi-solid pool and
therefore the same amount of MT-induced reduction in
the signal. At the beginning of each volume, there is a
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142 ABBASI-RAD and NORRIS

F I G U R E 5 (A) Bloch-McConnell simulation of two volumes of the magnetization transfer (MT)–weighted multislice EPI sequence.
Four different power-matched scenarios are shown: (1) a phase-inverted 1̄21-̄12̄1 binomial with a flip angle of 107 for the shortest subpulse
applied at every slice (black), (2) a 6-ms adiabatic null passage (ANP) pulse with an overdrive factor of 1 applied at every slice (red), (3) a 6-ms
ANP pulse with an overdrive factor of 1.41 applied once every two slices (green), and (4) a 6-ms ANP pulse with an overdrive factor of 1.73
applied once every three slices (blue). (B) A zoomed view of the simulation for the duration of six slice TRs. PRP, pulse repetition period.

rather large reduction in the magnetization, which is the
result of an excitation pulse. Because the excitation is
slice-selective, it is applied once per volume as opposed to
the nonselective MT pulse, which is applied for all slices
in the volume. The MT effect of the other excitation pulses

that are off-resonance to the target slice as well as the fat
saturation pulse for simulation was neglected.

Without MT preparation, the longitudinal magneti-
zation reaches the steady state approximately after four
volumes due to the T1,obs relaxation time. However, in the
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ABBASI-RAD and NORRIS 143

presence of the MT, the newly established equilibrium
reaches a different relaxation time known as T1,sat, which is
shorter than T1,obs. Simulations showed the establishment
of a steady state after two volumes. As shown in Figure 5,
the black (binomial) and red (ANP with OF= 1) diagrams
behaved similarly; however, the available magnetization at
steady state increases by increasing PRP (green and blue
diagrams), indicating reduced T2 contamination.

The MTR values (mean+ SD across all slices across
the 3 participants) were both simulated and measured in
vivo and are reported for the four power-matched scenar-
ios in Table 2. The simulated and measured values are
in relatively good agreement with the expected small dis-
crepancies. Table 2 indicates that ANP with PRP= 3 TR
and an OF of 1.73 reduces the T2 effect by 19% in GM tis-
sue and by 16% in WM tissue. As Figure 4A–D suggests,
this improvement is pronounced off-resonance due to the
improved null bandwidth of the ANP pulse. The simulated
values for an off-resonant isochromat of spins precessing
at the frequency of 240 Hz indicated that the T2/direct
effect contamination is reduced by 22% in GM and by 24%
in WM.

Figure 6 shows the MTR map of three exemplary
slices acquired using a 6-ms ANP pulse applied with the
PRP= 2TR and OF=

√
2, as well as the MTR maps of seg-

mented GM, WM, and CSF. As expected, the MTR is high
at WM due to the presence of a higher concentration of
macromolecules, is slightly lower at GM, and is low at CSF.

Figure 7 shows the MTR maps for a 6-ms ANP pulse
in three different settings along with the average line MTR
profiles. The ANP OF and PRP parameters are chosen in
the way that all three experiments are power-matched, so
that the amount of liquid pool direct saturation and T2
effect can be observed without any bias. The MTR values
across the red line depict a high MTR at GM/WM with
close to zero values for voxels containing CSF.

Figure 8 compares the MT performance of the bino-
mial pulse with our proposed optimal adiabatic pulse in an
in vivo experiment at regions with high B0 inhomogene-
ity. Excessive direct saturation/T2 effect is observed in the

areas with high B0 inhomogeneity (red arrow) in the bino-
mial MTC images, whereas in the ANP-MTC images it is
improved.

5 DISCUSSION

We proposed a new adiabatic pulse, termed an adiabatic
null passage (ANP), that generates zero FA by reversing
the phase modulation function at its midpoint, making
the bulk magnetization return to its parallel state with
the static field. We demonstrated its performance as an
on-resonance magnetization preparation module in an
EPI sequence. We showed that the ANP pulse provides
a wider null bandwidth in the spectral response, improv-
ing its performance at the existence of B0 inhomogeneity.
Therefore, the direct saturation of the liquid pool, which
is exacerbated at off-resonance due to failure of the
jump-and-return of the magnetization, is improved. We
showed that above a threshold (adiabatic condition), the
trajectory of the spins (as well as the FA) during the ANP is
independent of the power. This could be exploited to apply
the MT pulse less often (PRP= 2 TR or 3 TR) compared
with binomial pulses, which reduces the T2 contamination
of the MT.

