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Alternate Ascending/Descending Directional Navigation
Approach for Imaging Magnetization Transfer Asymmetry

Sung-Hong Park* and Timothy Q. Duong'

A new method for imaging magnetization transfer (MT) asym-
metry with no separate saturation pulse is proposed in this
article. MT effects were generated from sequential two-
dimensional balanced steady-state free precession imaging,
where interslice MT asymmetry was separated from interslice
blood flow and magnetic field inhomogeneity with alternate
ascending/descending directional navigation (ALADDIN).
Alternate ascending/descending directional navigation pro-
vided high-resolution multislice MT asymmetry images within
a reasonable imaging time of ~3 min. MT asymmetry signals
measured with alternate ascending/descending directional
navigation were 1-2% of baseline signals (N = 6), in agree-
ment with those from the conventional methods. About 70%
of MT asymmetry signals were determined by the first prior
slice. The frequency offset ranges in this study were >8 ppm
from the water resonance frequency, implying that the MT
effects were mostly associated with solid-like macromole-
cules. Potential methods to make alternate ascending/
descending directional navigation feasible for imaging amide
proton transfer (~3.5 ppm offset from the water resonance
frequency) were discussed. Magn Reson Med 65:1702-1710,
2011. ©2010 Wiley-Liss, Inc.
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Magnetization transfer (MT) effects (1) have been
observed in MR imaging. MT effects that arise from inter-
action between solid-like macromolecules and bulk
water exist in a wide range of frequency offsets from the
water resonance frequency. The center of the spectral
distribution of solid-like macromolecules in tissue is
slightly lower than the center of the water resonance
spectrum (2), hence these MT effects are not symmetric
around the water resonance frequency (2—4). These con-
ventional MT asymmetry effects were recently quantified
using a modified two-pool MT model (3) and were dem-
onstrated to reside in cervical spinal cords (5).

Distinct from the conventional MT effects, asymmetry in
MT effects have been observed in frequency offsets <8
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ppm from the water resonance frequency, associated with
amide protons of endogenous mobile proteins and pep-
tides (4,6,7). The MT asymmetry imaging associated with
amide proton transfer (APT) is one kind of chemical
exchange saturation transfer techniques (8,9) and is sensi-
tive to cellular pH (4,6,7). It has been shown to be useful
for diagnosis of tumor (7,10-12) and stroke (4,13-15). In
addition to APT, asymmetry in the conventional MT
effects associated with solid-like macromolecules is also
potentially useful for diagnosis of tumor (16). These factors
emphasize necessity of reliable techniques for high-resolu-
tion multislice MT asymmetry imaging for clinical studies.

Imaging of MT asymmetry for clinical studies has not
been easy because of its sensitivity to magnetic field inho-
mogeneity and difficulty in multislice acquisition. A few
techniques have been proposed to correct magnetic field
inhomogeneity in MT asymmetry imaging (4,7,12,17,18).
These techniques require pixel by pixel correction of the
offset frequency (4,7,17), establishment of a theoretical
model in in vivo brains (18), or selection of an appropriate
offset interval between three offset frequency points (12).
Methods for multislice imaging of MT asymmetry also
have been proposed in a few recent studies (13,19). In one
of these techniques, the long MT saturation pulse was bro-
ken down into a series of short preparation pulses in mul-
tislice gradient echo sequence (19). One concern in the
multislice imaging method is interslice MT effects, which
have been commonly observed in general two-dimen-
sional (2D) multislice imaging (20-23). These MT effects
associated with multiple slices have been generally a con-
founding factor, but may be used as an alternative
approach for imaging MT asymmetry.

