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Usefulness of Post-labeling Delay for the
Assessment of Bright Vessel Appearance
by Arterial Spin Labeling

Taishi Chiba,” Hayato Suzuki,? Suguru Yamaguchi,? and Katsuhiro Nishino?

Objective: This study was performed to clarify the differences in blood flow strength, blood vessel diameter, and post-
labeling delay (PLD) by physical experiments, and to examine whether bright vessel appearance (BVA) can be observed
by arterial spin labeling (ASL).

Methods: We introduced simulated blood flow (25 cm/sec, 12.5 cm/sec) using a specially made phantom of fixed tubes
in a plastic container. At each speed, we scanned at several points of PLD using ASL imaging. We measured the signal
in the tube to obtain a signal intensity (SI). We revised the T1 level from the S| and obtained Sl ;4. We used Sl With
normal perfusion measured from obtained clinical images by ASL and compared it with Sl ;..

Results: In tubes with a narrow inner diameter, the signal slightly decreased. S| also decreased under slow flow
compared with fast flow. At each flow rate, Sl,..q Significantly exceeded Slegc-

Conclusion: PLD distinguishes spin in brain tissue from 1525 msec to 2525 msec, and it can be observed. As spin
signal decreases when the flow rate is slow, attention is necessary for observation. Assessment at PLD1525-2525 msec

where normal perfusion was obtained suggested that BVA can be observed.
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| Introduction

Several studies have reported the efficacy of endovas-
cular treatment in acute ischemic stroke (AIS) patients
with over 6 hours after the onset through satisfactory
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case selection for mechanical thrombectomy.? These
randomized controlled trials also suggested the impor-
tance of perfusion image-based condition assessment.
The importance of MRI, which non-invasively pro-
vides perfusion images, in AIS treatment has been
emphasized.

A method of obtaining non-contrast-enhanced perfusion
images using MRI, arterial spin labeling (ASL), has been
routinely applied in the field of brain disease. It is also useful
for AIS patients.> In the process of ASL, a specific waiting
time until brain tissue perfusion, known as post-labeling
delay (PLD), is established using water molecules (spin) in
blood as a tracer, and perfusion images are obtained.

When cerebrovascular occlusion or stenosis is present,
spin perfusion to the brain tissue is delayed, and the resid-
ual spin is detected as high signal intensity (SI) in blood
vessels. This can be observed on original images, suggest-
ing the presence of a collateral pathway or site of occlusion
in AIS patients. This is termed bright vessel appearance
(BVA).o®

However, on ASL, cerebral spin accumulation differs
even at the same PLD due to differences in blood flow
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intensity, and the SI of the brain tissue on original images
differs; therefore, the signal-to-noise ratio (SNR) changes.
This change influences BVA observation, but the detailed
relationship remains to be clarified. Similarly, no study has
investigated the relationship with PLD, which changes the
apparent SNR, using a physics experiment.

In this study, we clarified differences in visualization
related to blood flow intensity, vascular diameter, or PLD
on ASL using a physics experiment, and examined an opti-
mal PLD for obtaining blood flow/brain parenchyma con-
trast that facilitates the detection of BVA.

Principle of ASL

ASL is an imaging technique to obtain perfusion images in
the absence of contrast enhancement using MRI. In this
procedure, blood is magnetically labeled with radiofre-
quency (RF) in the cervical region and used as an intrinsic
tracer to examine intracerebral distribution after a specific
time (Fig. 1).

The waiting time from spin labeling until perfusion is
expressed as PLD. A satisfactory PLD in adults with brain
disease is reportedly approximately 1.5 seconds. How-
ever, aging-related delay in the interval until blood flow
reaches the brain tissue prolongs the PLD for obtaining
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normal perfusion images; therefore, imaging must be per-
formed, establishing the PLD as 2 or 2.5 seconds.”

