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Brain MR Perfusion-Weighted Imaging With Alternate
Ascending/Descending Directional Navigation

Sung-Hong Park* and Timothy Q. Duong'

In this study, a new arterial spin labeling technique that
requires no separate spin preparation pulse was developed.
Sequential two-dimensional slices were acquired in ascending
and descending orders by turns using balanced steady state
free precession for pair-wise subtraction. Simulation studies
showed this new technique, alternate ascending/descending
directional navigation (ALADDIN), has high sensitivity to both
slow- (1-10 cm/sec) and fast-moving (>10 cm/sec) blood
because of the presence of multiple labeling planes proximal
to imaging planes and sensitivity of balanced steady state free
precession to initial magnetization differences. ALADDIN pro-
vided high-resolution multislice perfusion-weighted images in
~3 min. About 80-90% of signals in a slice were ascribed to
spins saturated in the four prior slices. Three to five edge slices
on each side of imaging group were affected by transient mag-
netization transfer effects and incomplete T, recovery between
successive acquisitions. ALADDIN signals were dependent on
many imaging parameters, implying room for improvement.
Sagittal and coronal ALADDIN images demonstrated perfusion
direction in gray matter regions was mostly from center to lat-
eral, anterior, or posterior, whereas that in some white matter
regions was reversed. ALADDIN is likely useful for many stud-
ies requiring perfusion-weighted imaging with short scan time,
insensitiveness to arterial transit time, directional information,
high resolution, and/or wide coverage. Magn Reson Med
65:1578-1591, 2011. ©2010 Wiley-Liss, Inc.
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Blood perfusion has been noninvasively imaged with ar-
terial spin labeling (ASL). All ASL methods use a sepa-
rate spin preparation for labeling of arterial blood in
advance to data readout for pair-wise subtraction.
Improvement of ASL techniques has been mostly about
improvement of spin preparation methods, such as
pulsed ASL (PASL) (1-5), continuous ASL (6-11), and
pseudo-continuous (or pulsed-continuous) ASL (pCASL)
(12—14). Despite these improvements and the noninva-
sive nature, ASL has not been routinely used in clinical
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applications because of its intrinsic limitations. One is
relatively low percent signal change (PSC) between label
and control images that require many averages to achieve
reasonable signal-to-noise ratio (SNR) even with rela-
tively low resolution. Another is the narrow time win-
dow permitted for the perfusion contrast that limits base-
line image qualities. The third is sensitivity to tissues
with heterogeneous arterial transit times. Perfusion in
tissues with longer arterial transit time is likely underes-
timated in ASL due to enhanced T; recovery of labeled
arterial spins. The fourth is that perfusion directionality
is not easily assessable with multiple slices, as labeling
direction cannot be easily changed.

The aforementioned limitations may be overcome, if we
can put the spin labeling plane right next to the imaging
planes while maintaining the multislice capability. This
may be achieved by acquiring multiple slices in the se-
quential order but in two different directions of ascending
and descending, with no separate spin preparation. For
the axial imaging case, slices sequentially acquired in the
direction away from the heart (“ascending” in this article)
work as labeling and those in the direction toward the
heart (“descending” in this article) work as a control. In
this new perfusion-weighted imaging technique, alternate
ascending/descending directional navigation (ALADDIN),
spin preparation and imaging parts are not separated:
imaging one plane works simultaneously as spin prepara-
tion for the next imaging planes. Balanced steady state
free precession (bSSFP) (15) may be a good choice for
ALADDIN because of its high flip angle, high temporal re-
solution, and good sensitivity to the initial magnetization
differences (16,17). In this sense, bSSFP has also been
used for perfusion-weighted imaging with the conven-
tional labeling methods (16—18).

The anticipated problems with the ALADDIN
approach are transient magnetization transfer (MT)
effects and incomplete T; recovery between successive
ascending/descending acquisitions in edge slices, MT
asymmetry, field inhomogeneity, and gradient imperfec-
tion (9). The problems in the edge slices may be handled
by discarding them. MT asymmetry, field inhomogene-
ity, and gradient imperfection may be resolved by aver-
aging over alternating slice gradient polarities (9). As
imaging a slice works simultaneously as labeling the fol-
lowing slices, different scan direction (e.g., axial, sagittal,
and coronal) would provide differential perfusion infor-
mation because of changes in the labeling direction. In
this article, feasibility of this new technique, ALADDIN,
was tested for brain perfusion imaging with various scan
conditions using bSSFP, and the results were compared
with a conventional PASL method.
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FIG. 1. Schematic diagrams demonstrating ALADDIN method. Slices sequentially acquired in the direction away from the heart
(“ascending”) work as labeling and those in the direction toward the heart (“descending”) work as a control. The ascending and de-
scending acquisitions are also alternated between the positive (a) and negative (b) slice-select gradients. No separate spin labeling part
exists in ALADDIN. The small boxes above the frequency spectrum represent the locations of interslice MT effects. Broken lines repre-
sent dummy slices, where MT effects are not in the steady state and longitudinal magnetizations are not fully recovered between suc-

cessive acquisitions.

THEORY

An image from sequentially acquired two-dimensional (2D)
multiple slices is slightly different from the image acquired
as a single 2D slice because of interactions between slices.
Signals in a slice can be affected by prior slices in three dif-
ferent ways: interslice flow effects (19), MT effects (20-22),
and crosstalk effects due to imperfect excitation profile of
radiofrequency (RF) pulses. The goal of this study is to
maximize the interslice flow effects (hence, perfusion
effects) and minimize the MT and crosstalk effects.

It is assumed that flow spins move through 2D slices
with a constant velocity in a blood vessel (“transport”
stage) and then perfuse after moving into capillaries in
the slice of interest (“perfusion” stage). For blood vessels
not perpendicular to the 2D slices, the velocity compo-
nent along the axis perpendicular to the 2D slices deter-
mines the characteristics of labeling; hence, it is denoted
by simply “velocity” throughout this article. When ac-
quisition time of one slice =800 msec, slice thickness =
5 mm, and gap = 7 mm (as used in most studies in this
article), flow spins with velocity >1.5 cm/sec (=12 mm/
800 msec) that experienced RF excitations in one slice
would not experience further RF excitations in the fol-
lowing slices until they perfuse in the slice of interest.
Flow spins with velocity <1.5 cm/sec may experience
labeling in more than one slice, but this cumulative
labeling effect is neglected for simplicity.