In this article, a new method for imaging MT asymmetry
with no saturation pulse is proposed. MT effects were gen-
erated from sequential 2D balanced steady-state free pre-
cession (bSSFP) imaging, where high interslice MT effects
exist because of high flip angle and short pulse repetition
time. For MT asymmetry, sequential 2D bSSFP slices were
acquired by turns between acquisitions with MT effects at
positive and negative frequency offsets. For the suppres-
sion of interslice blood flow, magnetic field inhomogene-
ity, and gradient imperfections, the positive and negative
frequency offsets were generated by alternating ascending
and descending slice orders and by alternating positive
and negative slice-select gradients. This new MT asymme-
try imaging technique, alternate ascending/descending
directional navigation (ALADDIN), was tested at various
scan conditions. ALADDIN MT asymmetry signals were
measured in gray matter (GM) and white matter (WM)
regions, and the results were compared with previously
published values from the conventional methods.
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FIG. 1. Schematic diagram demonstrating magnetization transfer
effects for ALADDIN. a-d: Frequency offsets of MT effects in the
slice of interest (slice 4) from the surrounding six slices (1-3 and 5-
7). The numbers under the slices represent the acquisition order.
Because of the acquisition order, MT effects in the slice 4 are from
the slices 1-3 (solid lines) but not from the slices 5-7 (dashed lines).
Based on the diagram, acquisitions with the positive slice-select
gradient and the ascending order (a, Pos_Asc) and with the nega-
tive slice-select gradient and the descending order (d, Neg_Des)
cause MT effects in the slice 4 at negative frequency offsets, and
acquisitions with the negative slice-select gradient and the ascend-
ing order (b, Neg_Asc) and with the positive slice-select gradient
and the descending order (c, Pos_Des) cause MT effects in the slice
4 at positive frequency offsets. No separate saturation pulse exists
in ALADDIN. e: Frequency offsets in parts per million (ppm) unit
along with physical distances and frequencies in Hertz for the
default gap value of 7 mm (140% of the thickness).

THEORY

The 2D multislice imaging is generally confounded by
interslice MT (20-23) and blood flow effects (24). The
goal of this study is to maximize interslice MT effects
and separate them from interslice blood flow effects.
Although conventional MT ratio imaging is useful for
clinical studies and can be assessed with the ALADDIN
approach, this study is focused on MT asymmetry imag-
ing, which is potentially more useful for the diagnosis of
diseases.

To get MT asymmetry, two sets of images need to be
acquired: one with MT effects at positive frequency
offsets and the other with those at negative frequency
offsets from the water resonance frequency (3,4). In
sequential 2D multislice imaging, the polarity of fre-
quency offsets of interslice MT effects can be manipu-
lated in two different ways: one with two different
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acquisition orders, i.e., ascending and descending, and
the other with two different slice-select gradient polar-
ities, i.e., positive and negative, as shown in Fig. la—d.
In Fig. 1a—d, the slice of interest (slice 4) would experi-
ence MT effects from the acquisition of the prior slices
(slices 1-3). In terms of interslice blood flow, blood
spins will be partially saturated when the acquisition
order is in the same direction as the blood movement,
whereas they will not be affected when the acquisition
order is reversed. In the regions of magnetic field inho-
mogeneity, the radiofrequency (RF) pulse will excite a
location slightly different between the positive and nega-
tive slice-select gradients. In terms of MT asymmetry,
therefore, the ascending/descending approach is con-
founded by interslice blood flow and the positive/nega-
tive slice-select gradient approach by magnetic field
inhomogeneity. Eventually, combination of the four data-
sets will compensate both the interslice blood flow and
magnetic field inhomogeneity effects, as described later
in this study.

In addition to the interslice MT and blood flow and
magnetic field inhomogeneity, direct signal saturation
from crosstalk between contiguous slices may also affect
the ALADDIN signals. To avoid the interslice crosstalk, a
relatively big gap (140% of slice thickness) was used in
most studies in this article, based on an experimentally
measured RF excitation profile described later.