Based on the original images obtained on ASL, a cerebral
blood flow (CBF) map is prepared through background-
signal-suppression treatment and CBF calculation.!” For
CBEF signal changes in the brain, a compartment model is
applied,') but changes in spin signals depend on the T1
relaxation of protons.” In experimental systems, cerebral
circulation is not considered, and, as a signal formula, a
sequence-dependent, fast-spin-echo-based theoretical for-
mula (1) is used.'>!?

Signal = PD X (1—eCTRTD) x e-TET2) (1)

In the above formula, TR refers to the repetition time,
TE refers to the echo time, and PD refers to proton density.

1 Subjects and Methods

Blood flow simulation method using a phantom
and imaging conditions

As a phantom for this verification, three extension tubes
measuring 100 cm in length were used to measure ASL sig-
nals (inner diameter: 2.2 mm [Nipro, Osaka, Japan], inner
diameter: 1.9 mm [Medikit, Tokyo, Japan], and inner diam-
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Fig. 1 ASL overview. ASL applies labeling pulse and then collects signals after the PLD to obtain per-
fusion images. The state of original images differs depending on the intensity of blood flow in
each patient. If signals are collected with delayed perfusion to brain tissue, spin remains in the
blood vessel and results in BVA. ASL: arterial spin labeling; BVA: bright vessel appearance;

PLD: post-labeling delay
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Fig.2 (A)Phantom and (B) experimental system. (A) Plastic con-

tainers have three different inner diameters. Fill the sur-
rounding area with PVA gel. (B) Arrangement of MRI,
phantom, and injector in the experimental system. Run two
types of simulated blood flow using tap water. PVA: polyvinyl
alcohol

eter: 1.1 mm [Nipro, Osaka, Japan]). These tubes were
fixed in the U shape using styrofoam in a square plastic
container measuring 12 cm X 12 cm X 4.8 cm such that a
portion of each tube was parallel at the center of the con-
tainer and their empty space was filled with polyvinyl alco-
hol (PVA) gel.

For blood flow simulation, the tube end was connected
with an injector and tap water was infused. Tap water was
placed in a 60-mL syringe and continuously infused using
the drip function of the injector during imaging (Fig. 2).
The rate of infusion was established as 25 cm/sec by set-
ting the infusion pressure as 1 mL/sec using a 4-mL tube
measuring 100 cm in length, and as 12.5 cm/sec by setting
the infusion pressure as 0.5 mL/sec. The two rates of infu-
sion were fixed, assuming a low flow velocity in the range
of flow velocity at which labeling efficiency is assured:
10-100 cm/sec.!?

On imaging, axial plain of the tube course at the center
of the container was adopted, and the extent of imaging
exceeded the size of the container. ASL was performed
while changing PLD with the diameter of each tube to each
rate of infusion.

Imaging conditions were established as follows: 3D
ASL (pCASL), PLD: 1,025, 1,525, 2,025, 2,525, 3,025
msec, field of view: 240 mm, slice thickness: 4.0 mm,
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repetition time: Auto (4948 msec), echo time: 10.5 msec,
points: 512, arms: 8, number of signals averaged: 2, and
band width: 62.5 kHz.

The following devices were used: MRI: Signa Explorer
1.5T ver.25.1, 16-channel NV Head coil (GE Healthcare
Japan, Tokyo, Japan), and Injector: Sonic Shot 7 (Nemoto
Kyorindo, Tokyo, Japan).

Sl-measuring method and definition of Sl and
Slissue

On the original images obtained on ASL, the regions of
interest (ROIs) were set at 6 signal points “cephalic/cen-
tral/caudal in the outflow/inflow directions,” and the mean
value of 3 points on the side of stronger SI in the outflow/
inflow directions was calculated. We measured the SI by
randomizing the order of measurement when the flow
velocity and vascular diameter were clear. At each PLD,
the SI was measured/calculated twice on different days,
and the mean value was regarded as SI (Fig. 3).

Tap water was placed for 24 hours under the same envi-
ronment as an MRI system was installed. The T1 value was
measured using the inversion recovery method, producing
a value of 727 msec.

