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Abstract

Objective To optimize the delays alternating with nutation for tailored excitation (DANTE) pulse as a vascular crushing
gradient to eliminate macro-and micro-vascular signals and to generate a macrovascular space-related map by applying
DANTE with multiple conditions.

Materials and methods Numerical simulation was performed to estimate the optimal flip angle (FA) of the DANTE. A phan-
tom study was conducted to evaluate the impact of the FA and gradient area (GA) of the DANTE with three flow velocities
and various parameters of the DANTE. Finally, an in vivo study was performed to assess the optimal DANTE parameters
and to map the estimated macrovascular signal of the arterial spin labeling (ASL) signal.

Results Numerical simulation revealed that the decrease of magnetization plateaued at 12.5° of FA. The phantom study
showed that the setting of larger FA or GA decreased the ASL signals. The decrease of the ASL signal depended on the flow
velocity, and the dependence increased with decreasing GA. The in vivo study revealed that larger FA and GA decreased
the perfusion signal.

Discussion An optimized DANTE makes it possible to efficiently suppress the macro-and-micro vascular signals depending
on the flow velocity. Moreover, macrovascular signal mapping may be useful to assess altered hemodynamic states.

Keywords Magnetic resonance imaging (MRI) - Arterial spin labeling (ASL) - Perfusion - Cerebral blood flow (CBF) -
Quantification

Introduction

Arterial spin labeling (ASL) is a noninvasive method for
evaluating brain perfusion, which allows quantitative meas-
urement of the regional cerebral blood flow (rCBF) [1-3].
ASL has been widely used in magnetic resonance imaging
(MRI) examination for various brain diseases, such as cer-
ebrovascular disease and brain tumors [4-6].

In ASL perfusion imaging, it is well known that the sig-
nal from the label remains in larger arteries at the time of
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imaging causing a vascular artifact as a high signal intensity
[7-10]. This artifact reduces the accuracy of quantification
of the arterial transit time (ATT) and rCBF when the ATT
is longer than the post-labeling delay time [11]. Therefore,
it is necessary to clarify the differences between the ASL
signals originating from a large vessel and those originating
from the microvasculature, for measuring the rCBF accu-
rately [11].
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The use of vascular crusher gradients after labeling
pulse or motion-sensitized T,-preparation module has
been reported as a signal suppression method due to spin
remaining in the larger arteries [12]. Recently, Matsuda
et al. reported that the vascular signal is more uniformly
reduced with the use of the delays alternating with nuta-
tion for tailored excitation (DANTE) preparation pulse than
with motion-sensitized driven-equilibrium [13]. However,
the optimal conditions for applying DANTE to ASL perfu-
sion imaging have not been investigated. Theoretically, it
has been reported that the DANTE can change the degree
of suppression of vascular signal by changing the flip angle
(FA) [14]. In addition, the vascular signal can be suppressed
not only by the use of the FA but also the strength of the gra-
dient pulse. Therefore, it is necessary to optimize DANTE
by adjusting these parameters to suppress vascular signals
in ASL imaging effectively.

In addition, we hypothesized that applying DANTE to the
labeled spins could suppress not only macrovascular but also
microvascular signals. The flow velocity of labeled spins
should dynamically vary from macrovasculature to extravas-
culature. It was reported that the average blood flow veloc-
ity of the basal ganglia and semiovale center were 4.6 cm/s
and 0.63 cm/s, respectively [15]. The flow velocity of the
capillary bed was reported as 0.2-5.0 mm/s [16]. When
the macro-and micro-vascular signals in labeled spins are
eliminated using DANTE with flow velocity dependence, the
extravascular signal can be discriminated. Theoretically, the
rCBF measured based on the extravascular-spin-dominated
signal should be close to the rCBF measured using positron
emission tomography rather than the rCBF measured by
ASL signal from all labeled spins, since rCBF measurement

in PET is performed with extravascular distribution of the
tracer [17].