Out-of-slice flow spins that have experienced RF exci-
tations in one slice have different initial magnetizations
compared with static spins in the following slices.
Depending on the flow direction, these flow spins in se-
quential 2D imaging will contribute to the slice of inter-
est in a completely different manner between ascending
and descending acquisitions (ALADDIN). The minimum
velocity required for flow spins to contribute to the slice
of interest as perfusion signals (rather than inflow sig-
nals) is interslice gap divided by acquisition time of one
slice (~800 msec), i.e., ~0.9, 0.5, and 0.1 cm/sec for the
gap value of 7, 4, and 1 mm, respectively. This indicates
that ALADDIN may have high sensitivity to slow-moving
spins of velocity 1-10 cm/sec. During the transport stage,

magnetizations of out-of-slice flow spins are changed (la-
beled) in a manner dependent on the number and start
point of RF excitations in the labeling slice. During the
perfusion stage, differences in the initial magnetizations
between static and labeled flow spins can be sensitized
by bSSFP even after many RF excitations (16,17). Sum-
mation of all the out-of-slice flow spins from multiple
labeling planes and multiple velocity components may
provide high perfusion signals in ALADDIN. Computer
simulations were performed to gain insight into spin
evolution of flow spins with various velocities across 2D
bSSFP imaging slices.

The conventional MT effects in in vivo brains are not
symmetric around the water resonance frequency
(9,23,24) and hence may not be identical between ascend-
ing and descending acquisitions. To further suppress
these MT asymmetry effects, the sequential 2D slices can
be acquired in four different methods (rather than two)
with combination of two different acquisition orders
(ascending and descending) and two different slice-select
gradients (positive and negative) (Fig. 1), similar to the
method used in a previous ASL study (9). In the view
point of MT asymmetry, the two datasets acquired with
ascending order and positive gradient (Pos_Asc, left side
of Fig. 1a) and with descending order and negative gradi-
ent (Neg_Des, right side of Fig. 1b) are affected by MT
effects from frequencies lower than the water resonance
frequency. Similarly, the two datasets acquired with
ascending order and negative gradient (Neg_Asc, left side
of Fig. 1b) and with descending order and positive gradi-
ent (Pos_Dec, right side of Fig. 1a) are affected by MT
effects from frequencies higher than the water resonance
frequency. Therefore, to suppress the MT asymmetry
effects, the perfusion-weighted images should be calcu-
lated as subtraction between Pos_Asc and Neg Des or
between Neg_Asc and Pos_Des. Eventually, as demon-
strated later in this study, combination of the four datasets
would provide better results by further suppressing mag-
netic field inhomogeneity and gradient imperfections.

Crosstalk effects in sequential 2D multiple slices are
relatively small compared with those in 2D multislice
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images interleaved along phase-encoding (PE) dimension
because of T, recovery but still may be comparable with
perfusion signals. A relatively big gap (140% of the slice
thickness) was used to avoid the potential crosstalk
effects in most studies in this article. Also gap-dependent
studies were performed in both human brains and uni-
form phantoms to see the signal enhancement and cross-
talk effects. To investigate the influence of changing num-
ber of labeling planes on the ALADDIN signals, a series
of ALADDIN scans were performed with varying numbers
of slices. The sensitivity of ALADDIN to flow directions
(hence to perfusion directions) was tested with ALADDIN
scans performed along sagittal and coronal directions. As
the distance between labeling and imaging planes is short
in ALADDIN, flow spins from vein and cerebrospinal
fluid (CSF) might contribute to ALADDIN signals and
hence were also investigated and discussed.

MATERIALS AND METHODS
Data Acquisitions

All experiments were performed on a 3T whole-body
scanner (Siemens Medical Solutions, Erlangen, Germany)
with a body-coil transmission and a 12-element head ma-
trix coil reception. Totally eight normal volunteers were
scanned in this study approved by the Institutional
Review Board. Foam padding and plastic clamps were
used to minimize subject head motion. Voxel-localized
shimming was performed within a region covering whole
brain with a vendor-supplied second-order shim module
based on a three-dimensional phase image, which was
repeated three times to improve magnetic field homoge-
neity. To get perfusion images, 2D bSSFP images were
acquired in two different ways: one in sequentially
ascending order and the other in sequentially descending
order (Fig. 1). To compensate for MT asymmetry, field
inhomogeneity, and gradient imperfection, the images
with the ascending and descending orders were acquired
with positive slice-select gradient first and then with
negative slice-select gradient and these four acquisitions
were repeated for average. Default imaging parameters to
get a set of perfusion images were pulse repetition time
(TR)/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), acquisition
bandwidth = 575 Hz/pixel, scan direction = axial, PE
order = linear, PE direction = left-right, delay time
between repetitions ~1 sec, and total scan time = 3
min. No flow compensation gradient was used. Initial 10
PE steps were used as dummy scans, during which the
flip angle linearly increased from 0° to 50°. The excita-
tion RF pulse was a Hanning-windowed sinc pulse with
two side lobes, 1 msec duration, and 1.6 kHz bandwidth.
These scan parameters were maintained for most ALAD-
DIN acquisitions unless specified otherwise.

For six subjects, three ALADDIN datasets were
acquired with phase oversampling of 0, 100, and 200%
and corresponding number of repetitions of 24, 12, and
8, respectively, to modulate the labeling efficiency. Scan
time for each of the three datasets was almost the same
at ~3 min. The acquisition time for one volume (15 sli-
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ces) per repetition was 6.4, 12.7, and 19.0 sec for phase
oversampling of 0, 100, and 200%, respectively. Two
more ALADDIN datasets were acquired with number of
slices = 9 and 3 to investigate the effects of various num-
bers of labeling planes, and another two ALADDIN data-
sets with gap = 4 and 1 mm (80% and 20% of thickness)
to see the effects of selecting different flow velocities.
Finally, two additional datasets were acquired along sag-
ittal and coronal directions with number of slices = 19
to cover wider regions for investigation of sensitivity of
ALADDIN to perfusion direction. The coronal images
were acquired with the default condition, whereas the
sagittal images were acquired with matrix size = 128 x
128 and field of view = 240 x 240 mm?. Total scan time
for the sagittal and coronal scans were 4.6 and 3.6 min,
respectively. These studies dependent on number of sli-
ces, gap, and scan direction were performed with phase
oversampling of 0% (number of repetitions = 24) for
three subjects and with phase oversampling of 100%
(number of repetitions = 12) for the remaining three sub-
jects. The scan parameters for the axial ALADDIN experi-
ments are summarized in Table 1. Note that most middle
slices were acquired with an interval between successive
(ascending and descending) acquisitions longer than
three times blood T; (~5 sec; including the delay time of
~1 sec between repetitions) and hence would be free of
incomplete T, recovery, except five, three, and two edge
slices on each side when phase oversampling was 0,
100, and 200%, respectively.

