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Abstract

Purpose The aim of this study was to investigate whether the spatial coefficient of variation of arterial spin labeling (ASL-
CoV) acquired in clinical settings can be used to estimate decreased cerebrovascular reactivity (CVR) measured with single-
photon emission computed tomography (SPECT) and acetazolamide challenge in patients with atherosclerotic stenosis of
intra- or extracranial arteries.

Methods We evaluated the data of 27 atherosclerotic stenosis patients who underwent pseudocontinuous ASL and SPECT.
After spatial normalization, regional values were measured using the distributed middle cerebral artery territorial atlas of
each patient. We performed comparisons, correlations, and receiver operating characteristic (ROC) curve analyses between
ASL-cerebral blood blow (CBF), ASL-CoV, SPECT-CBF and SPECT-CVR.

Results Although the ASL-CBF values were positively correlated with SPECT-CBF values (= 0.48, 95% confidence inter-
val (CI)=0.28-0.64), no significant difference in ASL-CBF values was detected between regions with and without decreased
CVR. However, regions with decreased CVR had significantly greater ASL-CoV values than regions without decreased
CVR. SPECT-CVR was negatively correlated with ASL-CoV (p =-0.29, 95% CI = -0.49 - -0.06). The area under the ROC
curve of ASL-CoV in predicting decreased CVR (0.66, 95% CI=0.51-0.81) was greater than that of ASL-CBF (0.51, 95%
CI=0.34-0.68). An ASL-CoV threshold value of 42% achieved a high specificity of 0.93 (sensitivity =0.42, positive predic-
tive value=0.77, and negative predictive value=0.75).

Conclusion ASL-CoV acquired by single postlabeling delay without an acetazolamide challenge may aid in the identifica-
tion of patients with decreased CVR on SPECT.

Keywords Arterial spin labeling - Spatial coefficient of variation - Cerebral hemodynamics - Atherosclerotic stenosis
Cerebrovascular reactivity - Perfusion imaging

Introduction

Cerebrovascular reactivity (CVR) is an important biomarker
for assessing intra- or extracranial arterial stenosis of ath-
erosclerotic origin (AS), a cerebrovascular disorder associ-
ated with a high risk of subsequent stroke [1, 2]. CVR is the
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ability of the brain vasculature to increase cerebral blood
flow (CBF) in response to a vasoactive stimulus. Clinically,
acetazolamide (ACZ), a carbonic anhydride inhibitor, is the
most widely used vasodilatation drug administered intra-
venously [3]. In clinical settings, CVR measurement using
ACZ in single-photon emission computed tomography
(SPECT) is considered the gold standard for evaluating the
hemodynamics of cerebrovascular diseases. For example,
the coexistence of decreased CBF and CVR is known to be
arisk factor for recurrent cerebral infarction in patients with
intracranial AS [4, 5]. For patients with extracranial AS, a
decreased CVR is a risk factor for hyperperfusion syndrome
after carotid endarterectomy or carotid artery stenting,
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even when the CBF is normal [6-9]. Therefore, although
using ACZ to measure CVR is an off-label usage in Japan,
CVR measurement is widely performed in clinical practice
to evaluate patients with AS. However, more than half of
patients experienced adverse effects from the ACZ chal-
lenge test, such as headache, nausea, dizziness, tinnitus, and
numbness of the extremities. In rare and severe cases, Ste-
vens—Johnson syndrome, life-threatening acute pulmonary
edema, and reversible pontine ischemia can occur [10-13].
In addition to the side effects of ACZ, SPECT uses ioniz-
ing radiation, and SPECT scanners are not readily available
in many countries. Therefore, there is an unmet need for a
noninvasive method for evaluating CVR without ACZ chal-
lenge using more readily available modalities.

