Neuroradiology (2018) 60:255-265
https://doi.org/10.1007/500234-017-1969-x

DIAGNOSTIC NEURORADIOLOGY

@ CrossMark

Transit time corrected arterial spin labeling technique aids to overcome
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Abstract

Purpose This study aimed to evaluate the usefulness of transit time corrected cerebral blood flow (CBF) maps based on multi-
phase arterial spin labeling MR perfusion imaging (ASL-MRP).

Methods The Institutional Review Board of our hospital approved this retrospective study. Written informed consent was
waived. Conventional and multi-phase ASL-MRPs and dynamic susceptibility contrast MR perfusion imaging (DSC-MRP)
were acquired for 108 consecutive patients. Vascular territory-based volumes of interest were applied to CBF and time to peak
(TTP) maps obtained from DSC-MRP and CBF maps obtained from conventional and multi-phase ASL-MRPs. The concor-
dances between normalized CBF (nCBF) from DSC-MRP and nCBF from conventional and transition time corrected CBF maps
from multi-phase ASL-MRP were evaluated using Bland-Altman analysis. In addition, the dependence of difference between
nCBF (AnCBF) values obtained from DSC-MRP and conventional ASL-MRP (or multi-phase ASL-MRP) on TTP obtained
from DSC-MRP was also analyzed using regression analysis.

Results The values of nCBFs from conventional and multi-phase ASL-MRPs had lower values than nCBF based on DSC-MRP
(mean differences, 0.08 and 0.07, respectively). The values of AnCBF were dependent on TTP values from conventional ASL-
MRP technique (F'=5.5679, P = 0.0384). No dependency of AnCBF on TTP values from multi-phase ASL-MRP technique was
revealed (F=0.1433, P>0.05).

Conclusion The use of transit time corrected CBF maps based on multi-phase ASL-MRP technique can overcome the effect of
delayed transit time on perfusion maps based on conventional ASL-MRP.
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Introduction imaging (ASL-MRP) has been incorporated as part of se-
quences in acquisition of MR imaging which is increasingly
Due to technical advances in higher magnetic fields with effi-  used in many neuroimaging applications, including acute and

cient spin labeling, arterial spin labeling MR perfusion  chronic cerebrovascular diseases, neoplasms, epilepsy, and
functional MR [1-8]. In ASL-MRP, protons of arterial water

in the feeding vasculature of the brain are magnetically la-
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level without exposing patient to radiation or contrast
media.

However, many factors can generate errors in quantita-
tive estimation of CBF using ASL-MRP. Delayed transit
time is a major source of these errors [3, 9, 10]. Effect of
delayed transit time can occur even in healthy subjects
across the brain. It is stronger in distal branches, especial-
ly in regions between perfusion territories known as
border-zone areas. In addition, in patients with cerebro-
vascular disease, this effect can cause major bias in quan-
titative estimate of cerebral perfusion using ASL-MRP.
Consequently, the differentiation between true CBF im-
pairment and delayed transit time based on conventional
ASL-MRP has been a challenge. Therefore, even though
ASL-MRP has been proven to have potentials to play
major roles in many diseases including cerebrovascular
diseases, clinical implication of ASL-MRP has been dis-
couraged despite its many advantages.

To overcome this bias caused by delayed transit time, ap-
propriate post-labeling delay (PLD) time for variable patients
has been suggested [3, 11]. However, in clinical setting, pre-
sumption for the characteristics of patients prior to diagnostic
approach including imaging and establishment of appropriate
PLD time prior to the acquisition of ASL-MRP are limited.
Even though multiple approaches including the look-locker
technique and velocity-selective method have been introduced
and assessed [12—14], the technical difficulty and limited ac-
cessibility of these techniques have rendered their use
challenging.

Recently, multi-phase ASL-MRP technique (enhanced
ASL technique; General Electric Healthcare, Milwaukee,
WI, USA) has been introduced as a method to correct the
delayed transit time effect. In this technique, perfusion maps
are obtained at seven different PLD times using a modified
Hadamard encoding [15, 16]. The Hadamard encoding was
modified to acquire an additional reference only image. The
multidelay images were used to compute transit time maps
and transit time corrected CBF maps [17].