MATERIALS AND METHODS
Data Acquisitions

All experiments in this study approved by the Institu-
tional Review Board were performed on a 3-T whole-
body scanner (Siemens Medical Solutions, Erlangen, Ger-
many) with a 12-element head matrix coil for six normal
volunteers. To get MT asymmetry images free of inter-
slice blood flow, magnetic field inhomogeneity, and gra-
dient imperfections, 2D bSSFP images were acquired in
four different ways: two with positive slice-select gradi-
ent in sequentially ascending (Pos_Asc) and descending
(Pos_Des) orders and the other two with negative slice-
select gradient also in sequentially ascending (Neg Asc)
and descending (Neg_Des) orders (Fig. 1a—d). Note that
the frequency offsets of MT effects are negative in Pos_-
Asc and Neg Dec and positive in Neg Asc and Pos_Dec
(Fig. 1a—d). The four acquisitions were repeated for aver-
age. Default imaging parameters were as follows: pulse
repetition time/echo time = 4/2 msec; flip angle = 50°;
matrix size = 128 x 96; field of view = 240 x 180 mm?;
thickness = 5 mm; gap = 7 mm (140% of thickness);
number of slices = 15 (including dummy slices on each
side); scan direction = axial; phase-encoding (PE) order
= linear; PE direction = left-right; bandwidth and dura-
tion of excitation RF pulse = 1.6 kHz and 1 msec,
respectively; dummy PE steps = 10; and scan time = ~3
min. These scan parameters were maintained for most
ALADDIN acquisitions unless specified otherwise. For
the investigation of the effects of number of PE steps on
ALADDIN signals, three ALADDIN MT asymmetry data-
sets were acquired with phase oversampling = 0, 100,
and 200% and corresponding total number of repetitions
= 24, 12, and 8, respectively, which maintained the
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FIG. 2. Demonstration of effects of alternate acquisition orders and slice-select gradient polarities for ALADDIN. Data were acquired
with phase oversampling = 100% from one representative subject. a—-d: Baseline images acquired with ascending (a and b) and de-
scending (c and d) orders and with positive (a and c) and negative (b and d) slice-select gradients. e and f: Subtraction images between
ascending orders (e) and between descending orders (f) to suppress interslice blood flow effects. Subtraction polarity was decided such
that images with MT effects at negative offsets (Pos_Asc, Neg_Des) were subtracted from images with MT effects at positive offsets
(Neg_Asc, Pos_Des). The two subtraction images still showed artifactual signals due to magnetic field inhomogeneity and/or gradient
imperfection. The artifactual signals were further compensated by averaging the two subtraction images (g). Images in e-g have the
same intensity scale. The MT effects were mostly from frequency offsets of =30 ppm from the water resonance frequency.

same scan time and voxel size for the three datasets.
Note that signal-to-noise ratio (SNR) of baseline images
remained the same with phase oversampling, although
number of repetitions hence number of averages
decreased. This number of PE step-dependent study was
performed for all the six subjects. Two more ALADDIN
MT asymmetry datasets were acquired with number of sli-
ces of 9 and 3, and another two datasets with gap = 4
and 1 mm (80% and 20% of thickness). Finally, two addi-
tional MT asymmetry images were acquired along sagittal
and coronal directions with number of slices = 19 to
cover wider regions. A square field of view (240 x 240
mm?) was used for the sagittal scan. The scan time for the
sagittal and coronal images was 4.6 and 3.6 min, respec-
tively. These studies dependent on number of slices, gap,
and scan direction were performed with phase oversam-
pling = 0% (total number of repetition = 24) for three
subjects and with phase oversampling = 100% (total
number of repetition = 12) for the other three subjects.
The abovementioned gap-dependent studies were per-
formed for two uniform phantoms with no MT effects:
one with T, and T, of 110 and 75 msec, respectively,
and the other with T, and T, of 4000 and 500 msec,
respectively. RF excitation profile was measured by
acquiring two consecutive axial and sagittal bSSFP

images with a higher in-plane resolution of 0.8 x 0.8
mm? using the phantom with long T; and T».

Note that the default gap value (7 mm, 140% of thick-
ness) generated MT asymmetry effects at the frequency
offset of 30.0 = 6.3 ppm (Fig. 1e) and the gap values of 4
and 1 mm those at the frequency offsets of 22.5 * 6.3
ppm and 15.0 * 6.3 ppm, respectively, from the first
prior slice. These frequency offsets linearly increased as
a function of distance between the slice of interest and a
prior slice. For instance, MT effects in the slice of inter-
est were generated at the frequency offsets of 60.0 * 6.3
ppm and 90.0 = 6.3 ppm from the second and third
prior slices, respectively, for the default gap value.

Reconstruction

There were four different datasets of Pos_Asc, Neg_Asc,
Pos_Des, and Neg_Des, which were repeatedly acquired
for average in each ALADDIN acquisition (Fig. 2a—d). Af-
ter each of the four datasets was averaged, images with
MT effects at negative offsets were subtracted from
images with MT effects at positive offsets, and the sub-
traction was performed between ascending acquisitions
and between descending acquisitions to remove inter-
slice blood flow effects, i.e., Neg Asc — Pos_Asc (Fig.
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FIG. 3. Demonstration of transient MT effects in edge slices for ALADDIN. Top images are from subtraction of images with MT effects at
negative offsets (N) from images with MT effects at positive offsets (P) (hence P-N), and bottom images are those with the subtraction
polarity reversed (N-P). Data are displayed as percent signal changes from a subject different from Fig. 2. Signals in the 1-2 edge slices
on each side of imaging group were not in the steady state because of transient MT and incomplete T; recovery effects. The total num-
ber of slices including dummy slices was 15 and the scan time was 3.0 min. The MT effects were mostly from frequency offsets of =30

ppm from the water resonance frequency.