The SI value measured was converted to the SI of blood,
as described below. The T1 value of tap water was con-
verted to that of blood (SIy;,.q). The T1 value used for con-
version at this point was 1400 msec. The process of
obtaining a conversion formula (2) is shown below:

ST, 10 SI after correction, SI,: Theoretical SI of blood
obtained using Formula (1), SI,: Theoretical SI of tap
water obtained using Formula (1), SI: Value measured
based on the ROI in the experiment, PD,: Proton density of
blood, PD,,: Proton density of tap water

Slyjeeq = (SI, / SI,)) X SI

{PD, x (1 — e-TR/1400)) ¢ g(-TE/T20) }
= {PDW % (1 — @(-TR/T1 value of tap water)) x e(-TE/T2w) }X ST

The TE is markedly small and its influence can be
ignored. In addition, the difference in proton density
between the two materials is small, and there may be no
marked influence.

((1 — eCTR1400)

= (1 _ e(—TR/Tl value of tap water))) xSl

ST % ((l _ e(—TR/1400))
(1 — e(*TR/Tl value of tap water)))

2)

Slhioed =

Furthermore, the SI of the tissue on original ASL images
on which normal perfusion was obtained among clinical
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Fig. 3 Placement of the region of interest. (A) When measuring the signal on the tube, ROIs are placed at six
points, with three points each on the outflow side and the inflow side. (B) The average value is calcu-
lated by measuring brain tissue at six points, including left, right, back, middle, and forward, in an image
in which contrast enabling normal perfusion to be observed is obtained. ROIs: regions of interest
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Fig. 4 Graphs of Sl and Sl;,,q and Sl (A) Slin 25 cm/sec. (B) Sl in 12.5 cm/sec. (C) Relationship of Sl . With the Sljege in
25 cm/sec. (D) Relationship of Sl .4 With the Sl in 12.5 cm/sec. Behavior of T1 palliation is shown in A and B. As shown
in graphs C and D, BVA can be observed because the value of Sl is significantly higher than that of Sl. The spin sig-
nal and the background signal approach each other according to prolongation of PLD, and the spin signal value decreases
at a low flow rate. BVA: bright vessel appearance; PLD: post-labeling delay; Sl: signal intensity
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images was measured, and defined as the SI of the cerebral
parenchyma, as described below. At the level of the basal
ganglia, the SI was measured at 6 points “anterior/central/
posterior on the left and right sides,” and the mean value
was calculated. These values were randomly measured in
20 patients each at three PLDs of 1525, 2025, and 2525 msec,
and the mean value was regarded as Sl and used as a cut-
off value for isolation from the brain tissue. As PLDs of 1025
and 3025 msec are insufficient for tissue perfusion in adults,'¥
patients with these values were excluded.

Verification method and statistical analysis

For verification, the SI obtained on ASL at two simu-
lated blood flow velocities was compared among the three
tubes at five PLDs. Furthermore, the SI,,,q and S, were
compared among the three tubes at three PLDs at two sim-
ulated blood flow velocities, assuming blood vessel-cere-
bral parenchyma signal contrast on clinical images.

For statistical analysis, we used the open-source free
software R. The r-squared value by exponential approxi-
mation of the SI value was calculated. To compare the
Sliieoa and Sl..,» Wilcoxon’s signed-rank test was used
and significance was tested.

| Results

Graphs of the SI, SI and SIy,,.q are shown (Fig. 4). The
SI demonstrated attenuation approximate to an exponent,

tissue>

T1 relaxation.

In all tubes, the SI at 12.5 cm/sec was lower than that at
25 cm/sec, and it decreased according to the prolongation
of PLD. When the inner diameter of a tube was thin, there
was a slight decrease in the SI. Furthermore, the Sl
decreased according to the prolongation of PLD. The Sljy.q
significantly exceeded the Sl at 12.5 and 25 cm/sec.
Furthermore, the difference between the Sl . and Slj;y.q
decreased according to the prolongation of PLD at 25 cm/

sec in comparison with that at 12.5 cm/sec.

| Discussion

When PLD was prolonged, the SI decreased, suggesting
that spin signals become similar to background noise when
PLD is prolonged and that spin signals decrease when the
vascular diameter is thin.