Arterial spin labeling magnetic resonance imaging (ASL-
MRI) is a method that can noninvasively evaluate CBF by
using endogenous water protons as the tracer [ 14]. Previous
studies have reported significant correlations between the
CBF measured by ASL and that measured by standard '>O-
gas positron emission tomography (PET-CBF) in healthy
volunteers [15]. Although arterial stenosis increased arterial
transit time (ATT), induced tracer arrival delay and nega-
tively affected the CBF of ASL [14, 16, 17], a significant
correlation was still observed between ASL-CBF and PET-
CBF [18, 19], as well as between ASL-CBF and SPECT-
CBF [20-22], in patients with AS and in patients with other
intracranial arterial steno-occlusive disease or moyamoya
disease (MMD). While ASL can be used to measure CVR
[23] without radiation exposure, it cannot be used for direct
evaluation without applying a vasoactive stimulus, and the
administration of ACZ is still necessary. Several previous
studies have attempted to detect CVR using ATT measured
with ASL acquired via multiple postlabeling delay (PLD)
methods [24]. Nevertheless, multiple PLD methods require
long scanning times and complex data processing, making
them difficult to apply in clinical practice [14].

Recently, the spatial coefficient of variation in ASL
(ASL-CoV), which is calculated as the standard deviation
(SD) divided by the average value of the signal within the
region of interest (ROI), has been proposed as a novel index
to evaluate hemodynamic disturbance from ASL measured
with a single PLD. In patients with intra- or extracranial AS,
the ATT is prolonged, and the computed CBF and CVR may
be decreased. When the ATT is longer than the PLD, the
labeled blood is within the vessels at the time of imaging
and therefore appears as voxels with high signal intensi-
ties. At the same time, the tissue to which the labeled blood
has not arrived appears dark. Therefore, the heterogeneity
of the voxel values, assessed with the SD, increases, and
the mean signal within the ROI decreases, resulting in high
ASL-CoV in the affected areas. Therefore, AS would lead to
an increase in ASL-CoV in the affected areas.
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The first study that proposed ASL-CoV revealed that this
index can predict ATT with relatively high precision at the
single-participant level [25]. One study revealed a weak
but significant correlation between ASL-CoV and CVR
measured with '0-gas PET under hypercapnic conditions
(r=-0.38; p=0.03) in patients with AS [26]. Another study
showed that ASL-CoV lateralization can predict the occlu-
sion side in patients with unilateral carotid occlusion even
in the absence of hemispheric differences in CBF [27]. In
another study evaluating patients with MMD, ASL-CoV
(PLD=2500 msec) was not correlated with ASL-CVR
measured with the ACZ [28]. Nevertheless, to our knowl-
edge, few studies have measured the relationship between
ASL-CoV and CVR measured with SPECT under an ACZ
challenge or investigated the predictive value of ASL-CoV
for decreased CVR. We hypothesized that in symptomatic
patients with severe AS, the ASL-CoV is increased and neg-
atively correlated with CVR measured with SPECT and that
ASL-CoV can better predict decreased SPECT-CVR than
can CBF measured with ASL. To test this hypothesis, we
performed comparison, correlation, and receiver operating
characteristic (ROC) curve analyses to reveal the relation-
ships among ASL-CBF, ASL-CoV, and SPECT-CVR.

Materials and methods

This retrospective study was approved by the Tokyo
Medical and Dental University ethics committee (M2017-
113) and registered in the University Hospital Medical
Information Network Clinical Trials Registry (UMIN-CTR
ID: 000028771). We reviewed medical records and scanner
examination lists from Jan 2011 to Dec 2022 and identified
27 patients with atherosclerotic intracranial arterial stenosis
affecting unilateral anterior circulation who met the follow-
ing inclusion criteria: (1) no prior surgical treatments before
the imaging studies; (2) ASL with PLDs of both 1525 msec
and 2525 msec available and SPECT performed between
Jan 2011 and Dec 2022, with a time interval of less than 90
days; and (3) no new lesions or symptoms between the ASL
and SPECT studies.