Although the routine clinical neuroimaging applica-
tion of MTC is limited to angiography,51 it is helpful in
a wide spectrum of special applications such as multiple
sclerosis classification,52 osteoarthritis and cartilage eval-
uation,53 coronary arteries examination,54 and Crohn’s
disease characterization.55 The contrast is predicated fol-
lowing the significant signal reduction of the MT-active
voxels (e.g., WM, GM, skeletal muscle, myocardium, car-
tilage, liver) versus ideally no signal reduction in the
MT-inactive voxels (e.g., CSF, adipose tissue, bone marrow,
blood). However, two unwanted mechanisms could induce
a reduction in the magnetization value of MT-inactive
voxels degrading the desired contrast. The first is direct
saturation of the liquid pool and the second is the T2
relaxation during the repetitive application of the MT

T A B L E 2 The measured and simulated magnetization transfer ratio values were achieved with the pulse sequence shown in Figure 3
and in gray-matter and white-matter tissues using four power-matched magnetization-transfer preparation schemes.

Gray matter White matter

Magnetization transfer pulse In vivo Simulation In vivo Simulation

Binomial (FA= 107, PRP=TR) 58%± 2% 66% 63% ± 1.5% 62%

ANP (OF= 1, PRP=TR) 61% ± 3.8% 64% 64% ± 2.7% 61%

ANP (OF=
√

2, PRP= 2TR) 46% ± 1.8% 53% 51% ± 0.7% 52%

ANP (OF=
√

3, PRP= 3 TR) 38% ± 1.1% 45% 42% ± 1.4% 45%

Abbreviations: ANP, adiabatic null passage; FA, flip angle; OF, overdrive factor; PRP, pulse repetition period.
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144 ABBASI-RAD and NORRIS

F I G U R E 6 Three exemplary slices of the magnetization transfer ratio maps were acquired using a 6-ms adiabatic null passage (ANP)
pulse at the pulse repetition period (PRP) of 2TR and overdrive factor (OF) of 1.41. The MTR maps are shown for gray matter, white matter,
and CSF separately.

preparation pulse interleaved with the imaging pulse
sequence. Although disentanglement of these two effects
is rather complicated, we showed in both simulation and
in vivo that our technique reduced these unwanted effects,
which improves the MTC offered by this technique.

Almost any train of short hard pulses and delays
produces a complicated trajectory for the long-T2 mag-
netization (liquid), which could land back parallel with
the static field, during which the short-T2 components
(semisolid pool) would have decayed. This is the so-called
jump-and-return idea behind binomial amplitude modu-
lation for an on-resonance MT pulse.25 However, many
experimental imperfections could prevent this from work-
ing as intended.43 Furthermore, tedious optimization of a
range of experimental parameters such as the number of
subpulses, pulse length, phase shift, peak amplitude, and
delays are generally needed for a satisfactory result.31–33

We showed that the saturation performance of the
ANP pulse is superior in the presence of B0 (Figures 8
and 4C) and B+1 (Figure 4E) inhomogeneity compared
with the phase-inverted binomial counterpart. In our
power-matched investigation (in vivo, Figure 7; simula-
tion, Figure 5), we showed that the MTR value decreases
using higher PRP, which provides a more reliable MTR
value. The true MTR depends on the power per unit time
and the offset frequency of the MT pulse. Because the
experiments were power-matched and the pulses were
applied on resonance, one could clearly associate the
decrease in measured MTR with mitigating one of the
two unwanted mechanisms: direct saturation and the T2
effect. On resonance, as shown in the simulated spectral
response of the pulses (Figures 2 and 4), the direct satura-
tion could be considered almost zero. Therefore, one could
hold T2 accountable for all the contamination of the MT.
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ABBASI-RAD and NORRIS 145

F I G U R E 7 The magnetization transfer ratio maps were acquired using an adiabatic null passage (ANP) pulse in three different
power-matched settings. OF, overdrive factor; PRP, pulse repetition period.

Off-resonance, however, the separation of T2 and direct
effect is not easy, and the two effects both contaminate
the MT.