In the present study, we evaluated the usefulness of transit
time corrected CBF map based on multi-phase ASL-MRP
compared to DSC-MRP.

Methods
Patients

This retrospective study was approved by the Institutional
Review Board of Seoul National University Hospital. The
requirement for informed consent was waived due to its retro-
spective nature.

From August 2014 to July 2015, conventional (single-
phase), multi-phase ASL-MRPs and DSC-MRP were
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acquired for 108 consecutive patients, including those with
acute ischemic stroke (n =16), moyamoya disease (n=42),
atherosclerosis (n =8), underlying malignancy (n=15), and
healthy subjects (7 =37). There were 58 men and 50 women
patients. The mean age of the 108 patients was 56 years
(range, 1887 years). For male patients, the mean age was
54 years (range, 18-87 years). For female patients, the mean
age was 59 years (range, 21-86 years). There was no signifi-
cant (P> 0.05) difference in age between male and female
patients. Among these patients, arterial stenosis in the internal
carotid artery and/or middle cerebral artery and/or anterior
cerebral artery was noted in 34 patients bilaterally and in 27
patients unilaterally.

Perfusion MR imaging

ASL-MRPs and DSC-MRP were acquired sequentially. A 3-T
clinical MR imaging unit (Discovery 750 W; General Electric
Healthcare, Milwaukee, WI, USA) with a 32-channel head
coil was utilized to acquire ASL-MRPs and DSC-MRP.
Prior to the acquisition of ASL-MRP and DSC-MRP, axial
3D spoiled gradient-recalled echo (SPGR) T1-weighted im-
ages (repetition time =10.2 ms, echo time =4.2 ms, flip an-
gle =12°, field of view =24 x 24 cm?, slice thickness = 1 mm)
were acquired as morphological sequences.

The following multi-phase ASL-MRP protocol was ap-
plied to patients: repetition time, 5902 ms; echo time,
11.3 ms; slice thickness, 5 mm; number of averages, 1;
number of slices, 28; readout, 4 spiral arms x 640 sam-
ples; field of view, 24 x 24 cm?; matrix, 128 x 128; and
voxel resolution, 3.8 mm x 3.8 mm x 5.0 mm. A modified
Hadamard encoding technique was used to obtain multi-
phase ASL-MRP images in a time and signal-to-noise
ratio efficient manner [18]. This sequence produced
multi-phase ASL-MRP images at different post label de-
lay times (1.00, 1.22, 1.48, 1.78, 2.15, 2.63, 3.32 s) and
effective labeling durations (0.22, 0.26, 0.30, 0.37, 0.48,
0.68, 1.18 s). From this data, a transit time map was com-
puted using the weighted delay method [17] and conven-
tional ASL-MRP (cerebral blood flow without knowledge
of the transit time) and transit time corrected ASL-MRP
maps were computed [15, 17, 19, 20]. Scan duration was
3 min and 53 s.

The DSC-MRP parameters applied to patients to obtain
axial gradient-recalled-echo images were as follows: repeti-
tion time, 1500 ms; echo time, 30 ms; flip angle, 60°; field
of view, 24 x 24 ¢cm?; matrix, 100 x 100; voxel resolution,
2.4 mm x 2.4 mm x 5.0 mm; slice thickness, 5 mm; number
of excitations, 1; and number of interleaved slices, 19. For
each slice, 60 images were acquired at intervals equal to the
repetition time. After approximately eight time points, a stan-
dard dose of 0.1 mmol/kg body weight of gadolinium-based
contrast agent (Gadovist, Bayer Schering Pharma AG, Berlin,
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Fig. 1 Probabilistic vascular
territory and anatomical structure-
based VOIs. The upper and lower
panels show vascular territory-
based and anatomical structure-
based VOIs. The VOIS for the
cerebellum including the bilateral
cerebella are also shown in the
figure. Partial overlap is noted in
the bilateral ICA territories
around the midline (upper row)

