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The Utility of Arterial Transit Time Measurement for Evaluating
the Hemodynamic Perfusion State of Patients with Chronic

Cerebrovascular Stenosis or Occlusive Disease: Correlative Study
between MR Imaging and 15O-labeled H2O Positron Emission

Tomography

Kayo Takeuchi1*, Makoto Isozaki2, Yoshifumi Higashino2, Nobuyuki Kosaka1,
Ken-ichiro Kikuta2, Shota Ishida3, Masayuki Kanamoto3, Naoyuki Takei4,

Hidehiko Okazawa5, and Hirohiko Kimura1

Purpose: To verify whether arterial transit time (ATT) mapping can correct arterial spin labeling-cerebral
blood flow (ASL-CBF) values and to verify whether ATT is a parameter that correlates with positron
emission tomography (PET)-oxygen extraction fraction (OEF) and PET-mean transit time (MTT).

Methods: Eleven patients with unilateralmajor cerebral artery stenosis or occlusion underwentMRI and PET in
the chronic or asymptomatic phase. ASL-MRI acquisitions were conducted with each of two post-label delay
(PLD) settings (0.7s and 2.0s) using a pseudo-continuous ASL pulse sequence and 3D-spin echo spiral readout
with vascular crusher gradient. ATTmapswere obtained using a low-resolution pre-scan approachwith five PLD
settings. Using the ASL perfusion images and ATT mapping, ATT-corrected ASL-CBF images were obtained.
Four kinds of ASL-CBF methods (PLD 0.7s with or without ATT correction and PLD 2.0s with or without ATT
correction) were compared to PET-CBF, using vascular territory ROIs. ATT and OEF were compared for all
ROIs, unaffected side ROIs, and affected side ROIs, respectively. ATT and MTT were compared by the ratio of
the affected side to the unaffected side. Transit time-based ROIs were used for the comparison with ATT.

Results: Comparing ASL-CBF and PET-CBF, the correlation was higher with ATT correction than without
correction, and for a PLD of 2.0s compared with 0.7s. The best correlation was for PLD of 2.0s with ATT
correction (R2 = 0.547). ROIs on the affected side showed a low but significant correlation between ATT and
PET-OEF (R2 = 0.141). There was a low correlation between the ATT ratio and the MTT ratio (R2 = 0.133).

Conclusion: Low-resolution ATT correction may increase the accuracy of ASL-CBF measurements in
patients with unilateral major cerebral artery stenosis or occlusion. In addition, ATT itself might have a
potential role in detecting compromised hemodynamic state.

Keywords: arterial spin labeling, arterial transit time, magnetic resonance imaging, cerebral blood flow,
oxygen extraction fraction

Introduction

Arterial spin labeling (ASL) is a technique for assessing
cerebral blood flow (CBF) byMRI using magnetically labeled

blood as an endogenous tracer by inverting the spin of blood in
the cervical vessels through RF irradiation of the cervical
vessel level for a certain period of time.1–3 Due to its non-
invasiveness and concurrent accessibility to morphological
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information, ASL has been applied to imaging in various
central nervous system disorders, including acute4 and chronic
cerebrovascular disorders,5 brain tumors,6,7 epilepsy,8 and
shunt disorders.9,10

Whereas ASL allows simple CBF measurement, underesti-
mation of CBF in patients with chronic main artery stenosis or
occlusion is a problem.11 In pseudo-continuous ASL imaging,
the period of RF irradiation and the time between the end of
irradiation and image acquisition are defined as the labeling
duration (LD) and post-label delay (PLD), respectively. The
time taken for the inverted spins to travel from the cervical
vessel to the brain parenchyma is called the arterial transit time
(ATT). In patients with chronic main artery stenosis or occlu-
sion, heterogeneous prolonged ATT due to collateral pathways
results in underestimation of regional CBF with single PLD
acquisition.11 The simplest method is the use of long PLD to
reduce the sensitivity of ATT to CBF measurement, but the use
of longer PLD does not necessarily provide a sufficient SNR
because the longer the PLD, the more the labeling effect is lost.3

The clinical evaluation of patients with chronic main artery
stenosis or occlusion is currently performed using both mor-
phological assessment by MRI and functional assessment by
positron emission tomography (PET) (or single photon emis-
sion computed tomography [SPECT]). These patients are
divided into three stages (0–2) proposed by Powers.12 The
group of patients with severe cerebral circulatory disturbance
and an extremely high recurrence rate of cerebral infarction
corresponds to stage 2, misery perfusion, which can be detected
by decreased CBF, increased oxygen extraction fraction (OEF),
and prolongation of mean transit time (MTT) measured by
PET. The detection and treatment of this high-risk group is
crucial to improve their prognosis.13,14 Whereas PET is useful
for functional evaluation, it has limited availability, higher cost,
and greater radiation exposure when compared to MRI.
Therefore, it would be clinically very useful if MRI could be
used to accurately measure CBF and to measure biomarkers of
hemodynamic cerebral ischemia instead of OEF and MTT.