Moreover, we hypothesized that the macrovascular sig-
nal-related map can be generated using multiple ASL images
with DANTE at multiple suppression conditions depending
on flow velocity. Macrovascular signal mapping may be use-
ful to obtain information regarding regional macrovascular
signals, which likely decreases during a compromised perfu-
sion state due to up-stream vascular stenosis.

The purpose of this study was to optimize the flow crush-
ing gradient used in the DANTE module for efficiently elim-
inating macro-and micro-vascular signals and to generate a
macrovascular signal-related map using ASL images with
DANTE.

Materials and methods

All images were obtained on a 3.0 T MRI (Discovery
MR750; GE Healthcare, Milwaukee, WI, USA) with a
32-channel phased-array head coil. The study protocol was
approved by the institutional review board of the University
of Fukui.

The ASL sequence and DANTE preparation module are
shown in Fig. 1. The radio frequency (RF) pulse train of
the DANTE was a rapid series of low FAs with nonselec-
tive RF pulses and gradient pulses [14]. The DANTE was
applied between the last two background suppression pulses
of the ASL sequence [13]. The FA of the DANTE changed
its polarity alternatively. The gradient of the DANTE was
applied in the static magnetic field direction along with the
direction of the blood vessel in the brain. Moreover, the

Fig.1 Schematic diagram of the (a)
arterial spin labeling sequence BS BS BS BS
(a) and the delays alternating DANTE
with nutation for tailored excita- RF pulse Acquisition
tion (DANTE) pulse module Label/Control Control/Label Label/Control module (fast spin echo spiral)
(b). The DANTE module was 1 | 1 1 [ | | R
inserted between the last two > fe— time
background suppression pulses 4000 ms 200 ms
(BS) -
700 ms
(b) +a -a +a -a ’
RF —‘ —‘ H H
RF pulse train length = 200
1.0ms
Gz / / \ / \
«—>
80 us
200 ms
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gradient of the DANTE was adjusted by the gradient area
(GA) defined by multiplying gradient strength and dura-
tion. The applied parameters of the DANTE were as fol-
lows: RF pulse duration, 100 ps; dead time from the end of
the gradient pulse to the DANTE, 80 ps; the time interval
between successive RF pulses, 1.0 ms; and the number of the
DANTE REF pulses, 200. In this study, all perfusion images
were acquired using pseudo-continuous labeling with three-
dimensional (3D) fast spin-echo with a spiral acquisition.

Numerical simulation

To estimate the optimal FA of the DANTE, static and flow-
ing magnetization after applying the DANTE were simulated
using the equations reported by Li et al. [14], considering
the following parameters: 7 value of static tissue, 1200 ms;
T, value of blood, 1600 ms; the time interval between suc-
cessive RF pulses, 1.0 ms; the number of DANTE, 200; and
FAs of DANTE, 0°-30°.

The longitudinal magnetization for static spin (M,, ) was
estimated from the following equation:

Mn,z = Elll,app (Mini,z - Mpss,z) + Mpss,z’ 1)
where M;; - and M, . are the initial and pseudo-steady state

longitudinal magnetization for static spin, » is the number of
DANTE. E, ,,, is the an apparent 7 decay over two periods
of DANTE pulses for tissue (E| ,,,), which is estimated from
the following equations:

E = <_TR/ Tl,tissue>’ )

E\app = \/Ef cos? a — E, cos 0 sin” a, 3)

where 6 shows the generalized precession angle, which is the
phase angle between the nth RF pulse and the magnetization
immediately before this pulse. a is the FA of the DANTE
pulse. Finally, the longitudinal magnetization for static spin

(M .) was calculated using the following equation:
(1 +E, cosa)(l —El)
Mpss,z = 1— E2 MO’ (4)

Lapp

where M, is equilibrium magnetization.
Next, the longitudinal magnetization for flowing spin
(M, ) was estimated from the following equations:

Mn,z = EY,appZ (Mini,z - Mss,z) + Mss,Z’ (&)
where E, ., is an apparent 7' decay over two periods of
DANTE pulses for flowing spin, which is estimated from
the following equations:

—TR
E1 = e( / Tl,arteiral blood) , (6)

E\ o2 = Ey cOsa. (7

The longitudinal magnetization for flowing spin (M )
was finally calculated using the following equation:

__(1-£)
" 1—E cosa

M,. @®)

$8,2

Details of the derivation of the formulas for the estima-
tion of flowing spin are described elsewhere [14]; however,
it should be noted that derivation of the equation which esti-
mates the flowing spin assumes complete loss of coherence
during the DANTE pulses.

Thereafter, the theoretical phase shift induced by the flow
velocity in each experimental condition was calculated and
compared with that used for the 3-dimensional gradient and
spin echo (3D GRASE) sequence in a previous report [14].
Additionally, the phase shift from off-resonance in static
spins was calculated.

Phantom study

The perfusion phantom, which consists of labeling, perfu-
sion, and a pump section, was used (FUYO Corporation,
Tokyo, Japan). Figure 2 shows the schematic of the perfu-
sion phantom used in our study. The labeling section was
made of silicon tubes with a diameter of 3.0 mm. The perfu-
sion section was composed of three urethane densities with

Labeling
plane | . .
maging region
Water P g ..... g ...... g ................
Tissue area
Pump Tissue area
Tissue area
\
Urethane
Tank
&=

Fig.2 Schematic of the perfusion phantom, which consists of labe-
ling and imaging sections. There are tissue areas with different den-
sities of urethane (0.80+0.16, 1.2+0.16, and 1.6+0.16 holes/mm).
The arterial spin labeling images were acquired with three flow veloc-
ities in the tissue area. The flow velocities immediately after entering
the tissue area were 2.0, 4.2, and 5.7 cm/s
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different number of holes per length (0.80+0.16, 1.2+0.16,
and 1.6 +0.16 holes/mm), to change the flow velocity of the
perfusion section.

To evaluate the impact of the FA and GA of the DANTE,
ASL images were obtained with three flow velocities and
various parameters of the DANTE using the perfusion
phantom. The flow settings for the perfusion phantom and
parameters of the DANTE were as follows: flow velocity
in the imaging area: 2.0, 4.2, and 5.7 cm/s; FA: 0°-15° at
5-degree intervals; GA: 0-20 ps T/m at 5 ps T/m intervals,
respectively. The imaging parameters of the ASL were as
follows: labeling duration, 4.0 s; post-labeling delay time,
700 ms; field-of-view, 240 x 240 mm?; sampling points, 512;
arms, 7; number of excitations, 1; receive bandwidth, 976.6
Hz/pixel; repetition time (TR), 6184 ms; echo time (TE),
10.5 ms; slice thickness, 4.0 mm; number of slices, 38 slices.
The proton density weighted images without labeling and
DANTE were acquired at the same imaging settings. The
relative signal intensity was calculated by the dividing the
signal intensity at each GA setting by that at a GA of 0
ps T/m; these were compared across all DANTE and flow
velocity conditions.

In vivo study

Ten healthy volunteers (mean age 42.9 years; age range
23-56 years) were enrolled. All volunteers provided writ-
ten informed consent. To assess the optimal DANTE param-
eters, ASL images of the volunteers were obtained with and
without the DANTE under the same conditions as the phan-
tom study.