MRI acquisition

A 3.0-T MR scanner (GE Signa HDxt; GE Healthcare,
Waukesha, WI) with an eight-channel head coil was used
in this study. Two-dimensional T1 fluid-attenuated inver-
sion recovery (FLAIR) images were acquired using the
following parameters: repetition time (TR), 2139 msec;
echo time (TE), 13 msec; inversion time (TI), 960 msec;
echo train length, 8; slice thickness, 5.0 mm; acquisi-
tion matrix, 320X 224; and field of view (FOV), 230 mm.
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Two-dimensional FLAIR images were acquired using the
following parameters: TR, 8800 msec; TE, 96 msec; TI,
2200 msec; ETL, 38; slice thickness, 5.0 mm; acquisition
matrix, 256X 160; and FOV, 230 mm. Three-dimensional
pseudocontinuous ASL images were acquired using the fol-
lowing parameters: TR, 4521 msec; TE, 9.812 msec; FOV,
240 mm; 512 sampling points on eight spirals (matrix size,
512x8); voxel size, 1.88x1.88x4.0 mm?® number of
slices, 30; number of excitations, 3; bandwidth, 62.50 Hz;
and labeling time, 1.5 s. PLDs of 1525 msec and 2525 msec
were acquired [29] as a tradeoff between using a long PLD
to cover transit delays (a longer PLD provides a more accu-
rate CBF [16]) and the signal-to noise ratio (a longer PLD in
our clinical scanner results in poor image quality). A quan-
titative ASL-CBF map was generated using an Advantage
Windows workstation with Functool software connected to
the scanner [30]. The acquisition time for each ASL image
was 4 min 22 s or 5 min 3 s depending on the PLD, and the
total acquisition time of the entire MRI protocol, including
FLAIR, magnetic resonance angiography, and T2-weighted
imaging, was approximately 30 min.

SPECT acquisition

The subjects were injected with 222 MBq of N-isopropyl-
p-['#1] iodoamphetamine (‘**I-IMP) (PERFUSAMINE:
Nihon Medi-Physics, Koto-ku, Tokyo), and at 15 min after
the injection, projection data were acquired using a SPECT
scanner (Symbia, Siemens; Erlangen, Germany) with
low- to medium-energy and general-purpose collimators,
a 64x64 image matrix, a zoom factor of 1.78, 150 s per
cycle, 45 views X 8 cycles and a rotating radius of 14 cm.
The subjects were carefully positioned in the gamma cam-
era using a special head-holder that allowed for a minimal
rotational distance with the orbitomeatal axis in a transverse
plane to avoid reorientation during reconstruction. A chal-
lenge involving the injection of 1 g of ACZ was initiated at
7-10 min before the '’ I-IMP injection. Radioactivity levels
in the syringe and arterial blood were measured with a well
counter (BASIC SCALER TDC-105: Aloka, Musashino,
Tokyo) before and after the injection for accurate determina-
tion of the dose given. '**I-IMP SPECT with ACZ challenge
was performed within three months of the measurement of
resting CBF. CBF was quantitatively measured with the
IMP autoradiography method [31].

Calculation of regional values

Regional values in the proximal, middle, and distal middle
cerebral artery (MCA) on ASL and SPECT images were
calculated for each patient using the distributed standard
atlas [32] (Fig. 1). Data processing was performed using

FreeSurfer software version 7.3.2 [33] and FMRIB Software
Library (FSL) version 6.0.5.2 [34] with Lin4neuro [35]. To
enhance the registration between ASL and SPECT images,
superresolution 1 mm isotropic magnetization-prepared
rapid acquisition with gradient echo (synthSR MPRAGE)
images were synthesized from the FLAIR images using the
SynthSR [36] tool in FreeSurfer software. The MO image of
ASL (ASL-MO0) was coregistered to the synthSR MPRAGE
of each subject via rigid transformation using FSL. The
same transformation matrix used for the ASL-MO image
was applied to the ASL-CBF map, with PLDs of 1525 msec
and 2525 msec. The SPECT-CBF map was also coregistered
with the synthSR MPRAGE for each subject. The accuracy
of the spatial registration was visually confirmed for each
map. In cases where registration failed, manual registration
was performed using ITK-SNAP [37]. Motion artifacts and
decreased labeling efficiency due to factors such as stents
were also visually confirmed for each map, as these factors
can affect CBF. Subsequently, the average value of each
parameter in the bilateral proximal, middle, and distal MCA
areas [32] was estimated using the distributed territorial
atlas (ATTbasedFlowTerritories.nii, https://figshare.com/
articles/dataset/ATT based flow_territories/1488674). The
atlas was coregistered with the synthSR MPRAGE by cal-
culating the inverse transformation matrix for the synthSR
MPRAGE to the Montreal Neurological Institute space
using FSL. This calculation involved both affine and non-
linear transformations to obtain an isotropic voxel size of
2 mm.