For comparison reference to ALADDIN, additional per-
fusion images were acquired with a PASL sequence (5)
for the six subjects. Thickness, gap, and scan direction
were the same as those from the default scan condition
of ALADDIN. Other scan parameters were TR = 4 sec,
echo time = 30 msec, field of view = 240 x 240 mm?,
matrix = 64 x 64, PE direction = anterior—posterior,
number of slices = 7, partial Fourier = 75%, number of
repetitions = 46, and total scan time = 3.1 min. Spin
labeling was performed in a 10-cm labeling region with 1
cm gap to the proximal edge of the imaging region,
inversion time (TI), TI, = 700 msec, TI, = 1800 msec,
and TI,; = 1600 msec (5).

In a separate study for five subjects, ALADDIN was
performed with centric PE order and with three inter-
slice post imaging delay (PID) times of 0, 500, and 1000
msec in comparison with linear PE order, to see the
effects of changing the postlabeling delay time. Three
out of the five subjects attended the aforementioned
study as well. Most scan parameters were similar to the
aforementioned default condition, except number of sli-
ces = 13, gap = 5 mm (100% of slice thickness), and
phase oversampling = 200%. To improve signal stability
for the centric PE order, additional 40 dummy PE steps
with the constant flip angle (50°) were employed right af-
ter the 10 dummy PE steps with the linearly increasing
flip angle. Note that the effective PID increased by 200
msec (200, 700, and 1200 msec) when the total 50
dummy PE steps were taken into account.

To investigate the slice crosstalk effects, the aforemen-
tioned gap-dependent studies were also performed for
two uniform phantoms with no MT effects: one with T,
and T, of 110 and 75 msec, respectively, and the other
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Table 1
Scan Parameters Used in Various Axial ALADDIN Experiments
PHOS No. PE No. Gap PID PE
Experiment (%) steps slices NEX (%) (msec) order N
Labeling efficiency (PHOS) 0 96 15 12 140 40 Linear 6
100 192 15 6 140 40 Linear 6
200 288 15 4 140 40 Linear 6
No. of labeling planes with PHOS 0% (No. slices) 0 96 15 12 140 40 Linear 3
0 96 9 12 140 40 Linear 3
0 96 3 12 140 40 Linear 3
No. of labeling planes with PHOS 100% (No. slices) 100 192 15 6 140 40 Linear 3
100 192 9 6 140 40 Linear 3
100 192 3 6 140 40 Linear 3
Flow velocities with PHOS 0% (Gap) 0 96 15 12 140 40 Linear 3
0 96 15 12 80 40 Linear 3
0 96 15 12 20 40 Linear 3
Flow velocities with PHOS 100% (Gap) 100 192 15 6 140 40 Linear 3
100 192 15 6 80 40 Linear 3
100 192 15 6 20 40 Linear 3
Postlabeling delay with centric PE order (PID) 200 288 13 4 100 200 Centric 3
200 288 13 4 100 700 Centric 3
200 288 13 4 100 1200 Centric 3

PHOS represent phase oversampling. NEX represents number of excitations (averages) for pair-wise subtraction. PID represents
effective postimaging delay time. The parentheses in the leftmost column represent the variable used in each experiment.

with T, and T, of 4000 and 500 msec, respectively. The
phantom with longer T; was also used to measure the
excitation profile of the RF pulse by acquiring two con-
secutive single-slice bSSFP images along sagittal and
axial directions with higher in-plane resolution of 0.8 x
0.8 mm®.

Reconstruction, Data Analysis, and Simulations

There were four different datasets repeatedly acquired
for average in ALADDIN. Motion correction (25) was
applied to each of the four datasets separately, which
provided better results than those with the motion cor-
rection applied to the whole four datasets. The datasets
from the ascending and descending orders were sepa-
rately averaged for subtraction. ALADDIN perfusion-
weighted images were then reconstructed as PSC
between ascending and descending acquisitions, unless
specified otherwise. Subtraction polarity determined the
perfusion direction in ALADDIN; hence, ascending and
descending acquisitions had interchangeable roles as
labeling and control, depending on the perfusion direc-
tion of interest. Acquisition order in the same direction
as perfusion direction was set to labeling and that in the
opposite direction to the perfusion direction was set to
control. Subtraction was then performed as “control—lab-
eling”. Perfusion images from PASL were also recon-
structed as PSC with the vendor-supplied motion correc-
tion algorithm applied to the whole control and label
images together. Only positive values were displayed in
images, whereas all positive, zero, and negative values
were used in quantifications with no rectification. For
comparison with ALADDIN perfusion-weighted images,
ALADDIN MT asymmetry signals were calculated by per-
forming subtraction between ascending acquisitions
(Neg_Asc—Pos_Asc) and between descending acquisi-
tions (Pos_Des—Neg Des) and then by averaging the two

subtraction images, where blood perfusion signals were
suppressed.

For the measurement of PSC and SNR, whole gray
matter (GM) and white matter (WM) regions and a noise
region outside brain were manually segmented in the
center slice of baseline images. PSC was measured from
the aforementioned PSC images, and SNR from the sub-
traction images between ascending and descending
acquisitions. Note that the polarity of PSC and SNR rep-
resented perfusion direction; hence, heterogeneity in per-
fusion directions might be reflected in the SD of PSC
and SNR measured within a region of interest. To under-
stand the heterogeneity in perfusion directions better,
both mean and SD of PSC and SNR within each of GM
and WM regions were quantified across subjects.