The AM, which was the percent signal change between
label and control in each tissue, in all imaging settings were
calculated by dividing ASL images with proton density
weighted images using MATLAB (MathWorks, Natick,
MA). The AM with each DANTE condition was measured
in each arterial territory, anterior cerebral artery (ACA),
middle cerebral artery (MCA), and posterior cerebral artery
(PCA), in all images of the volunteers. We selected images
widely covering each arterial territory. The regions of inter-
est were manually drawn on each image using ImageJ 1.50
(National Institutes of Health, Bethesda, MD). Since the
relationship between FA and apparent 7, value of mov-
ing spin was described by second order function [14], we
assumed that the decrease for AM at larger FA could be
fitted by a quadratic function. Since this reduction of AM
should be directly associated with the flow velocity and
the amount of microvascular signal, the coefficient of the
quadratic term can be characteristic of the decrease in signal
associated with the degree of the flowing spin. Therefore,
mapping the quadratic term coefficient of the AM signal
may reveal the relative microvascular signal. To assess the
ratio of the AM decrease associated with increased FA at
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a GA of 10 ps T/m, the coefficient of quadratic term was
calculated by the fitting of a quadratic function using AM
with FAs of 0°, 5.0°, 7.5°, 10°, 12.5°, and 15°. The fitting
was performed on a pixel-by-pixel basis for all image in all
volunteers. Thereafter, we compared the average coefficient
of quadratic term between the arterial territories on the map
in all volunteers. Each region of interest of the arterial terri-
tory was the same as that drawn for the measurement of AM.

Statistical analysis

Statistical analysis was performed to identify significant dif-
ferences between the coefficient of quadratic term of AM
in each arterial territory using the Friedman test with post
hoc Dunn’s multiple comparison tests using the Prism 6.0
(GraphPad Software, Inc., La Jolla, CA). A p value <0.05
was considered significant.

Results
Numerical simulation

Figure 3 shows the results of the numerical simulation,
which was calculated under the assumption that the flowing
spin completely lost its coherence. The results of numerical
simulation revealed that the magnetization of flowing spins
decreased with larger FA. The decrease in the magnetization
plateaued at a FA of 12.5°. The magnetization of the static
spins was constant at a FA of more than 5.0°. From both
results, the contrast between the static spin and flowing spin
was high and steady at FAs of more than 12.5°.

Table 1 demonstrates the number of bandings the moving
spins go through in each condition based on the parameters
of DANTE and on the flow velocities. Table 2 demonstrates
the off-resonance effects of the static spins for each DANTE
condition.

1.0 Static spins
e P

0.5 ™ Contrast
(Static spins - flowing spins)

Magnetization

/Flowing spins

0.0 }.°°

0 5 10 15 20 25 30
Flip angle (degree)

Fig.3 The results of numerical simulation. The magnetization of
moving spins decreased with larger flip angles (FAs). The decrease
in the magnetization of moving spin was plateaued at a FA of 12.5°
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Table 1 Additional phase shift due to the moving spin for each DANTE condition

Relative suppression
per total RF pulse

(%)

Relative

Number of Flip angle (°)

rotations

Grad area Time between  Flow Number of Additional
RF pulses

(ps T/m)

Gradient
duration

(ps)

Gradient
strength
(mT/m)

phase shift

(%)

phase

velocity
(cm/s)

RF pulses (ms)

(radian)

170

41.6

12.5

638
1277

6386

4012.8

200

0.5

10

10 1000

Our parameter

8025.7
40,128.3

12,773
25,547

80,256.7

10
20

160,513.3

100

100

15

1532
3065
15,328
30,656
61,313

9630.8
19,261.6
96,308.0

192,616.0
385,232.0

72

0.5

12

2000

6

Previous report [14]

10
20

#The suppression effect was calculated using Eq. (5) in the text (7; = 1600ms)

Phantom study

The phantom study showed that the ASL signals decreased
with larger FAs for all the flow velocities, except in 5 pus T/m
of GA at a flow velocity of 2.0 cm/s (Fig. 4). By increasing
the setting of GA to 5-10 ps T/m, the difference in relative
signal intensities corresponding to the flow velocity was
increased. When GA was increased to > 15 ps T/m, the dif-
ference in relative signal intensities corresponding to the
flow velocity decreased. The relative signal intensity was
observed to decrease with large values of FA for all settings
of GA.