All regional ASL-CBF and SPECT-CBF values were
normalized to the values of the contralateral ROI. The SD of
ASL within each region was also obtained. The ASL-CoV
of each ROI was calculated as the SD divided by the aver-
age of each ROI [25]:

ASL — CoV [%] = 100 x SDast-cpr_
Meanasr—cpr
where SD,q_cpr and Meanyg _cpr represent the SD
and mean value of the ASL-CBF map within each ROI,
respectively.

The SPECT-CVR of each ROI was calculated as the
change in CBF after the administration of ACZ compared
with the baseline CBF [38]:

CBFACZ - CBFI‘(%st

_ 0] —
SPECT — CV R [%] = 100 CEF

where CBF, and CBF,., represent the CBF values
before and after intravenous injection of acetazolamide,
respectively.
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Fig. 1 A representative case
and the image pipeline used in
this study. A 46-year-old male
who initially presented with
right-sided hemiparalysis was .
referred to our institution after his &
symptoms improved following
acute treatment for ischemia.
Magnetic resonance angiography
revealed left internal carotid
artery occlusion, and fluid-attenu-
ated inversion recovery (FLAIR)
images revealed a minor chronic
ischemic lesion in the basal
ganglia. Arterial transit artifacts
on cerebral blood flow maps of
arterial spin labeling (ASL-CBF)
are evident in the left hemisphere.
Decreased CBF is more evident
in the ASL-CBF map with a
postlabeling delay (PLD)=1525
msec than in the ASL-CBF map
with a PLD=2525 msec. CBF
maps of single-photon emission
computed tomography (SPECT-
CBF) at rest and after the
acetazolamide (ACZ) challenge
test indicate decreased CBF and
cerebrovascular reactivity (CVR).
For region-of-interest (ROI)
analysis, magnetization-prepared
rapid acquisition with gradient
echo images were synthesized
from 2D FLAIR images and

used as a reference for ASL MO
images, SPECT-CBF maps and
standard template regions of
interest (ROIs). ASL-CBF maps
were coregistered by using the
transformation matrix of ASL MO
images.

ASL-CBF
(PLD = 1525 msec)

-
7T

Statistical analysis

Statistical analysis was performed with R version 4.3.2
[39]. A significance level of P<0.05 was considered statis-
tically significant. In the case of multiple comparisons, the
significance level was corrected via the Bonferroni method.
According to previous studies, decreased CBF was defined
as CBF <80% [40, 41], and decreased CVR was defined as
CVR < 10% [40, 42, 43]. To ensure the accuracy of the anal-
ysis of viable brain tissues, we excluded ROIs that were cat-
egorized as infarcted lesions with oxygen hypometabolism,
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(PLD = 2525 msec)
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i.e., type 4 lesions with decreased CBF and normal CVR [4,
44, 45].