On ASL at the situation of AIS, the affected side is visu-
alized as hypoperfusion, and spins remaining in blood ves-
sels in the region have a high contrast with the periphery.®?

Usefulness of PLD for the Assessment of Bright Vessel Appearance by ASL

However, the SI of the brain tissue in which perfusion is
maintained increases in comparison with the state of
hypoperfusion depending on the degree of collateral path-
way development or site of occlusion. When the collateral
pathway involves an area adjacent to the above brain tis-
sue, the SI of the brain tissue is approximate to the intra-
vascular SI during spin observation on ASL, in which
spatial resolution is low; it may be impossible to differenti-
ate the former from the latter. We changed the PLD at each
blood flow velocity and found that it is possible to observe
spins while differentiating them from the brain tissue. The
SI at 25 cm/sec was higher than that at 12.5 cm/sec. This
was possibly because the absolute volume of magnetized
spins increased. Furthermore, when the flow velocity was
relatively fast, the difference between the Sl and Sly;.q
decreased according to the prolongation of PLD, suggest-
ing that the prolongation of PLD makes spin observation
difficult. When the flow velocity was slow, the SI of spins
was approximate to that of the tissue at all PLDs, making
differentiation difficult.

On time-of-flight magnetic resonance angiography
(MRA), blood flow remaining in the scanning range for a
long interval, such as retrograde or slow blood flow, may
not be visualized.'>!9 Therefore, this procedure may not be
appropriate for visualizing leptomeningeal anastomosis,
which reflects a collateral pathway. On the other hand, ASL
may facilitate observation of a collateral pathway in the
acute phase.'”'” Furthermore, there is no dependency on
blood flow direction based on the principle of the imaging
procedure and the SI of the whole brain can be visualized.
Thus, this study suggested that it is possible to observe sig-
nals, which may be useful for the assessment of collateral
pathways in AIS patients.

In this study, the SI of the brain tissue at PLDs of 1525,
2025, and 2525 msec, at which a contrast facilitating obser-
vation of normal perfusion was obtained, was compared
with that of spins. The latter was significantly higher, sug-
gesting that BVA observation is possible. Thus, collateral
pathway spins may be recognized as high SI even on slices
of the perfusion-maintained tissue adjacent to a collateral
pathway in the case of AIS. Furthermore, spin signals
became approximate to background signals according to
the prolongation of PLD and the SI of spins decreased at a
slow flow velocity, suggesting that BVA should be care-
fully examined in the presence of PLD prolongation or
slow blood flow. In addition, as images are compared with
normal perfusion images, it is necessary to select a patient-
factor-matched optimal PLD for imaging in clinical
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practice. If these are applied, ASL may facilitate the assess-
ment of a collateral pathway that cannot be observed on
MRA.

As a limitation, this was a physics experiment and spin
signals do not reflect the SI on clinical images. Further-
more, the SI of the background cerebral parenchyma was
not compared with that of simulated blood vessels in the
same experimental system; therefore, the direct signal ratio
was unable to be examined. In addition, simulated blood
flow was steady, differing from pulsating flow in vivo. Sig-
nals may be averaged by the length of the imaging time,
but the results cannot be compared using the experiment.
Results similar to those in clinical practice may be obtained
by matching the simulated blood flow velocity to the accu-
rate velocity of a collateral pathway.

| Conclusion

This study suggested that ASL, in which a PLD for obtain-
ing normal perfusion was established, facilitates BVA
observation on original images at PLDs of 1525, 2025, and
2525 msec. The optimal PLD-established ASL during MRI
facilitated observation of a collateral pathway in patients
with AIS.
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