At fast flow velocities, the difference in ASL signals at
each GA tended to decrease. However, with a flow velocity
of 5.7 cm/s, the ASL signal with GA of 20 ps T/m decreased
less than those with GAs of 10 and 15 ps T/m.

In vivo study

In the in vivo study, AM tended to decrease with large FA
and GA in all arterial territories (Fig. 5), which was similar
to the association of flow velocity with the FA of RF and GA
of DANTE parameters, according to the results of the phan-
tom study. However, particularly in the PCA region, when
GA was> 15 ps T/m and FA > 12.5°, standard deviation
of the AM increased (Fig. 5c). The representative in vivo
ASL images obtained by applying the DANTE with various
FAs at GA of 10 ps T/m are shown in Fig. 6. It was clearly
observed that the AM was reduced with larger FAs. The
coefficient of quadratic term of AM for each vascular region
is shown in Fig. 7. The coefficient of quadratic term of the
vascular regions of the MCA and ACA were significantly
higher than that of the PCA (p=0.002, and 0.022, respec-
tively). Figure 8 shows the representative maps of the coef-
ficient of quadratic term of AM for young and elderly adults
(25 and 56 years old, respectively).

Discussion

The results of this study demonstrated that the DANTE at
optimal conditions could effectively decrease the signal
intensity in flowing spins that remained in the blood vessels.

The results of the numerical simulation showed that the
theoretical signal intensities of static and flowing spins were
constant when the FA was larger than 12.5°, and the suppres-
sion efficiency of the flowing signal had not changed despite
increasing the FA further. These results are consistent with
those of a previous study [14]. However, the numerical simu-
lation did not consider the flow velocity; thus, we conducted
a phantom experiment to investigate the dependency of flow
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Table 2 The off-resonance phase shift of the static spin for each DANTE condition

Gradient strength Gradient dura-  Grad area Time between RF  Difference of =~ Number of Resolu-
(mT/m) tion (ps) (ps T/m) pulses (ms) Hz (Hz) rotations tion
(mm)
Our parameters 10 1000 10 1 0.0 0.0 0
8025.7 8.0 1
16,051.3 16.1 2
24,077.0 24.1 3
32,102.7 32.1 4
40,128.3 40.1 5
48,154.0 48.2 6
56,179.7 56.2 7
1 1000 1 1 0.0 0.0 0
2 2 6420.5 6.4 4
3 3 9630.8 9.6 4
4 4 12,841.1 12.8 4
5 5 16,051.3 16.1 4
6 6 19,261.6 19.3 4
7 7 22,471.9 22.5 4
Previous report [14] 6 2000 12 2 0.0 0.0 0
4815.4 9.6 1
9630.8 19.3 2
14,446.2 28.9 3
19,261.6 38.5 4
24,077.0 48.2 5

velocity for suppressing the ASL signal, and to optimize the
GA and the FA more thoroughly for applying DANTE to
ASL imaging.

With regards to the application of the vascular suppres-
sion scheme in the perfusion of ASL, the primary DANTE
parameters should be carefully considered. To strengthen the
vascular suppression scheme, an increase in the number of
RF and GA pairs or an increase in FA or gradient moment
could be selected. Selection of the former pair may lead
to an effective reduction of PLD, hence lowering the sig-
nal-to-noise ratio, whereas higher GA values may induce a
comparatively larger eddy current effect, possibly leading to
inhomogeneity of the perfusion signal [13]. If larger FA val-
ues are used, a stronger vascular suppression can be achieved
but may result in a more T'-weighted contrast of the per-
fusion image. Therefore, there is a tradeoff between these
conditions on the extent of vascular suppression achieved.