2e) and Pos_Des — Neg_Des (Fig. 2f). The effects of mag-
netic field inhomogeneity and/or gradient imperfections
were still observable in these subtraction images (Fig.
2e,f). These artifactual signals could be suppressed by
averaging the two subtraction images of Neg_Asc — Pos_
Asc and Pos_Des — Neg_Des (Fig. 2g). Finally, MT asym-
metry images were displayed as percent signal change
(PSC), i.e., average of the two subtraction images (Fig.
2g) divided by average of the baseline images (Fig. 2a—d)
after appropriate thresholding. PSC is similar to the defi-
nition of the conventional MT asymmetry (4,7), except
the facts that baseline signals with no MT effects are
replaced with average baseline signals with MT effects
in the denominator and that the subtraction polarity is
opposite to the conventional definition (to make the sig-
nals positive). It should be noted that MT asymmetry sig-
nals in the previous literatures are negative when the fre-
quency offset is >8 ppm from the water resonance
frequency (3.,4).

For the measurement of PSC and SNR, whole GM and
WM regions and a noise region outside brain were man-
ually segmented in the center slice of baseline images.
PSC was measured from the abovementioned PSC
images, and SNR was measured from the average of the
two subtraction images (Fig. 2g).
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RESULTS

ALADDIN with the four different acquisitions (Pos_Asc,
Neg_Asc, Pos_Des, and Neg Des) could suppress the
effects of interslice blood flow, magnetic field inhomoge-
neity, and gradient imperfection, as demonstrated in
Fig. 2. ALADDIN MT asymmetry images were mostly sta-
ble except for a few edge slices (Fig. 3), which were dis-
carded as dummy slices. Visually, 1-2 dummy slices on
each side were enough to ensure the steady state (Fig. 3).
MT asymmetry signals in brain regions were observable
in the PSC images reconstructed as described above (top
in Fig. 3), but were not observable when the subtraction
polarity was reversed (bottom in Fig. 3). This implies
that the MT effects at negative offsets (Pos_Asc and
Neg Dec, Fig. 1a,d) are slightly higher (baseline inten-
sities decreased more) than the MT effects at positive off-
sets (Neg_Asc and Pos_Dec; Fig. 1b,c), consistent with
the observations from the previous studies (2—4).

Data from one representative subject acquired with
phase oversampling = 0% are shown in Fig. 4. The axial
MT asymmetry images (bottom row in Fig. 4) showed
many hypointense spots and lines throughout the brain
regions, which were not distinguishable in the corre-
sponding baseline images (top row in Fig. 4). PSC values

0.0

FIG. 4. One representative baseline images (top) and corresponding ALADDIN MT asymmetry images (bottom) acquired from a subject
different from Figs. 2 and 3. Detailed structures are detectable following the cortical regions of gray matter and white matter in the MT
asymmetry images (bottom). The total number of slices including dummy slices was 15 and the scan time was 3.0 min. The dark signals
in the leftmost images are banding artifacts of balanced SSFP. The MT effects were mostly from frequency offsets of =30 ppm from the

water resonance frequency.
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Percent Signal Change (PSC) and Signal-to-Noise Ratio (SNR) Measured over Gray Matter (GM) and White Matter (WM) Regions in