To gain insight into the evolution of flow spins across
2D bSSFP slices, numerical simulations were performed
based on Bloch equations (26), under the default scan
condition and number of PE steps = 192, T, and T, of
blood = 1550 and 250 msec (13), respectively, and fre-
quency offset = 0 Hz. Flow spins were assumed to expe-
rience RF excitations in an initial slice, move through
the slices with velocity 30, 20, 10, 5, 2.6, and 1.7 cm/sec,
and then to perfuse in the slice of interest. For the flow
spins, start point of RF excitations in the initial slice
was individually determined based on their velocities
such that they arrived at the first following slice at the
beginning of acquisition. Results for various start points
for the flow spins could be inferred from the simulation
results, as described later. The RF excitation profile was
assumed to be ideal.

RESULTS
Simulations
The simulation results are shown in Fig. 2. Flow spins

had oscillatory magnetization in the initial labeling slice
because of RF excitations starting in the middle of data
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FIG. 2. Simulation results for ALADDIN. a: Labeling effects of flow spins with various velocities in sequential 2D bSSFP imaging. The
diagrams represent transverse and longitudinal magnetizations of flow spins that experience even or odd numbers of RF excitations in
an initial labeling slice (slice 0) and then move through the following slices (slices 1, 2, and 3) with no further RF excitations. The mag-
netizations at the vertical broken lines represent the initial magnetizations of flow spins in the following slices. b: Magnetizations of the
flow spins as a function of RF excitations in the three following slices. The results were separately displayed for flow spins with even
number and with odd number of RF excitations in the previous labeling slice. Perfusion contrast is the signal differences between the

static and flow spins.

acquisition. After moving out of the slice, they showed
T,-related decay and T,-related recovery for transverse
and longitudinal magnetizations, respectively, consistent
with the previous study (26). Because of the oscillatory
characteristics, the flow spins contributed to signals of
the following slices in a manner that is different between
those with even number and odd number of RF excita-
tions in the initial labeling slice (Fig. 2a). In the follow-
ing slices, the initial longitudinal magnetization of the
flow spins contributed to the perfusion contrast, whereas
the initial transverse magnetization led to the oscillatory
characteristics even after experiencing the 10 dummy PE
steps especially in the first following slice (Fig. 2b).

When signals from the spins with even and odd numbers
of excitations in the labeling slice were averaged, overall
contributions of the flow spins to perfusion signals did
not change significantly with flow velocity in the follow-
ing slices. During the acquisition of each slice, as the
number of RF excitations experienced by the spins
increased to 48, 96, 144, and 192, the average magnetiza-
tion difference (hence, perfusion contrast), respectively,
decreased to 79%, 62%, 49%, and 39% of the initial dif-
ference (right after the 10 dummy PE steps). In this
sense, centric PE order would provide higher perfusion
signals than linear PE order. Note that ~40% of the per-
fusion contrast persists even after all 192 PE steps (when



Brain MR Perfusion-Weighted Imaging With ALADDIN

1583

FIG. 3. Demonstration of effects of alternating slice gradient polarities for ALADDIN. Data were acquired with phase oversampling of
100% from one representative subject. a-d: Baseline images acquired with positive slice gradient (a,b), negative slice gradient (c,d),
and with ascending (a,c) and descending (b,d) orders. e, f: Subtraction images between ascending and descending orders with oppo-
site gradient polarities to compensate for MT asymmetry. The two subtraction images still show artifactual signals due to field inhomo-
geneity and/or gradient imperfection, which is further compensated by averaging the two images as shown in g. Note that the image g
can also be calculated as subtraction between an averaged image from ascending order (a,c) and that from descending order (b,d).
Images in e-g have the same intensity scale. The arrow in e represents the region of cingulate gyrus, where artifacts due to inhomoge-

neous magnetic fields exist.

phase oversampling was 100%). Flow spins that started
RF excitations in the labeling plane at a time different
from the simulation would contribute to the following
slices in the almost same manner with slightly different
T, recovery and T, decay (hence, initial magnetizations)
than the simulation results.

In the other point of view, perfusion signals in the
multiple following slices can be viewed as superposition
of perfusion signals in a slice from multiple prior label-
ing planes. When all the velocity components and six
prior slices were considered, the perfusion signals from
the first, second, third, and fourth prior slices were 44%,
25%, 15%), and 9% of total signals from all the six prior
slices. In this sense, >90% of ALADDIN signals in a
slice would be from the four prior slices.

Demonstration of ALADDIN Perfusion-Weighted Imaging

The four different types of ALADDIN acquisitions could
compensate effects of MT asymmetry, field inhomogene-
ity, and gradient imperfection, as demonstrated in Fig. 3.
The baseline images of the four types were visually
indistinguishable (Figs. 3a—d). The subtraction between
the two datasets with opposite gradient polarities (Figs.

3e and f{) still showed inhomogeneous signals including
bright artifactual signals around the regions of cingulate
gyrus (arrow in Fig. 3e), cortical surface regions, and
outer regions, presumably due to field inhomogeneity,
chemical shift, and/or gradient imperfection. Finally,
these artifactual signals could be suppressed by combin-
ing the four datasets as shown in Fig. 3g. All the remain-
ing ALADDIN images in this article are shown as combi-
nation of the four datasets.

Number of PE Step-Dependent Studies

Depending on phase oversampling, three to five slices on
each side of the imaging group were affected by transient
MT effects and incomplete T; recovery and hence were
discarded as dummy slices. In axial images, most GM
ALADDIN signals were observed in the perfusion images
of “feet — head,” in agreement with conventional meth-
ods. When phase oversampling was 0% (number of PE
steps = 96), large vascular signals were enhanced (top
row in Fig. 4). When phase oversampling increased,
these vascular signals were reduced (middle and bottom
rows in Fig. 4), consistent with the previous ASL study
(6). With phase oversampling, signals in WM regions
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decreased in perfusion images of “feet — head” but
increased in those of “head — feet” (Fig. 4), which was
reflected in the increased PSC deviation in WM (Table
2). Overall SNR values decreased with phase oversam-
pling (Table 3), presumably due to increased number of
RF excitations between the start of acquisition and the
K-space center portion. Some big venous vessels such as
sagittal sinus vein were detectable as bright spots in the
perfusion images of “head — feet”, regardless of phase
oversampling (Fig. 4).