Anatomical structure-based VOIs

Germany) was injected intravenously at a rate of 5 mL/s
followed by a 20-mL bolus of saline at a rate of 5 mL/s using
a power injector (Optistar; Mallinckrodt, St. Louis, MO,
USA). Perfusion maps of relative CBF and time to peak
(TTP) were generated using commercial software Nordic
ICE (NordicNeuroLab, Bergen, Norway). The measured tis-
sue concentration-time curve was deconvolved after eliminat-
ing the effect of contrast agent recirculation by using y-variate
fitting [21]. In addition, the arterial input function was identi-
fied in the intact middle cerebral artery (MCA) for patients
with unilateral occlusion in acute ischemic stroke or unilateral
moyamoya disease and in the posterior cerebral artery branch
at the level of the basal ganglia for patients with bilateral
moyamoya disease. The TTP value was estimated as the in-
terval between the time the contrast agent was administered

Vascular territory-based VOIs

and the time it reached its highest concentration in specific
areas of interest.

Data preprocessing

All images were preprocessed with SPM5 (Wellcome
Department of Cognitive Neurology, University College
London, UK) and custom scripts using MATLAB 7.6.0
(R2008a) (The Mathworks Inc., Natick, MA, USA).

Image preprocessing was performed as follows. (a) For
DSC-MRPs, CBF and TTP maps of each subject were co-
registered to the corresponding 3D SPGR image. First, the
initial gradient-echo images were obtained before the injection
of contrast agent. These images were obtained precisely using
the same positions as the corresponding CBF and TTP maps.

Table 1 General hemodynamic
parameters based on DSC-PWI
and ASL-PWI

VOIs r1CBFDSC TTP (S) nCBFConvcmional nCBFMulli—phasc
ASL-PWI ASL-PWI
ICA territory-based VOIs (n=216) 1.11+0.08 8.46+5.63 1.04+0.09 1.04+£0.09
Stenotic group (n=95) 1.12+0.08 9.30+5.78 1.03+0.09 1.04+£0.09
Non-stenotic group (n=121) 1.11+£0.06 7.80+5.42 1.05+0.08 1.05+£0.08
Anatomical structure-based VOIs 1.12+0.53 11.76+2.48 1.08+0.38 1.06£0.35
(n=17344)
Stenotic group (n =3230) 1.12+0.53  11.86+2.65 1.07+0.38 1.07+£0.36
Non-stenotic group (n=4114) 1.12+0.53  11.70+2.35 1.08+0.38 1.06£0.35

Data are expressed as mean values + SD
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However, they had more anatomical details than CBF maps
and TTP maps themselves. The initial gradient-echo images
were co-registered to the 3D SPGR T1-weighted images and
transformation matrix was obtained. The same transformation
matrix was applied for co-registration of CBF and TTP maps.
(b) For ASL-MRPs, CBF maps based on conventional ASL-
MRP and multi-phase ASL-MRP of each subject were co-
registered to the corresponding 3D SPGR image. Initial raw
ASL-MRP images before arterial spin labeling taken in exactly
the same position as the corresponding CBF maps with more
anatomic details than the CBF maps themselves were co-
registered to the 3D SPGR Tl-weighted images.
Transformation matrices were then obtained. The same

Vascular territory-based VOlIs
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Fig. 2 Concordances between nCBF values obtained from DSC-MRP
and ASL-MRP. Bland-Altman plots show the concordances between
the nCBF values from DSC-MRO and nCBF values from conventional
and multi-phase ASL-MRPs. For the vascular territory-based VOlIs, the
values of nCBFs from conventional and multi-phase ASL-MRPs had
lower values than nCBF based on DSC-MRP (mean differences, 0.08
and 0.07, respectively). The differences between nCBFs from ASL-
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transformation matrix was applied to co-register the CBF
map. (c) The 3D SPGR T1-weighted images were segmented
using prior tissue from ethnicity-specific standard template, a
modified version of the Montreal Neurological Institute stan-
dard T1 template for the standard Talairach spaces [22]. (d) The
3D SPGR Tl1-weighted images, CBF and TTP maps from
DSC, and CBF maps from ASL-MRP were then spatially nor-
malized using the ethnicity-specific standard template [23].