First, the normality of the distribution of each value was
evaluated with the Shapiro—Wilk test. The values were com-
pared for each PLD of ASL-CBF and ASL-CoV, as were the
SPECT-CBF values in regions with either decreased or non-
decreased CVR. If the data were suspected to be normally
distributed, Welch’s ¢ test and Pearson’s product moment
correlation coefficient were used; if not, the Wilcoxon
rank-sum test and Spearman’s rank correlation coefficient
were used. Correlations between each PLD of ASL-CBF
and ASL-CoV, SPECT-CBF, and CVR in each region were
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Table 1 Patient characteristics

N=27

Age 66 (50, 73)
Sex

Male 20 (74%)
Lesion Side

Left 16 (59%)
Lesion

Internal Carotid Artery 9 (33%)

Middle Cerebral Artery 18 (67%)
Symptom

Transient Ischemic Attack 7 (26%)

Cerebral Infarction 20 (74%)
Hypertension 19 (70%)
Diabetes Mellitus 8 (30%)
Dyslipidemia 19 (70%)

Values are the median (interquartile range) or n (%)

calculated. The strength of the correlations is described via
the Evans classification [46]. Additionally, the ROC curve
predicting decreased CVR was calculated for each PLD
of both ASL-CBF and ASL-CoV, and differences in the
areas under the ROC curve (AUCs) between ASL-CoV and
ASL-CBF at each PLD were assessed. Their significance
was evaluated via a bootstrap test with 2000 resampling
iterations. In this analysis, due to multiple comparisons, the
significance level was adjusted to P <0.0125. The optimal
cutoff value was determined using the Youden index [47],
after which the sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV) were
computed.

Results

A total of 27 patients were included in this study. Registra-
tion between MRI and SPECT using FSL failed in 7 patients
and required manual registration with ITK-SNAP. No
patients were excluded due to motion artifacts or a reduced
labeling efficiency. A summary of the patients’ character-
istics is given in Table 1. For patients with cerebral infarc-
tion symptoms, the median durations from onset to MRI
and SPECT acquisition were 56 days (interquartile range
(IQR): 39.5, 1069 days) and 80 days (IQR: 47.75, 1050.75
days), respectively. The extended duration between MRI
and SPECT was due mainly to the limited availability of the
SPECT scanner at our institute (once a week). Among the 81
ipsilateral ROIs in the 27 patients, 11 ROIs were excluded
because they exhibited decreased SPECT-CBF and normal
SPECT-CVR and were presumed to be infarcted lesions
with oxygen hypometabolism. Thus, a total of 70 ipsi-
lateral ROIs were included in the analysis. Among the 70
ROIs analyzed, 4 (5.7%) showed decreased SPECT-CBF,
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Fig. 2 Regional values of arterial spin labeling cerebral blood flow
(ASL-CBF) and coefficient of variation (ASL-CoV) in regions of
interest with and without decreased cerebrovascular reactivity (CVR).
While ASL-CBF values were not significantly different between the
two groups, ASL-CoV values were significantly greater in the regions
with decreased CVR. ns: not significant, *P <0.05 (Welch’s  test for
ASL-CBF and Wilcoxon rank sum test for ASL-CoV)

and 24 (34%) showed decreased SPECT-CVR. Parametric
maps of a representative patient and ROIs in this study are
shown in Fig. 1. Because the values of ASL-CoV at both
PLDs and SPECT-CVR did not follow a normal distribution
(P<0.01), nonparametric analysis was utilized to evaluate
these values.

When comparing ROIs with and without decreased
SPECT-CVR, there was no difference in ASL-CBF val-
ues, but ASL-CoV values were significantly greater for
ROIs with decreased SPECT-CVR (Fig. 2). ASL-CBF
showed a moderate positive correlation with SPECT-CBF
at both PLDs (Fig. 3). Furthermore, while ASL-CBF did not
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Fig.3 Correlation analysis of cerebral blood flow (CBF) and the coef-
ficient of variation (CoV) measured by arterial spin labeling (ASL) and
CBF and cerebrovascular reactivity (CVR) measured by single-photon
emission computed tomography (SPECT). ASL-CBF demonstrated a
moderate positive correlation with SPECT-CBF at both PLDs (upper
row) but showed no correlation with SPECT-CVR (middle row). On
the other hand, ASL-CoV demonstrated a weak negative correlation