Number of Slice- and Gap-Dependent Studies

When phase oversampling was 100%, the ALADDIN sig-
nals in the center slice acquired with number of slices =
9 and 3 were about 90% and 20% of those acquired with
number of slices = 15 (Tables 2 and 3; Fig. 5). The
results showed that 90% of ALADDIN signals in a slice
with 192 PE steps were determined by the four prior sli-
ces, consistent with the simulation results. The contribu-
tion of the first prior slice (20%) was slightly lower than

Park and Duong

FIG. 4. Number of PE step-de-
pendent experiments for ALAD-
DIN. Images were acquired with
phase oversampling of 0, 100,
and 200% and corresponding
number of PE steps of 96, 192,
and 288 (top, middle, and bot-
tom rows, respectively) from the
same subject shown in Fig. 3.
The perfusion directions are indi-
cated on the left. Total scan time
was almost the same (3 min). As
number of PE steps increased,
large vascular signals were
reduced and directional hetero-
geneity increased especially in
WM.

that from simulation (44%), presumably due to short
times for perfusion (as shown with bright vascular sig-
nals in Fig. 5¢). Flow artifacts in large arteries were con-
sistently observed regardless of number of slices (arrow-
heads in Fig. 5), while they were not observable in the
corresponding baseline images. When phase oversam-
pling was 0% (number of PE steps of 96), about 80% of
signals were from the four prior slices (Tables 2 and 3).
Note that when phase oversampling was 0 and 100% the
time for acquisition of one slice was ~400 and 800 msec,
respectively, and the average postlabeling delay from the
four prior slices was ~600 and 1200 msec, respectively.
When gap between slices was reduced, ALADDIN sig-
nals significantly increased overall and some regions had
signals with opposite polarity, especially in WM (top
row in Fig. 6a). This directional heterogeneity was dem-
onstrated with increased spatial variance in ALADDIN
signals measured within GM and WM (see SD values in
Tables 2 and 3). PSC measured in the center slice from
the phantom with short T; was 0.0 = 0.1% for all three
gap values and that from the phantom with long T, was
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Mean and SD of Percent Signal Change (PSCyean and PSCgp) Measured Over GM and WM Regions in ALADDIN Images

and PASL Images

GM WM
Experiment Variable PSCwmean (%) PSCsp (%) PSCuean (%) PSCsp (%)
Labeling efficiency PHOS 0% 1.0 £ 0.1 1.8+ 04 0.5 = 0.1 0.8 = 0.0
PHOS 100% 1.0 £ 0.1 1.9 +03 0.4 = 0.1 0.9 = 0.1
PHOS 200% 0.7 = 0.2 1.9 £ 0.2 0.3 = 0.1 1.1 £ 0.1
No. of labeling planes with PHOS 0% # slice 15 0.9 = 01 1.6 £ 0.5 0.5+ 0.0 0.8 = 0.0
# slice 9 0.7 = 0.1 1.5+ 05 0.3 = 0.2 0.8 = 0.0
# slice 3 0.2 = 0.0 1.0 £ 0.2 0.0 = 0.0 0.6 = 0.0
No. of labeling planes with PHOS 100% # slice 15 1.1 £ 01 2.0*=0.2 0.5+ 0.0 0.9 = 0.1
# slice 9 1.0 £ 0.1 2.0+ 0.1 0.6 = 0.3 0.9 = 0.1
# slice 3 0.2 = 0.1 1.4 £ 01 0.0 £ 0.2 0.8 = 0.0
Flow velocities with PHOS 0% Gap 140% 0.9 = 0.1 1.6 £ 0.5 0.5+ 0.0 0.8 = 0.0
Gap 80% 1.2 £ 01 19 +04 0.5+ 0.0 1.2 +03
Gap 20% 14 =02 3.2 +04 0.6 £ 0.7 3.1+08
Flow velocities with PHOS 100% Gap 140% 1.1 £ 041 2.0+ 0.2 0.5+ 0.0 0.9 = 0.1
Gap 80% 1.2 £0.2 2.4+ 0.1 0.7 x 04 1.1 +04
Gap 20% 1.6 =04 46 *+05 0.7 = 0.7 3.0*+1.2
Postlabeling delay with centric PE order PID 200 msec 1.5 x0.2 21 =04 0.2 = 0.2 1.1 £0.0
PID 700 msec 0.8 02 1.5 +03 0.1 £ 0.3 0.8 = 0.0
PID 1200 msec 0.4 = 0.1 14 =06 0.1 = 0.1 0.7 = 0.1
PASL (N = 6) 0.4 + 0.1 0.2 = 0.0 0.1 = 0.1 0.1 = 0.1

PHOS represent phase oversampling. All the values are measured from the center slice of each imaging group and are given as mean

+ SD across subjects.

0.1 = 0.4, 0.1 * 0.2, and 0.0 * 0.2% for gap value of
140%, 80%, and 20%, respectively, of slice thickness
(middle and bottom rows in Fig. 6a). The excitation pro-
file of the RF pulse indicated that crosstalk effects might
contribute to the ALADDIN signals except the scans with
140% gap (7 mm) (Fig. 6b). However, the ALADDIN sig-
nals in phantom images were mostly suppressed and

Table 3

some residual signals in the phantom with longer T,
were not dependent on gap (bottom row in Fig. 6a), in
contrast to the in vivo data (top row in Fig. 6a). These
results imply that crosstalk effects of static spins might
not be the major source of the increased ALADDIN sig-
nals with the reduced gap, although the differences in
frequency distributions between the phantoms and the