Definition of volumes of interest

A total of 71 3D volumes of interest (VOIs) were applied
to spatially normalized CBF and TTP maps using DSC
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MRPs and nCBF from DSC-MRP were similar. For the anatomical
structure-based VOIs, the values of nCBFs from conventional and
multi-phase ASL-MRPs had similar values with nCBF based on DSC-
MRP (mean differences, 0.0 for both). The differences between nCBFs
from ASL-MRPs and nCBF from DSC-MRP showed narrower
distribution in nCBF from multi-phase ASL-MRP than nCBF from
conventional ASL-MRP
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Fig. 3 Regression analysis showing dependence of AnCBF on TTP
determined with DSC-MRP from conventional and multi-phase ASL-
MRP techniques for vascular territory-based VOIs. These figures show
that the dependence of AnCBF on TTP determined with DSC-MRP from
conventional ASL-MRP technique can be overcome by applying the

and CBF maps from conventional and multi-phase ASL-
MRP by a neuroradiologist (TJY with over than 10 years
of experience). The VOIs consisted of two vascular
territory-based VOlIs for internal carotid arteries (ICAs)
and 68 anatomical structure-based VOIs within ICA terri-
tories. An additional VOI for the cerebellum (including
the bilateral cerebellar hemispheres) was used for normal-
ization (Fig. 1). These VOIs were determined according to
the previously described perfusion probabilistic map and
anatomical probabilistic map. [8, 10, 23—26] Extraction of
quantitative CBF value was performed by a neuroradiol-
ogist (TJY, with over than 10 years of experience) using
SPMS5 (Wellcome Department of Cognitive Neurology,
University College London, UK) and MarsBaR toolbox

of the SPM software package.
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multi-phase ASL-MRP technique for vascular territory-based VOls.
Significant dependence of AnCBF on TTP was revealed only in
conventional ASL-MRP for total patients and for those with stenosis.
Note: mpASL, multi-phase ASL

Analysis of perfusion MR imaging data

Because CBF values from DSC-MRP have characteristics
of relativity, additional adjustment is required to compare
CBF values from DSC-MRP and those from ASL-MRP
technique. Therefore, normalized CBF value (nCBF) was
calculated by adjusting CBF values for cerebellar hemi-
spheres as follows:

nCBFror = CBFro1/CBF cerepeitum

In addition, we calculated the difference in normalized
CBF values from DSC-MRP and ASL-MRP (AnCBF) as
follows:

AnCBF = nCBFDsc_MRP—nCBFASL_MRP

@ Springer
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Fig. 4 Regression analysis showing dependence of AnCBF on TTP
determined with DSC-MRP from conventional and multi-phase ASL-
MRP techniques for anatomical structure-based VOIs. These figures
show that the dependence of AnCBF on TTP determined with DSC-
MRP from conventional ASL-MRP technique can be overcome after

Statistical analysis

The concordances between nCBF from DSC-MRP and
nCBFs from conventional and multi-phase ASL-MRPs
were evaluated using Bland-Altman analysis. The depen-
dence of AnCBF on TTP obtained from DSC-MRP was
analyzed using linear regression analysis. In addition, the
same statistical methods were applied for subgroup anal-
ysis (stenotic group and non-stenotic group). Statistical
analyses were performed using commercially available
software ([SPSS, version 12.0 for Windows; SPSS,
Chicago, IL, USA] and [MedCalc, version 9.3.0.0;
MedCalc Software, Mariakerke, Belgium]). Bonferroni-
corrected P values of less than 0.05 were considered sta-
tistically significant for vascular territory- and anatomical
structure-based VOlIs.
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applying multi-phase ASL-MRP technique for anatomical structure-
based VOIs. The significant dependence of AnCBF on TTP determined
with DSC was revealed only in conventional ASL-MRP for total patients
and for those with stenosis, similar to results for vascular territory-based
VOIs (Fig. 3). Note: mpASL, multi-phase ASL

Results

Mean values and SD values for nCBFs from DSC-MRP and
ASL-MRPs are summarized in Table 1.