ALADDIN MT Asymmetry Images

PSC (%) SNR

Common parameters Differences GM WM GM WM
Slice 15, gap 140% (N = 6) PH_OS 0% 1.1 £ 0.1 1.8 £ 0.2 4.9 +0.9 6.4 =1.0
PH_OS 100% 1.0 £ 0.1 1.4 =01 3.1*+04 3.4*+04
PH_OS 200% 0.8 + 0.1 0.9 = 0.1 21 +03 1.8 £ 0.1
Gap 140%, PH_OS 0% (N = 3) Slice 15 1.0 £ 0.0 1.8+ 0.0 4.5+ 0.2 6.1 = 0.5
Slice 9 1.0 £ 0.1 1.8 £ 0.1 43+ 05 5.7 = 0.2
Slice 3 0.6 = 0.1 1.2 +0.0 2.5 + 0.1 4.0 = 0.5
Gap 140%, PH_OS 100% (N = 3) Slice 15 1.0 £ 0.1 1.4 =01 3.4 +0.2 3.6 = 0.1
Slice 9 1.0 £ 0.1 1.4 =01 3.6*+04 3.6 = 0.3
Slice 3 0.5 £ 0.1 1.0 = 01 1.9+ 05 2.6 = 0.5
Slice 15, PH_OS 0% (N = 3) Gap 80% 1.3+ 0.0 2.2+ 0.1 5.0 = 0.2 6.3 = 0.3
Gap 20% 1.4 =01 2.2+ 0.1 45+ 04 5.4 + 0.3
Slice 15, PH_OS 100% (N = 3) Gap 80% 1.2 =01 1.5+ 0.1 41 +0.8 3.8+ 0.4
Gap 20% 0.9 = 0.1 1.2 + 0.2 2.8+ 0.2 2.8 +0.3

Pulsed saturation methods Pulsed 1 N/A 26 +0.9(1.7 = 0.6) N/A N/A

at 30-ppm offset (3)
Pulsed 2 N/A 1.7 +25(1.3 £ 1.9 N/A N/A

PH_OS represents phase oversampling. Number of averages was 12, 6, and 4 when phase oversampling = 0, 100, and 200%, respec-
tively. All the values are measured from the center slice of each imaging group and are given as mean * standard deviation across sub-
jects. The values from the literature (3) are those after conversion into PSC, and the values inside the parenthesis are the original MT
asymmetry values before the conversion. The “Pulsed 1” was from a pulse train of 15 Gaussian pulses (length 115 msec, interval 85
msec, flip angle 4135°, total duration 3 sec) with the equivalent power (compared with the block shape) of 2.3 u.T, and the “Pulsed 2”
was from 24.5-msec nonselective five-lobed sinc-gauss MT pulse with peak amplitude of 10.5 T (3).

of ALADDIN MT asymmetry signals were roughly in the
similar range to those from the conventional pulsed MT
preparation methods (3) (Table 1). Note that the RF
power used in this study corresponds to the continuous
wave with 0.8 wT, which is lower than the power used
in the conventional methods (2.3 nT) (3).

Lower phase oversampling rates (i.e., smaller number of
PE steps) resulted in better MT asymmetry image qualities
(Fig. 5a) because of higher PSC values as well as higher
SNR (Table 1). The result implies that the optimal number
of PE steps may be even smaller than the PE steps of phase
oversampling = 0% (96 PE steps) with a given scan time of
~3 min. Generally, both PSC and SNR values in WM were
higher than those in GM, but the difference between GM
and WM decreased with phase oversampling (Table 1).

In the number of slice-dependent studies, MT asym-
metry signals in the center slice were almost the same
between the number of slices of 15 and 9, but were
reduced to 70% of the signals when number of slice was
3 (Fig. 5b and Table 1). There was no significant differ-
ence between phase oversampling of 0% and 100% in
response to changes in the number of slices (Table 1).
These results imply that ~70% of ALADDIN MT asym-
metry signals in a slice are ascribed to the first prior slice
regardless of phase oversampling.

MT asymmetry signals generally increased when gap
was reduced from 140% to 80% of the thickness but
remained the same or even decreased when gap was further
reduced to 20% of the thickness (Table 1). Images from one
representative subject and the two uniform phantoms with
phase oversampling = 100% are shown in Fig. 6a. When
gap was 20% of the thickness, the number and contrast of
hypointense structures (spots and lines) increased (top row
in Fig. 6a), and these hypointense structures presumably

from susceptibility effects of veins or iron deposits were
bright when subtraction polarity was reversed. PSC of MT
asymmetry from the phantom with short T; and T, (phan-
tom 1) was 0.0% = 0.1% for all the three gap values and
that from the phantom with long T; and T, (phantom 2)
was 0.1% = 0.4%, 0.1% = 0.2%, and 0.1% = 0.2% when
gap was 140%, 80%, and 20%, respectively, of the thick-
ness (bottom row in Fig. 6a). The phantom results imply
that crosstalk effects may not be the main source of the
characteristics of the gap-dependent in vivo ALADDIN sig-
nals (top row in Fig. 6a). However, the experimentally
measured RF excitation profile showed that only gap of
140% of the thickness was free of crosstalk effects (Fig. 6b).
Therefore, all the studies in this article except the gap-de-
pendent study were performed with gap of 140% of the
thickness.