Signal Mean and SD to Noise Ratio (SNRyean and SNRsp) Measured Over GM and WM Regions in ALADDIN Images

and in PASL Images

GM WM

Experiment Variable SNRuean SNRsp SNRuean SNRsp
Labeling efficiency PHOS 0% 4.8 = 0.9 10.8 = 3.6 1.9 04 3.0 0.6
PHOS 100% 39 *+07 9.8 +28 1.2 +03 25+0.2
PHOS 200% 27+ 0.6 8.8 +2.0 0.7 £ 0.3 27+04
No. of labeling planes with HOS 0% # slice 15 42 = 0.6 8.7 = 3.2 1.7 £ 0.1 24 =04
# slice 9 3.3+ 0.6 8.3 = 3.1 0.9 * 05 28 +0.2
# slice 3 1.2 £ 01 53*+13 0.0 £ 0.2 23+0.2
No. of labeling planes with PHOS 100% # slice 15 4.4 = 0.7 11.7 = 1.8 1.3 £0.2 2.6 0.2
# slice 9 3.8+ 04 10.4 = 0.8 1.2 +03 24 +0.2
# slice 3 0.8 =12 76 1.0 -0.2 = 0.1 23 *+0.2
Flow velocities with PHOS 0% Gap 140% 42 = 0.6 8.7 = 3.2 1.7 £ 0.1 24 +04
Gap 80% 52 * 0.3 9.8 +24 1.6 = 0.1 32+04
Gap 20% 5.6 = 0.7 144 £ 25 14 17 6.7 = 1.4
Flow velocities with PHOS 100% Gap 140% 4.4 = 0.7 11.7 = 1.8 1.3 £0.2 2.6 0.2
Gap 80% 45+ 0.7 11511 1.3 +03 3.7+04

Gap 20% 5212 15.9 £ 0.9 0.9 * 0.3 8.9 1.1
Postlabeling delay with centric PE order PID 200 msec 7.2 *0.9 99 +1.2 0.5 * 0.8 3.7 £ 0.2
PID 700 msec 43+ 0.9 7914 05=*1.2 3.4 +03
PID 1200 msec 27+ 0.6 7.9 £33 0.6 * 04 32*+05
PASL (N = 6) 72*19 3.8+ 05 27+13 27+13
(14.4 = 3.9) (7.6 = 1.0 (5.4 £2.7) (5.4 =27

PHOS represent phase oversampling. SNR values for PASL were converted to the values with the same scan resolution as ALADDIN,
and the parentheses represent the original SNR values before the conversion. All the values are measured from the center slice of each

imaging group and are given as mean * SD across subjects.
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FIG. 5. Number of slice-dependent experiments for ALADDIN. Data were acquired with phase oversampling of 100% from a subject dif-
ferent from Figs. 3 and 4. “SL’ represents total number of slices and the images are from the center of each imaging group. Perfusion
signals were relatively preserved between SL of 15 (a) and 9 (b), but was significantly reduced when SL = 3 (c). Arrowheads represent

flow artifacts. See text for details.

in vivo brains were taken into account. Nonetheless, all
the other studies were performed with gap of 140% of
slice thickness to ensure no crosstalk effect.

Centric PE Order for ALADDIN

PSC and SNR were higher in datasets with centric PE
order (PID = 200 msec) than linear PE order (Fig. 7a and
Tables 2 and 3), consistent with the simulation result.
Flow artifacts were also reduced in the centric PE order
(arrowheads in Fig. 7a). However, ALADDIN with the

Gap = 140% (7mm)
F>H H>F

o~

Gap = 80% (4mm)
F=H

centric PE order was not stable in two out of the five
subjects, where signal asymmetry between hemispheres
or signal void was observed in four to five slices out of
nine slices (not including dummy slices). Also the cen-
tric PE order showed wave-like artifacts around regions
of large arteries. Linear PE order showed much more sta-
ble signal performance with fewer dummy PE steps in
overall brain regions, despite the lower sensitivity.

As PID increased, perfusion signal decreased through-
out GM regions (Fig. 7b and Tables 2 and 3). When PID
= 700 msec, signals with opposite polarity increased in

Gap = 20% (1mm)

FIG. 6. ALADDIN signals as a
function of gap. a: Gap-depend-
ent experiments for ALADDIN
performed for in vivo (top row)
and two uniform phantoms: one
with T; and T, of 110 and 75
msec (middle row) and the other
with T; and T, of 4000 and 500
msec (bottom row). The center
slice of each imaging group
acquired with gap of 140% (7
mm), 80% (4 mm), and 20% (1
mm) is shown in left, middle,
and right columns, respectively.
All the datasets were acquired
with phase oversampling of
100%. The in vivo data (a) were
from a subject different from
Figs. 3-5. b: Experimentally
measured excitation profile of

the RF pulse. Gray bar above
the profile represents the actual
thickness (5 mm) and broken
lines represent boundary of spa-
tial regions in consideration of

the three gap values.
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FIG. 7. Centric PE order for
ALADDIN. a: Data acquired with
linear (top) and centric (bottom)
PE orders with phase oversam-
pling of 200% from a subject dif-
ferent from Figs. 3-6. Centric PE
order shows higher signals than
linear PE order. Arrowheads rep-
resent flow artifacts. b: Images
acquired with various interslice
PID times for centric PE order
and an image acquired with lin-
ear PE order from a subject dif-
ferent from Figs. 3-6 and 7a.
Note the scale is different from
the previous in vivo images
shown in Figs. 3-5.

some regions, especially in WM, and further increased in
the images with linear PE order (Fig. 7b). These observa-
tions were visually consistent in the three subjects with
stable ALADDIN signals, although the effects were not
big enough to be reflected in the quantifications (Tables
2 and 3).

Comparison of ALADDIN with PASL

The PSC from ALADDIN were higher than that from
PASL by 2.5 times or more (Table 2). The PSC value of
PASL in GM is relatively consistent with that from the
previous study (12). Mean SNR (SNRyjean) 0of ALADDIN
was mostly lower than that of PASL, except the centric
PE order with PID = 200 msec (Table 3). However, SD of
SNR (SNRsp) of ALADDIN was mostly higher than both
SNRpean @and SNRgp of PASL (Table 3). The high signal
heterogeneity within GM and WM regions of ALADDIN
might represent the perfusion directional heterogeneity
within the regions. Although SNR of PASL might be
increased by ~15% by reducing TR from 4 to 3 sec and
increasing number of averages accordingly, the trend for
SNR would be similar. To visually compare the perfu-
sion images from ALADDIN and PASL (top and bottom
rows in Fig. 8) in the same resolution, four neighboring
square pixels in ALADDIN images were averaged (mid-
dle row in Fig. 8). In terms of GM/WM contrast, the
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down sampled ALADDIN images and the PASL images
were visually similar. The EPI-based PASL images
showed spatial distortion and signal dropouts due to
susceptibility effects, whereas ALADDIN perfusion-
weighted images showed virtually no distinguishable
spatial distortion but signal voids in the regions of band-
ing artifacts (arrows in Fig. 8). Flow artifacts in ALAD-
DIN were suppressed in the down sampled images
(arrowheads in Fig. 8). Also rim-like bright signals were
observed in ALADDIN images in the distal brain regions
(two rightmost images of top and middle rows in Fig. 8).
CSF signals distinguishable from the baseline images
were bright in some regions but not discernible or dark
in other regions of ALADDIN images.