The T2 effect depends on the amount of time that
spins spend in the transverse plane, which reduces the
signal through relaxation, and is maximized for the
binomial-modulated pulse train with FA= 90◦. However,
using binomial modulation with any FA still forces the
spins to spend a considerable amount of time in the trans-
verse plane. Although this also happens for the ANP and
varies slightly with the OF, we showed in simulations
(Figure 5) that a higher PRP value used with the ANP set-
ting makes spins spend less time in the transverse plane,
which considerably reduces the T2 contamination of MTR
values.

At GM (WM) in vivo, the MTR reduced from 61%
(64%) by applying ANP with OF= 1 and PRP=TR, to 38%
(42%) by applying ANP with an OF =

√
3 and PRP= 3 TR,

demonstrating the mitigation of T2/direct effect by 23%
(22%). The Bloch-McConnell simulations showed these
reductions to be 19% at GM (from 64% to 45%) and 17%
at WM (from 61% to 45%). The discrepancy between sim-
ulation and in vivo experiments could be the result of the

parameters for the two-pool model not being determined
individually and based on the literature values, which
cannot incorporate intersubject variations.

One advantage of the ANP pulse over the binomial
pulses is the ability to increase the power of the pulse with-
out changing its duration. Applying the binomial pulses
at longer PRPs requires increasing their power by length-
ening their duration. Longer binomial pulses would pro-
nounce the T2 contamination and counteract the benefit
achieved through the increase in the PRP. However, for the
ANP pulses, increasing the power of the pulse is realized
through the OF, and therefore is independent of the dura-
tion of the pulse and barely modifies the trajectory of the
magnetization.

Another advantage of the ANP pulse is its improved
performance for the off-resonance spin isochromat. On
resonance, the pulse can easily achieve the null passage
through the reversal of the phase. Off-resonance, however,
the perfect null passage is not achievable, as the estab-
lished effective B1 field contains a 𝛥𝜔

𝛾

−→
k term that is not

reversible with the phase of the pulse. However, as Figure 4
demonstrates, the failure of the null passage as we go
off-resonance is slow and slight compared with the abrupt
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146 ABBASI-RAD and NORRIS

F I G U R E 8 The magnetization transfer contrast (MTC) maps were acquired with two different pulses for magnetization transfer
preparation. The left column shows the B0 field maps. The MTC maps acquired with binomial pulse and adiabatic pulse are shown in the
middle and right columns, respectively. The red arrows indicate the areas with high B0 inhomogeneity, where the improvement is significant
with adiabatic null passage.

failure of the null passage of the binomial pulses. More-
over, applying the ANP pulse at higher PRPs allows us to
drive them with a higher power, which makes the dropout
of the performance at off-resonance even slower.

A future direction for this study is to investigate the
effect of pulse durations on the MT performance. The-
oretically, MT pulses benefit from shorter durations, as
they decrease the T2 contamination. In practice, how-
ever, it entails technical challenges. Shorter durations for
the adiabatic pulses make the adiabatic condition satis-
fied at a higher peak amplitude and exacerbates the SAR
demand of the pulse. In addition to the SAR challenges,
hardware restrictions of the RF amplifier might limit the
use of shorter durations, as the required high peak volt-
age might be clipped, resulting in an inaccurate FA or
OF. Further investigations are needed to seek an opti-
mum trade-off between the pulse duration and the peak
amplitude, which will probably be vendor-specific and
system-specific.

The values for the OF of the ANP pulse and the FA
of the binomial pulse determine the required peak volt-
age and hence the amount of energy deposition. There-
fore, they are practically limited by SAR. Pulse voltages
are calculated based on the reference transmitter voltage,
which is automatically calibrated by the scanner based
on the subject head size. Depending on the participant
and the required transmitter voltage, an OF of up to 1.7
and shortest subpulse FA of up to 110◦ were possible in

our experiments. Achieving higher values might not be
possible without prolonging the volume TR as compen-
sation. Several SAR reduction strategies are proposed in
the literature; however, the compromise of the SAR and
the MT efficiency needs to be investigated before using the
techniques.

Acquisition of 40 volumes to reach the steady-state
equilibrium for the two-pool system is quite conservative,
and for the sole purpose of MTC imaging, three volumes
could be sufficient. However, we showed that a functional
MRI protocol is also feasible with our proposed ANP pulse
without any SAR-related restriction.

The improvement of the MT performance in the pres-
ence of both B0 and B+1 inhomogeneity suggests promis-
ing application for ANP in MT-based techniques such as
time-of-flight magnetic resonance angiography56 and arte-
rial blood contrast57 functional MRI studies.
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