In sagittal and coronal ALADDIN MT asymmetry
images (Fig. 7), WM signals were higher than GM sig-
nals, consistent with axial MT asymmetry images. All
the sagittal and coronal MT asymmetry signals were
observable in images reconstructed in the method
described above (Fig. 7), but were not observable when
subtraction polarity was reversed, also consistent with
the axial images. MT asymmetry in GM and WM of cere-
bellum was also clearly detectable in the sagittal and cor-
onal MT asymmetry images (Fig. 7).

DISCUSSION

In this article, it is demonstrated that ALADDIN provides
images of MT asymmetry with no separate saturation
pulse. The excitation RF pulse for imaging a slice works
simultaneously as MT saturation for the following slices
in ALADDIN. ALADDIN is well suited for high-
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FIG. 5. Number of phase-encoding (PE)
step-dependent and number of slice-de-
pendent experiments for ALADDIN from a
subject different from Figs. 2-4. a: Number
of PE step-dependent experiments. ALAD-
DIN MT asymmetry images were acquired
with phase oversampling = 0, 100, and
200% and corresponding number of PE
steps of 96, 192, and 288, respectively
(top, middle, and bottom rows, respec-
tively). The scan time was almost the
same (3 min). b: Number of slice-depend-
ent experiments. Data were acquired with
phase oversampling = 0%. “SL” repre-
sents the total number of slices. The dis-
played images are the center slice of each
imaging group. The MT effects were
mostly from frequency offsets of =30 ppm
from the water resonance frequency.
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resolution multislice MT asymmetry imaging free of mag-
netic field inhomogeneity, which has not been easily
achieved in previous methods. Effects of blood flow,
magnetic field inhomogeneity, and gradient imperfects
could be mostly compensated by combining four differ-
ent types of datasets acquired with ascending and de-
scending slice orders and with positive and negative
slice-select gradients (Fig. 2).

Blood flow signals in GM are generally higher than
those in WM, but the trend was opposite in MT asymme-
try images (Figs. 4—7), consistent with the results from
MT ratio imaging (25,26). Also, blood flow direction is
expected to be from brain center to edges in case of sagit-
tal and coronal scans based on vascular anatomy,
whereas there was no change in signal polarity in the
sagittal and coronal MT asymmetry images throughout
the brain regions (Fig. 7). According to the RF excitation
profile, interslice crosstalk would not contribute to the
ALADDIN signals when gap was 140% of the thickness
(Fig. 6b). These results imply that MT asymmetry signals
in this article are well separated from the other sources,
i.e., interslice blood flow and crosstalk effects.

As ALADDIN is feasible for MT asymmetry, it would
also be feasible for MT ratio imaging, which has been
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also useful for clinical studies (27,28). By additionally
acquiring ALADDIN images free of MT effects with a
long interslice delay time, the MT ratio would be meas-
ureable and thus the MT asymmetry would be also meas-
urable in the conventional definition (4,7).

As ascending and descending slice orders were alter-
nated in successive acquisitions in this study, transient
MT effects and incomplete T; recovery in edge slices
would be mostly determined by the slice order rather
than the slice-select gradient polarity. Subtraction in MT
asymmetry was performed either between the two
ascending acquisitions or between the two descending
acquisitions (Fig. 2), hence the transient MT effects and
incomplete T, recovery in edge slices were relatively
well suppressed by the subtraction. The relatively small
number (1 or 2) of dummy slices (Fig. 3) might be attrib-
uted to this condition. The number of slice-dependent
studies demonstrated the significant contributions
(~70%) of the first prior slice to ALADDIN signals
regardless of phase oversampling. Therefore, about two
dummy slices were enough to ensure the steady state of
MT asymmetry signals.