Sagittal and Coronal ALADDIN Perfusion-Weighted
Images and MT Asymmetry Signals

There was a change in perfusion direction in the sagittal
and coronal ALADDIN images (Figs. 9 and 10). Perfusion
in GM was mostly from brain center to lateral, anterior,
or posterior, as expected. Perfusion in some WM regions
was opposite, i.e., from lateral, anterior, or posterior to
brain center. These observations were consistent for all
the six subjects with phase oversampling of 0 and 100%.
Large blood vessels not discernable in the corresponding
baseline images were clearly detectable throughout brain
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regions in images acquired with phase oversampling of
0% (N = 3) but were reduced in images acquired with
phase oversampling of 100% (N = 3; Figs. 9 and 10),
consistent with the axial imaging (Fig. 4). Perfusion in
GM and WM of cerebellum was clearly detectable in the
sagittal and coronal images with the same perfusion
direction as those in the cerebral regions (Figs. 9
and 10).

In contrast with the directional changes in the sagittal
and coronal ALADDIN perfusion-weighted images (Figs.
9 and 10), the polarity of MT asymmetry signals along
all three scan directions did not change throughout brain
regions. The flow artifacts observed in ALADDIN axial
perfusion-weighted images (Figs. 5, 7a, and 8) were also
not observable in the MT asymmetry signals.

FIG. 9. Sagittal ALADDIN perfu-
sion images acquired with phase
oversampling of 100% from the
same subject shown in Fig. 6a.
The upper images are those rep-
resenting perfusion from right to
left and the lower images from
left to right. Both the upper and
lower images are continuously
displayed from right (R) to left
(L). Perfusion in most GM region
is from medial to lateral,
whereas in some WM regions it
is from lateral to medial. Total
number of slices including the
dummy slices on each side was
19 and total scan time was 4.6
min.

R>L
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FIG. 8. Comparison of ALADDIN
(top and middle rows) with PASL
(bottom  row). Data were
acquired with phase oversam-
pling of 100% from the same
subject shown in Fig. 5. The
images shown in the middle row
are reconstructed by averaging
four neighboring square pixels in
the ALADDIN images (top row)
so that the resulting images had
the same resolution as PASL.
Arrows represent regions of
banding artifacts. Arrowheads
represent flow artifacts, which is
reduced in the down sampled
images (middle row).

DISCUSSION AND CONCLUSION

ALADDIN is a new perfusion-weighted imaging technique
that requires no separated spin preparation. ALADDIN has
a few more distinctive characteristics compared with the
previous ASL methods. First, ALADDIN has high sensitiv-
ity to tagged spins from both slow- (1-10 cm/sec) and fast-
moving (>10 cm/sec) blood. The reduced gap values ena-
ble to label blood vessels with velocity even <1 cm/sec
and to further reduce T, recovery of labeled blood spins.
Sensitivity of bSSFP to longitudinal magnetization differ-
ences and presence of multiple labeling planes proximal
to imaging planes contribute to the perfusion contrast of
ALADDIN. All these characteristics of ALADDIN compen-
sated the lower labeling efficiency and provided us with
high-resolution multisectional perfusion-weighted images
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FIG. 10. Coronal ALADDIN per-
fusion images acquired with
phase oversampling of 100%
from the same subject shown in
Fig. 7a. The upper images are
those representing perfusion
from anterior to posterior and
the lower images from posterior
to anterior. Both the upper and
lower images are continuously
displayed from anterior (A) to
posterior (P). Perfusion in most
GM region is from center to an-
terior or posterior, whereas in
some WM regions it is opposite.
Total number of slices including
the dummy slices on each side
was 19 and total scan time was
3.6 min.

Perfusion: A=>P
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in ~3 min. Second, we can acquire directional perfusion
information with multiple slices, which has been uncom-
mon in the previous methods. Images with different scan
directions in ALADDIN provide completely differential
perfusion information because of changes in labeling
direction, as shown in the sagittal and coronal ALADDIN
images. Third, it is possible to investigate perfusion char-
acteristics in regions with long blood transit time (e.g.,
WM) including its directionality because of short distance
between labeling and imaging planes. Fourth, there is vir-
tually no limitation in in-plane scan resolution or number
of slices, while these are limited by a certain time window
in the previous ASL methods.

RF excitation in bSSFP corresponds to the control part
of pCASL (12,13). However, the contrast mechanism of
ALADDIN is completely different from that of pCASL.
The pCASL method uses flow-driven adiabatic inversion
for labeling and partial saturation from alternating RF ex-
citation phases for control. Short TR (~1 msec) is essen-
tial for pCASL to minimize aliasing in labeling slices for
flow spins. The pCASL technique is likely sensitive to
fast-moving blood (>10 cm/sec) because of relatively
long distance between labeling and imaging planes.
ALADDIN uses partial saturation of flow spins for label-
ing and no saturation of flow spins for control. This par-
tial saturation is likely less sensitive to TR values. Pres-
ence of multiple labeling planes proximal to imaging
planes makes ALADDIN sensitive to both slow- and fast-
moving blood. In terms of postlabeling delay, ALADDIN
is a mixture of ~0, 800, 1600, and 2400 msec when

1589

phase oversampling was 100%, whereas pCASL has only
one postlabeling delay time of ~1500 msec. In pCASL,
the flow-driven adiabatic inversion is achieved in the
presence of an average nonzero gradient along slice-
select direction (12,13), whereas the average gradient
along all three directions is zero in bSSFP. Therefore,
fast low-angle shot sequence with high flip angle may be
a good alternative to bSSFP for ALADDIN in terms of
labeling efficiency.