We calculated the theoretical phase shift induced by flow
velocity in each experimental condition and compared them
to that used for the 3D GRASE sequence [14] (Table 1). By
comparing the number of bandings in the calculated phase
shift, we could predict the suppressive effect of flow spins
since the flow spins traveling through these bandings may
lead to the loss of their phase coherence. In addition, this
may predict the extent of signal loss in the slow-moving

@ Springer

spins in each DANTE condition. Moreover, due to the calcu-
lated off-resonance phase shift induced in each experimental
DANTE condition, we could confirm that the selected set-
ting could prevent the occurrence of banding artifacts for
static spins (Table 2).

The results of the phantom study showed that an optimal
setting of the DANTE could effectively decrease the spin
signals under slow flow velocity conditions. The ASL sig-
nal intensity in the phantom decreased as the flow velocity
increased. For larger FAs and GAs, the ASL signal inten-
sity decreased further. Moreover, when the GA exceeded 15
ps T/m, the difference in relative signal intensities decreased
depending on the flow velocity. Although the signal intensity
showed a tendency to decrease with larger FA and GA val-
ues, the signal intensity obtained using the perfusion phan-
tom did not reach a plateau despite using the largest value
of FA. This is possibly due to the use of water instead of
arterial blood as the flowing fluid (the 7, value of water is
more prolonged than that of arterial blood in vivo).

The in vivo study showed that larger GAs and FAs
showed a tendency to decrease the relative signal intensity
in all arterial territories. These results were similar to those
of the phantom study. The relative signal intensities of all
arterial territories were suppressed to 60% using a GA of 10
ps T/m and an FA of 12.5° for DANTE. Zhou et al. reported
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Fig.4 The results of the phantom study. The relative signal intensities were decreased for a larger flow velocity. The flow velocity dependence
decreased as the gradient area (GA) increased. For larger flip angles and GAs, the relative signal intensities were decreased
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Fig.5 The relationship between the relative signal intensity and flip angle (FA) for different gradient areas (GAs) in the middle, anterior, and
posterior cerebral artery territories, respectively (a—c)

that the microvasculature signal comprised of approximately
40% of the ASL signal at the end label period. The ASL
signal originating from static brain tissue made up 60% of all
ASL signals [18]. The AM we obtained by applying DANTE
under optimal conditions was consistent with their report.

Moreover, in all arterial territories, the relative signal
intensity did not decrease linearly with an increase in FA
at a GA more than 10 ps T/m for DANTE. For large values
of FA and GA, although the value of AM was closer to the
plateau due to the complete suppression of the moving spins
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Fig.6 Representative AM
images in an elderly adult (56
years old) with different flip
angles (FAs) and gradient area
of 10 ps T/m. It is observed that
the AM is decreased with larger
FAs

Elderly adult (56 years old)

15000

p=0.002
p=0.022

10000

——

=

—I
5000 I__L_,

=

ACA PCA

coefficient of quadratic term (A.U.)

MCA

Fig.7 The result of the coefficient of quadratic term calculated from
AM with multiple flip angles. The coefficient of quadratic term of the
AM in the posterior cerebral artery (PCA) territory was significantly
smaller than those of the middle (MCA) and anterior cerebral artery
(ACA) territories

by DANTE, the standard deviation had increased. This may
be because the large values of GA and FA caused a decrease
in the image uniformity or signal-to-noise ratio due to the
inhomogeneity of B, and eddy currents [11, 12].

Therefore, to uniformly suppress the ASL signal from the
arterial vascular spin, the use of a larger GA over 15 ps T/m
should be avoided. From these results, we determined that
the optimal conditions for FA and GA were 12.5° and 10
ps T/m, respectively. Therefore, it was considered that the
optimized DANTE pulse aids in efficiently and uniformly
suppressing the microvascular signal, depending on the flow
velocity.