correlate with SPECT-CVR, ASL-CoV showed a weak neg-
ative correlation with SPECT-CVR at both PLDs (Fig. 3). In
the ROC analysis, the highest AUC value was observed for
ASL-CoV (PLD=2525 msec). For both PLDs, although it
was not statistically significant, the AUC of ASL-CoV was
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with SPECT-CVR at both PLDs (lower row). In each graph, the hori-
zontal dashed line indicates the borderline of decreased SPECT-CBF
and SPECT-CVR, and the vertical dashed line indicates the optimal
threshold of ASL-derived parameters determined by the Youden index
of receiver operating characteristic curve analysis. 95% CI: 95% con-
fidence interval

greater than that of ASL-CBF, with a 95% confidence inter-
val (CI) lower limit above 0.5 (Fig. 4). At a cutoff value
of 57%, ASL-CoV (PLD=1525 msec) had the highest
sensitivity and NPV between itself and ASL-CBF (Fig. 4).
At a cutoff value of 42%, ASL-CoV (PLD=2525 msec)
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Fig. 4 Receiver operating characteristic analysis of cerebral blood
flow (CBF) and the coefficient of variation (CoV) measured with arte-
rial spin labeling (ASL) to predict decreased cerebrovascular reactiv-
ity (CVR). ASL-CoV had the highest area under the receiver operating
characteristic curve (AUC) for both postlabeling delays (PLDs). The

background of each probability value and AUC value is color-coded
with a gradient from blue to red, corresponding to the respective val-
ues. AUC: area under the receiver operating characteristic curve, PPV:
positive predictive value, NPV: negative predictive value, PLD: post-
labeling delay, 95% CI: 95% confidence interval
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exhibited the highest specificity and PPV between itself and
ASL-CBF.

Discussion

In this study, we found that regions with decreased CVR had
higher values of ASL-CoV and that CVR was negatively
correlated with ASL-CoV. According to ROC curve analy-
sis, the AUC of ASL-CoV in predicting a decreased CVR
was greater than that of ASL-CBF for both PLDs. ASL-CoV
(PLD=2525 msec) had the highest AUC, specificity and
PPV. Our ASL protocol and routine MR sequences can be
acquired within 30 min and are clinically feasible.
ASL-CoV was weakly correlated with SPECT-CVR for
both PLDs, whereas ASL-CBF did not show a correlation
with SPECT-CVR. The correlation coefficients between
ASL-CoV and SPECT-CVR were similar to those reported
in a previous '’0-gas PET study (|r|=0.38), in which CVR
was evaluated under hypercapnic conditions [26]. Our
study employed a novel CVR quantification method that
uses SPECT with ACZ, which has well-established clini-
cal importance [6—9]. Theoretically, as stenosis progresses
and cerebral perfusion pressure (CPP) decreases, the
increase in the mean transit time (MTT) and cerebral blood
volume (CBV) begins before the CBF decreases [48]. At
this point, CVR also starts to decrease, while CBF is main-
tained. As the CPP continues to decrease, the CBF starts to
decrease. The lack of correlation between CBF and CVR is
therefore reasonable [24, 49]. In a previous study evaluat-
ing patients with MMD, ASL-CoV showed a moderate to
strong (|r|=0.63-0.80) correlation between CBV and MTT
measured with '0-gas PET, but the correlations between
ASL-CBF, CBV and MTT were weak, as in our study [18,
29]. ASL-CoV might be negatively correlated with CVR
because of the increased SD within the ROIs in AS patients.
As we stated in the Introduction section, in the case of arte-
rial stenosis, the prolonged ATT can cause some tissue vox-
els in which labeled protons have not yet arrived to have
low values. Moreover, other voxels with delayed arrivals of
labeled protons produce increased intensities because at the
time of imaging, labeled protons were still present in the
cortical arteries, including the leptomeningeal collaterals
[19, 50]. In another study of patients with MMD, ASL-CoV
(PLD=2500 msec) did not correlate with ASL-CVR mea-
sured with ACZ [28]. This difference from our study results
may be due to the different pathophysiologies of MMD and
AS. In patients with MMD, which is characterized by a very
long ATT and arterial transit artifacts reflecting leptomenin-
geal collaterals [16, 51], the correlation between ASL-CBF
(PLD =2525 msec) and true CBF measured with >O-PET
was not as strong as the correlation observed in patients with
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AS [19]. Therefore, it is possible that the ASL-CVR was
negatively affected by poor quantification of CBF in MMD
patients and therefore did not correlate with ASL-CoV.