Analysis of vascular territory-based VOIs

Concordances between nCBF from DSC-MRP and nCBFs
from conventional and multi-phase ASL-MRPs

The values of nCBFs from conventional and multi-phase
ASL-MRPs had lower values than nCBF based on DSC-
MRP (mean differences, 0.08 and 0.07, respectively). The
differences between nCBFs from ASL-MRPs and nCBF from
DSC-MRP were similar (Fig. 2).
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CBFbpsc

Fig. 5 Representative MR images using conventional and multi-phase
ASL-MRP techniques as well as DSC-MRP technique in a patient with
moyamoya disease. CBF map based on conventional ASL-MRP
technique (left column of the upper row, scale unit of
mL 100 g ' min~") shows decreased signal intensity in the left MCA
territory. CBF map based on multi-phase ASL-MRP technique (middle
column of the upper row, scale unit of mL 100 g ' min~') shows
compensated signal intensity in the left MCA territory. Transit time map
based on multi-phase ASL-MRP technique (right column of the upper

Dependence of AnCBF on TTP determined from DSC-MRP

Significant (F'=5.5679, P=0.0384) model emerged for vas-
cular territory-based VOIs when conventional ASL-MRP was
used. The model is shown below:

AnCBF = 0.073 4+ 0.001573 x TTP

However, when multi-phase ASL-MRP was used, signifi-
cant model failed to emerge (F'=0.1433, P>0.05).

For subgroup analysis for VOIs with stenosis (z =95), sig-
nificant (F=4.3331, P= 0.0401) model emerged for vascular
territory-based VOIs when conventional ASL-MRP was used.
The model is shown below:

AnCBF = 0.085 + 0.002168 x TTP

However, for multi-phase ASL-MRP, significant model
failed to emerge (F'=0.2694, P> 0.05).

For subgroup analysis of VOIs without stenosis (n =
121), significant model did not emerge for vascular
territory-based VOIs when conventional or multi-phase
ASL-MRP was used (F=0.1511 and 0.5038, respectively,
P>0.05 for both) (Fig. 3).

TTPDscC
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Transit time
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row, relative value without scale unit) reveals delayed arterial transit time
in the left MCA territory. On the CBF map based on DSC-MRP technique
(left column of the lower row, scale unit of mL 100 gfl min '), decreased
CBEF value is not definite in the left MCA territory. However, the delayed
transit time can be noted in the left MCA territory on TTP map based on
DSC-MRP technique (middle column of the lower row, scale unit of
seconds). MRA (right column of the lower row) shows near total
occlusion in the left proximal MCA. Note: mpASL, multi-phase ASL

Analysis of anatomical structure-based VOIs

Concordances between nCBF from DSC-MRP and nCBFs
from conventional and multi-phase ASL-MRPs

The values of nCBFs from conventional and multi-phase
ASL-MRPs had similar values with nCBF based on DSC-
MRP (mean differences, 0.0 for both). The differences be-
tween nCBFs from ASL-MRPs and nCBF from DSC-MRP
showed narrower distribution in nCBF from multi-phase
ASL-MRP than nCBF from conventional ASL-MRP (Fig. 2).

Comparison of correlation coefficients between nCBF values
obtained from DSC-MRP and conventional ASL-MRP
or multi-phase ASL-MRP

According to Hotelling’s ¢ test, significantly greater cor-
relation between nCBF values obtained from DSC-MRP
and multi-phase ASL-MRP than that between nCBF
values obtained from DSC-MRP and conventional ASL-
MRP was found for anatomical structure-based VOIs (Z =
17.659, P<0.01).