We assumed that high flow signals from macro- or micro-
vascular regions could easily lead to a loss in coherence,
and that relatively slower flow signals from the tissue com-
partment may be retained as perfusion signal even after the
DANTE suppression scheme. Figure 6 showed that the loss
of the large perfusion signal was apparent with an initial
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increase of FA in certain surface areas of the brain, such as
the insular and frontal sulci, where relatively higher flow
signals were expected. Moreover, the high value shown in
Fig. 8 clearly corresponded with the anatomical macro-vas-
cular path on the surface of the brain, since large coefficient
values of the quadratic term revealed an early loss of signal
with a corresponding increase of FA.

In the in vivo study, the coefficients of the quadratic
term of ACA and MCA territories were significantly higher
than that of PCA. Theoretically, the quadratic term coef-
ficient calculated by multiple ASL images with different
suppression strengths for blood vessel spins using DANTE
should represent macrovascular spins at the location. This
is because the decrease in ASL signal correlates with mov-
ing spins in the area. Therefore, our results indicate that the
quadratic term coefficient of PCA was smaller than those of
the MCA and PCA and indicates that macrovascular spins
in the PCA territory was larger than that in other arterial
territories. However, the coefficient of the quadratic term
may be not always a significant value to represent the mac-
rovascular signal due to the non-linear relationship between
the FA values and relative signal intensity. It is well known
that the flow velocity of the PCA is slower than that of the
ACA and MCA [19]. Therefore, the labeled spins in the PCA
macrovascular space may be larger than other regions. The
significant differences in the coefficient of quadratic term
between the PCA and other arterial territories in our study
corresponded to those of previous reports [19, 20]. There-
fore, the macrovascular signal map of labeled spins may be
useful for assessing changes in the hemodynamic state.

Our study has several limitations. First, the sample size
was small and included healthy volunteers. Second, the
clinical effectiveness of the macrovascular signal map was
not evaluated in this study. In the future, this evaluation
will be needed for patients with cerebrovascular disease,
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Young adult
(25y.0.)

Elderly adult
(56 y.0.)

Fig.8 Representative coefficient of quadratic term maps for young
and elderly adults (25 and 56 years old, respectively) in each arterial
territory for the in vivo study. Particularly, the coefficient of the quad-
ratic term in the level of the anterior cerebral artery (ACA, such as
shown in the right column) and middle cerebral artery (MCA, such

such as cerebral infarction, moyamoya disease, and inter-
nal carotid artery occlusion.

Third, the DANTE pulse was only applied in the direc-
tion of the static magnetic field (B,). Theoretically, the
movement of the labeled spins in different directions to the
B, cannot be suppressed. However, majority of the labeled
spins in blood vessels have a velocity component in the B,
direction, which travels towards the top of the head when
the DANTE pulse is applied. Therefore, we believed that
applying the DANTE pulse only in the direction of By, is
effective to suppress the vascular spins. If the DANTE
pulse is applied along the other two orthogonal directions
perpendicular to the B, a more suppressed vascular signal
may be obtained; however, they may cause inhomogene-
ity in the DANTE pulse and prolong the imaging time.
Therefore, the DANTE pulse was only applied along the
direction of the B as described in other reports [14].

Finally, the flow velocity of the phantom study at the
perfusion section was set to 2—5 cm/s. This setting was
larger than the DANTE’s cutoff velocity of 2-3 mm/s.
Since our phantom could not build a stable condition with
an extremely slow flow, we could not measure or confirm
the signal change in these conditions. In the future, more
detail control of the extremely slow flow velocity would
be needed to evaluate the dependency of the flow velocity.

In conclusion, an optimized DANTE makes it possible
to efficiently suppress the macro-and micro-vascular sig-
nals depending on the flow velocity. Moreover, the mac-
rovascular signal mapping of labeled spins may be useful
to assess the altered hemodynamic state.

(‘N"V) wJs} onjedpenb Jo Jusioeo)

as shown in the middle column) territories are different in each adult.
These differences may indicate that labeled spins have different flow
velocity characteristics depending on the region of the brain and on
the subject. PCA: posterior cerebral artery
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