The AUC in detecting a decrease in CVR caused by ASL-
CoV was greater than that of ASL-CBF. Although there was
no statistically significant relationship between ASL-CoV
and ASL-CBF, only ASL-CoV had a lower limit of the
95% CI above 0.5 for both PLDs. This result suggests that
ASL-CoV may be a more reliable indicator for detecting
a decrease in CVR than ASL-CBF is. The AUC values for
ASL-CoV were equal for PLDs of both 1525 msec and 2525
msec (0.66 vs. 0.66). When the cutoff value of ASL-CoV
was set at 57% (PLD=1525 msec) and 42% (PLD=2525
msec), although ASL-CoV (PLD =2525 msec) had a lower
sensitivity than ASL-CoV (PLD=1525 msec; 0.42 vs.
0.52), it had greater specificity (0.93 vs. 0.78), a greater
PPV (0.77 vs. 0.57) and a similar high NPV (0.75 vs. 0.77).
When applying ASL-CoV as a screening method for detect-
ing decreased CVR, ASL-CoV (PLD=2525 msec) seems
more suitable than ASL-CoV (PLD = 1525 msec) because of
its higher specificity and similar NPV. A high NPV suggests
that if ASL-CoV (PLD =2525 msec) is below the threshold,
CVR is likely to be normal. If we can restrict ACZ challenge
only for cases of ASL-CoV above the threshold value, the
number of patients who require invasive ACZ would greatly
decrease. This will not only decrease patients’ physical
burden but also reduce healthcare costs, which are rapidly
increasing in Japan.

ASL-CBF showed a moderate correlation with SPECT-
CBF for both PLDs (p=0.48, 0.44). This result is likely
because ASL-CBF was underestimated with a single PLD
method in AS patients who had an elongated ATT [14]. A
previous study reported a stronger correlation [20], but the
ASL sequence used in this study is not currently available
in clinical settings. The characteristics of this study include
the use of single PLD pseudocontinuous ASL, which has
a shorter scanning time and utilizes CBF maps calculated
within the scanner, making it readily available for clini-
cians. Considering the results of ASL-CoV, ASL-CBF
(PLD =2525 msec) might be more suitable in clinical prac-
tice. Theoretically, a longer PLD is considered appropriate
for populations with a high proportion of elderly individuals
[52]. Although the number of patients with decreased CBF
was small and the ability of ASL-CBF to detect decreased
SPECT-CBF could not be evaluated in this study, if ASL-
CBF can detect decreased SPECT-CBF, it would also
be beneficial for patients by reducing their exposure to
radiation.

The limitations of this study include its retrospective,
single-center design and small sample size. The interval
between SPECT studies at rest and the ACZ challenge, as
well as the ASL-SPECT interval, was relatively long due
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to the limited availability of SPECT examinations at our
institution. The lack of comparative data from healthy con-
trols is another limitation. Even when the same PLD and
pseudocontinuous ASL or IMP-SPECT with autoradiogra-
phy quantification are used, the results cannot be applied to
different institutes without verification. Overall, the results
might be affected by the small number of regions with
reduced CBF and CVR.

Despite these limitations, our study demonstrated
that ASL-CoV measured at a single PLD correlates with
SPECT-CVR in patients with AS and has the potential to
predict decreased CVR without ACZ challenge. Because of
the high specificity and NPV, normal CVR is likely when
the ASL-CoV values are below the threshold; thus, we can
potentially avoid SPECT with an ACZ challenge for such
patients. Prospective validation of our study is needed in
the future.
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