@ Springer



262

Neuroradiology (2018) 60:255-265

CBFmpAsL

CBFbDsc

Fig. 6 Representative MR images using conventional and multi-phase
ASL-MRP techniques as well as DSC-MRP technique in a patient with
atherosclerotic stenosis. CBF map based on conventional ASL-MRP
technique (left column of the upper row, scale unit of
mL 100 g ' min™") shows decreased signal intensity in the right middle
cerebral artery (MCA) territory. CBF map based on multi-phase ASL-
MRP technique (middle column of the upper row, scale unit of
mL 100 g ' min") also shows decreased signal intensity in the right
MCA territory. Transit time map based on multi-phase ASL-MRP
technique (right column of the upper row, relative value without scale

Dependence of AnCBF on TTP determined with DSC-MRP

Significant (F'=23.2302, P <0.0068) model emerged for an-
atomical structure-based VOIs when conventional ASL-MRP
was used. The model is shown below:

AnCBF = 0.020 + 0.003283 x TTP

However, when multi-phase ASL-MRP was used, signifi-
cant model failed to emerge (F'=7.9309, P> 0.05).

For subgroup analysis of VOIs with stenosis (n =
3230), significant (F=29.6198, P<0.0068) model
emerged for anatomical structure-based VOIs when con-
ventional ASL-MRP was used. The model is shown be-
low:

AnCBF = 0.022 4+ 0.002130 x TTP

However, when multi-phase ASL-MRP was used, signifi-
cant model failed to emerge (F'=9.2463, P> 0.05).

In addition, for subgroup analysis of VOIs without stenosis
(n=4114), significant model failed to emerge for anatomical
structure-based VOIs when conventional or multi-phase ASL-

@ Springer
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unit) reveals the delayed arterial transit time in the right MCA territory.
On the CBF map based on DSC-MRP technique (left column of the lower
row, scale unit of mL 100 g ' min ') and TTP map based on DSC-MRP
technique (middle column of the lower row, scale unit of seconds),
decreased CBF value and delayed transit time are noted in the right
MCA territory. MRA (right column of the lower row) shows the near
total occlusion in the right proximal MCA. Conventional MR images
including T2-weighted image and FLAIR reveal a cerebromalacia with
tissue defect, suggesting chronic infarct in the right MCA territory (not
shown). Note: mpASL, multi-phase ASL

MRP was used (F'=6.2539 and 0.8753, respectively, P > 0.05
for both) (Fig. 4).
Representative images are shown in Figs. 5, 6, and 7.

Discussion

This study demonstrated that the use of transit time corrected
CBF maps based on multi-phase ASL-MRP technique could
improve the correlation of CBF values between DSC-MRP
and ASL-MRP. In addition, this technique could overcome
the delayed transit time effect on perfusion maps based on
ASL-MRP.

Conventional ASL-MRP usually employs a single PLD
typically between 1.5 and 2 s for the quantification of CBF
[3, 4, 6, 10, 11]. Therefore, the CBF value based on ASL-
MRP will be underestimated in areas in which the arterial
transit time is longer than the PLD time. According to previ-
ous studies, the effect of delayed transit time is considerable
despite of correlations between CBF values from ASL-MRP
and DSC-MRP [3, 9, 10]. A previous study has reported that
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CBFmpAsSL

CBFbDsc

Fig. 7 Representative MR images using conventional and multi-phase
ASL-MRP techniques as well as DSC-MRP technique in a healthy
subject. CBF map based on conventional ASL-MRP technique (left
column of the upper row, scale unit of mL 100 g ' min~') shows
normal symmetric signal intensities in the bilateral cerebral
hemispheres. CBF map based on multi-phase ASL-MRP technique
(middle column of the upper row, scale unit of mL 100 g ' min") also
shows normal symmetric signal intensities in the bilateral cerebral
hemispheres. Transit time map based on multi-phase ASL-MRP

the correlation between CBF values from ASL-MRP and DSC
tends to be weaker with increasing TTP [10]. In addition,
according to our experience for more than 8 years, the effect
of delayed transit time seems to be magnified on ASL-MRP
when images are interpreted visually.

Therefore, investigators studying appropriate ASL-MRP
techniques have recommended many variable PLD times ac-
cording to the characteristic of patients [3, 11]. However, in
clinical setting, prediction of possible imaging finding that
might influence arterial transit time including vascular stenosis
is a challenge and subsequent establishment of appropriate PLD
time is infeasible. Even though low-resolution prescan of transit
delay has been suggested, clinical application of this technique
is limited because delayed transit time effect can occur at var-
ious degrees even in the same subject. We assume that simul-
taneous acquisition of information about arterial transit time
and transit time corrected CBF map based on information about
transit time might be the ideal technique to overcome the de-
layed transit time effect in conventional ASL-MRP technique.