According to the gap-dependent study, the sensitivity
of ALADDIN can be enhanced by reducing the gap down
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FIG. 6. Gap-dependent experi-
ments and RF excitation profile
for ALADDIN. a: Gap-dependent
experiments. The images are
from a subject different from
Figs. 2-5 (top row) and from two
uniform phantoms (bottom row).
T4 and T, values of one phantom
(phantom 1) were 110 and 75
msec, respectively, and those of
the other phantom (phantom 2)
were 4000 and 500 msec,
respectively. Data were acquired
with phase oversampling =
100%. The MT effects were
mostly from frequency offsets of
+30, +22.5, and =15 ppm from
the water resonance frequency
for the gap value of 140% (left),
80% (middle), and 20% (right),
respectively. b: Experimentally
measured RF excitation profile.
The excitation thickness was 5
mm (gray bar), and the vertical
broken lines represent the boun-
daries of a slice in consideration
of the three gap values.

Roux algorithm (29). In this study, the gap was set to a
high value (140% of the thickness) to avoid crosstalk
artifacts. With a big interslice gap value (e.g. 100-140%

FIG. 7. Sagittal and coronal
ALADDIN MT asymmetry images
acquired with phase oversam-
pling = 0% from the same sub-
ject shown in Fig. 2 (sagittal,
top) and a subject different from
Figs. 2-6 (coronal, bottom). The
total number of slices including
the dummy slices on each side
was 19. The scan time for sagit-
tal and coronal scans was 4.6
and 3.6 min, respectively. The
MT effects were mostly from fre-
quency offset of =30 ppm from
the water resonance frequency.
Images are displayed from right
(R) to left (L) for sagittal scans
(top) and from anterior (A) to
posterior (P) for coronal scans
(bottom).
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of the thickness), still whole brain MT asymmetry imag-
ing will be possible in ALADDIN with a conventional
gap value (e.g., 0-20% of the thickness) by acquiring two
datasets in a location interleaved to each other.

The MT effects hence asymmetry effects in this study
are mostly from solid-like macromolecules in the fre-
quency offset range >8 ppm from the water resonance
frequency. One potential method to make ALADDIN
feasible for APT imaging (~3.5 ppm from the water res-
onance frequency) is to use a long excitation RF pulse.
If we increase the RF duration from 1.0 to 8.6 msec,
the frequency offset from the first prior slice will be
reduced from 30 ppm to 3.5 ppm with the default gap
value (140% of the thickness). There are two potential
problems associated with this approach: one is long
pulse repetition time for bSSFP (from 4 to 11.6 msec)
hence increased banding artifacts and the other is RF
duty cycle limit. The interslice frequency offsets can be
reduced by improving the RF excitation profile hence
by reducing the interslice gap (e.g., 80% of thickness)
as mentioned above, which enables to reduce the RF
duration for APT imaging (e.g., 6.5 msec). High-field
MR systems such as 7 T (30) are advantageous for APT
imaging with ALADDIN in that the frequency offset of
~3.5 ppm can be achieved with a much shorter RF du-
ration (e.g., 2.8 msec). As MT asymmetry signals in
ALADDIN are from multiple prior slices, there will be
~30% contaminations from the second and third prior
slices (~7 and ~10.5 ppm, respectively), although the
frequency offset of the first prior slice can be adjusted
to ~3.5 ppm. It should be noted that polarity of MT
asymmetry signals at the frequency offset of ~3.5 ppm
would be opposite to that at the frequency offsets >8
ppm (4).

The specific absorption rate in ALADDIN is expected
to be lower than the conventional continuous or pulsed
saturation methods (3,31) because of the absence of the
RF power-demanding MT saturation part. The bSSFP is
one of the most efficient sequences for ALADDIN MT
asymmetry, because of high SNR of baseline images and
high interslice MT saturation effects. Further studies are
necessary to optimize scan protocols, quantitatively ana-
lyze the interslice MT effects (23), adjust frequency off-
sets of interslice MT effects to be ~3.5 ppm for APT
imaging, compare ALADDIN with conventional continu-
ous and/or pulsed wave methods, plot an Z-spectrum
with ALADDIN, and apply ALADDIN to clinical studies.

CONCLUSIONS

ALADDIN provided high-resolution multislice MT asym-
metry images with no separate spin preparation. Experi-
mental results in this study supported that ALADDIN
enabled good separation of interslice MT asymmetry sig-
nals from those associated with interslice blood flow and
magnetic field inhomogeneity effects. ALADDIN MT
asymmetry images showed some new structures that
were not detectable in the corresponding baseline
images. Characteristics of ALADDIN MT asymmetry sig-
nals were generally in agreement with those from the
previous studies. Further studies are necessary for opti-
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mization of ALADDIN and its applications to APT imag-
ing and clinical studies.
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