Wong et al. (27) proposed a technique called velocity-
selective ASL (VSASL) and there are similarities and dif-
ferences between VSASL and ALADDIN. VSASL labels
blood spins within a selected velocity range in a spa-
tially nonselective way, whereas ALADDIN labels blood
spins with a minimum velocity determined by interslice
gap in a spatially selective way. VSASL can provide
directional perfusion information based on changes in
direction of velocity encoding gradient (28). ALADDIN
also provides directional perfusion information but
based on changes in labeling direction. Therefore,
ALADDIN may provide directionality of local blood sup-
ply in each voxel that is different from the VSASL-based
method (28).

There are several factors that potentially contribute to
higher PSC in ALADDIN. Sensitivity to blood in a wider
velocity range (especially slowly moving blood) might
increase PSC. As pCASL showed ~60% higher PSC than
PASL (12), the semicontinuous labeling nature of
ALADDIN might contribute to the higher PSC to a cer-
tain degree. Also centric PE order showed much higher
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PSC than linear PE order in ALADDIN; hence, relatively
short postlabeling delay of ALADDIN compared with
PASL might also contribute to the higher PSC.

The transverse magnetization from the flow spins
caused oscillation in the slice of interest (Fig. 2b); hence,
it potentially caused flow artifacts in the resulting
images. Because of the oscillation, the artifacts would be
different between centric and linear PE orders, consistent
with the results in Fig. 7a. As the artifacts were observ-
able in neither the corresponding baseline images nor
MT asymmetry signals, they would not be from imper-
fect flow compensation along the PE direction.

Inflow effects also contribute to ALADDIN signals.
Most labeled spins with inflow effects in the imaging
plane are presumably from the first prior slice because of
the longer postlabeling delay from the slices acquired
earlier. Because signals from the first prior slice were
~20% of total signals, contributions of the inflow effects
to ALADDIN signals would be <20%.

Venous blood can be labeled and detected in ALAD-
DIN. Contributions of labeled venous blood to ALADDIN
signals in large veins were visually distinguishable
(images of “head — feet” in Fig. 4), because venous
blood drains into larger vessels rather than perfusing
into tissue. Labeled venous blood in smaller veins might
reduce ALADDIN signals through partial volume effects,
because its flow direction is opposite to that of arterial
blood.

ALADDIN is likely more sensitive to CSF flow than
any other ASL techniques because of short distance
between labeling and imaging planes. ALADDIN signals
in some large CSF regions were affected by CSF flow.
The rim-like bright signals in the distal brain regions
(Fig. 8) could be from CSF or large surface blood vessels.
However, the polarity of ALADDIN signals in most GM
regions along all the three imaging directions matches
blood perfusion direction (rather than net CSF flow
direction). Also peak CSF velocity in cerebral aqueduct
ranges 3-9 cm/sec, but the averaged velocity within a
cycle of 650 msec duration ranges 0.1-1 cm/sec because
of bidirectional movement (29). Therefore, contributions
of smaller CSF regions to ALADDIN signals may not be
significant. Acquisition of ALADDIN signals free of CSF
contributions may be possible with inversion recovery.

In this article, signal sources of ALADDIN has been
investigated in an indirect way by analyzing all the
potential signal sources other than perfusion, i.e., tran-
sient MT, MT asymmetry, interslice crosstalk, magnetic
field inhomogeneity, venous blood flow, and CSF flow.
As mentioned above, the contributions of venous blood
flow and CSF flow would be visually distinguishable or
relatively small. In this study, the polarity of MT asym-
metry signal that is not dependent on scan direction sup-
ports good separation of ALADDIN perfusion signals
from MT asymmetry signals.

As the number of dummy PE steps decreased, the sta-
bility of centric PE order became worse (data not shown).
This result implies that the instability of centric PE order
is related to the unstable initial magnetization period,
during which signal variations over repetitions may also
be high. Centric PE order may be more susceptible to the
instability, as the K-space center portion rather than the
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edge portion is acquired during the unstable initial pe-
riod. To satisfy both the sensitivity of centric PE order
and the stability of linear PE order, ALADDIN datasets
may be acquired with (i) partial Fourier, where the K-
space center lines are acquired at an earlier time point or
(ii) a specific K-space reordering scheme, where the K-
space center part is acquired earlier than the K-space
edge part while maintaining linear PE order in each
part (30).

The WM ALADDIN signals with opposite polarity
were enhanced in dataset acquired with centric PE order
and effective PID of ~700 msec and in dataset acquired
with linear PE order and phase oversampling of 200%
(Fig. 7b). Note that the K-space center lines were
acquired ~600 msec after the start of acquisition for the
linear PE order. Based on these results, perfusion in WM
is likely related to labeling duration and blood transit
time (postlabeling delay of ~600 msec when gap was 7
mm). Further study is necessary to better understand the
characteristics of WM perfusion in terms of perfusion
direction and the delayed enhancement.

Disadvantage of ALADDIN is low temporal resolution.
The technique requires combination of the four datasets
and dummy slices on each side of the imaging group.
The former may make the technique susceptible to sub-
ject motion or physiological noise. Increased delay time
between repetitions may be in favor of reducing the
number of dummy slices because of more complete re-
covery of magnetization in edge slices. Also banding arti-
facts in bSSFP are problematic but are easier to identify
than distortion and susceptibility artifacts in EPI and
may be removable with multiple phase cycling
approaches (31-33). Quantitative prediction of signal
change in ALADDIN requires the knowledge of blood ve-
locity distributions; hence, more complicated physiologi-
cal and mathematical modeling may be needed. The
modeling would be an important step toward estimation
of absolute blood perfusion in ALADDIN.

ALADDIN requires no additional hardware and is eas-
ier to implement than any other ASL techniques. In
addition to gap, number of PE steps, and PE order men-
tioned above, there are many other factors that affect
ALADDIN perfusion signals such as RF flip angle and
duration, TR, slice thickness, and scan resolution, all of
which can be further optimized. Based on all these char-
acteristics, ALADDIN is potentially valuable in many
clinical, physiological, and neurological studies. Further
studies are necessary to confirm signal sources of ALAD-
DIN to investigate directional perfusion information in
each voxel, quantify absolute perfusion values in con-
ventional units (ml/100g/min), compare bSSFP with
other sequences including fast low-angle shot, and com-
pare optimized sensitivity of ALADDIN with that of con-
tinuous ASL (6-11) and pCASL (12-14).
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