In the present study, both CBF values from conventional
ASL-MRP and transit time corrected CBF map based on
multi-phase ASL-MRP technique have high concordance
levels with CBF value based on DSC-MRP for both vascular

Transit time

TTPDSsC

technique (right column of the upper row, relative value without scale
unit) reveals no evidence of delayed arterial transit time in the bilateral
cerebral hemispheres. On the CBF map based on DSC-MRP technique
(left column of the lower row, scale unit of mL 100 g71 minfl), TTP map
based on DSC-MRP technique (middle column of the lower row, scale
unit of seconds) shows normal symmetric CBF value without delayed
transit time in the brain parenchyma. MRA (right column of the lower
row) shows normal intracranial vasculature without stenosis. Note:
mpASL, multi-phase ASL

territory-based VOIs and anatomical structure-based VOIs. In
addition, results of regression analysis showed that values of
AnCBF were dependent on TTP values of conventional ASL-
MRP technique for both vascular territory-based VOIs and
anatomical structure-based VOIs. There was no dependency
of AnCBF on TTP values of the multi-phase ASL-MRP tech-
nique for vascular territory-based VOIs or anatomical
structure-based VOIs. Interestingly, according to subgroup
analysis for patients with or without stenosis, the dependency
of AnCBF on TTP values was found only in subgroup anal-
ysis for those with stenosis. It seems that more profound de-
layed transit time effect in the areas with proximal stenosis
contributes the result.

We believe that we can differentiate impaired CBF value and
delayed transit time effect using the multi-phase ASL-MRP
technique. ASL-MRP images based on integrated images of
both conventional and multi-phase ASL-MRP could improve
the accuracy in imaging diagnosis. It is feasible to use this im-
aging analysis based on integrated images to differentiate im-
paired CBF value and delayed transit time effect (or the combi-
nation of impaired CBF value and delayed transit time effect)
when we encounter decreased signal intensity on ASL-MRP.
However, it should be taken into consideration that transit time
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images and conventional ASL-MRP images (also included in
ASL images provided in multi-phase MRP techniques as well as
transit time corrected ASL images) in which delayed transit time
effect is not eliminated can provide clinically relevant informa-
tion including possible proximal stenosis, presence of occluded
vessel, and presence of collateral formation [7, 10, 25, 27].

This study has a few limitations. First, the ICA territory-
based VOIs were overlapped around the midline. We used prob-
abilistic ICA territory-based VOIs acquired from perfusion
probabilistic maps to evaluate CBF in areas based on blood flow
distribution from each large vessel. Overlapping ICA territory-
based VOIs around the midline was unavoidable. The partial
overlap of ICA territory-based VOIs might have underestimated
or overestimated CBF in ipsilateral ICA territories when contra-
lateral ICA was stenotic or intact, respectively. However, we
assumed that results from the anatomical structure-based
VOIS, in which an overlap did not exist, could compensate for
this drawback. Second, for subgroup analysis, we divided VOIs
into stenotic and non-stenotic groups according to whether arte-
rial stenosis in the ICA and/or middle cerebral artery and/or
anterior cerebral artery existed or not. Therefore, some VOIs
for vascular territory or anatomical structure-based VOIS in ste-
notic subgroup might not have been influenced by stenotic ves-
sels. Finally, to identify the effect of delayed transit time on
ASL-MRP, we analyzed DSC-MRP and ASL-MRP due to the
lack of hemodynamic parameters representing transit time gen-
eralized by the gold standard including PET. An investigation
using CBF values obtained using the gold standard technique
might be helpful for validating the results of the present study.

The current study demonstrated that transit time corrected
CBF maps based on multi-phase ASL-MRP technique could
be used to overcome the delayed transit time effect on perfu-
sion maps based on ASL-MRP. The identification of delayed
transit time effect on CBF maps based on ASL-MRP could
facilitate proper interpretation of ASL-MRP.
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