Thus, we decided tomake the following two assessments in
the present study. The first one assessment deals with accurate
CBF measurement. When a quantitative CBF value from ASL
is preferred, extended scan time is necessary to measure addi-
tional physiological parameters, such as the T1 of brain tissue,
T1 of arterial blood, arterial blood volume, and ATT.15 Of the
parameters required to measure absolute CBF by ASL, ATT is
the most crucial, especially in patients with occlusive cerebro-
vascular disease.11,16 Several methods to improve the quanti-
fication of ASL-CBF have been reported,3,17 and the most
straightforward approach is to acquire ASL images with multi-
ple consecutive PLDs.18,19 In fact, a more accurate ATT-
corrected CBF map can be reportedly obtained based on
multi-PLD ASL acquisition data than on single PLD.16

However, since ASL has a low SNR and a long acquisition
time, such a simple multiple-PLD approach is difficult to use
in routine clinical examinations. As a solution, the combina-
tion of a low-resolution ATT preparation scan and a high-

resolution scan with a long LD enables an ATT-corrected
CBF map to be obtained within a feasible time frame in the
clinical setting.20 Whether reliable CBF measurements could
be obtained with this method was examined.

The second assessment is whether there are MRI para-
meters from ASL acquisition that can be used as an alter-
native to OEF or MTT. It has been reported that ATT is
prolonged in the territory of a stenotic vessel, and that pro-
longation of ATT itself may indicate hemodynamic
ischemia.21,22 In this study, whether ATT could be a surro-
gate index for assessing hemodynamic cerebral ischemia
instead of OEF or MTTobtained from PETwas investigated.

Thus, the aims of this study were to: 1) verify whether
low-resolution ATT mapping can correct single PLD ASL-
CBF, and 2) evaluate whether ATT may play a role as a
surrogate measure of hemodynamics, especially in relation
to PET-OEF and PET-MTT.

Materials and Methods

Patients
The analysis was performed using data collected in a prospec-
tive registry of patients with cerebral artery stenosis and
occlusion who visited our hospital; this registry was continu-
ously operated from January 2014 to September 2015. The
inclusion criteria were as follows: (1) internal carotid artery
(ICA) and middle cerebral artery (MCA) stenosis or occlusion
diagnosed morphologically (ultrasound sonography or MR
angiography and digital subtraction angiography [DSA]); (2)
at least 1 month had passed after an event such as hemiparesis
or dysarthria or in the asymptomatic (chronic) phase; and (3)
age between 20 and 85 years. The exclusion criteria were as
follows: (1) contraindications to MRI; (2) inability to consent
to participate in this study; and (3) bilateral lesions. Thirteen
patients fulfilled the inclusion criteria, but two of them were
excluded due to bilateral lesions. This prospective study was
approved by our hospital’s Institutional Ethics Committee,
and informed consent was obtained from all the patients.

All the patients underwent both MRI and PET, and the
interval between MRI and PET was within 2 months. The
data of 11 patients were analyzed (eight men: median age,
66 years; age range, 26–73 years; and three women: median
age, 45 years; age range, 43–69 years). The clinical charac-
teristics of the study population are summarized in Table 1.
According to the Powers stage classification,12 4 of the
11 patients were in stage II. The stenosis ratio was deter-
mined by applying the North American Symptomatic
Carotid Endarterectomy Trial (NASCET) criteria to cerebral
and cervical vessels, a method originally used for evaluating
cervical blood vessels. The ratio of stenosis was calculated
by the ratio relative to the normal diameter in the vicinity by
DSA.23 In the case of obstruction, the stenosis ratio was set
to 100%. This prospective study was approved by our hospi-
tal’s Institutional Ethics Committee, and informed consent
was obtained from all the patients.
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ASL
MRI was performed using a 3.0 T whole body scanner
(Discovery MR 750; GE Healthcare, Waukesha, WI, USA)
and 32-channel head coil. All images were acquired using a
pseudo-continuous ASL pulse sequence with 3D-spin echo
spiral readout and vascular crusher gradient.17 ASL-CBF
images with two different PLD settings (0.7s and 2.0s)
and a low-resolution ASL acquisition for ATT calculation
were acquired, and ATT-corrected ASL-CBF images
were calculated using ASL-CBF and low-resolution ATT
images.20 The common imaging parameters of ASL-CBF
were as follows: LD 4.0s, spiral imaging (512 points ×
7 arms), FOV 240 mm, and whole brain with 38–40 slices.
Each imaging parameter for ASL-CBF with two different
PLDs was as follows: 1) for ASL-CBF with PLD 0.7s,
TR 6202 ms, TE 23 ms, and acquisition time 3.5 min; 2) for
ASL-CBF with PLD 2.0s, TR 7502 ms, TE 23 ms, and
acquisition time 4.5 min.

ATT was measured using a low-resolution (640 × 2 arms)
pre-scan approach with five PLDs (0.70, 1.26, 1.85, 2.43,
3.0s, and acquisition time 2.5 min), based on previously
reported methods,20 and an ATT map was created. The
total acquisition time to obtain the ATT-corrected ASL-
CBF image is the sum of the ASL-CBF and the low-resolu-
tion ATT acquisition time, as follows: 6 min with PLD 0.7s
and 7 min with PLD 2.0s.

ATT was calculated using the signal-weighted delay
(WD) method from equations (1) and (2), using all low-
resolution pre-scan acquisition signals,24 in which model
the ASL signal function is converted to a monotonically
increasing function for δa.

17

WD δað Þ ¼
Xn

i¼1
wi � ΔM δa;wi½ �

� �
=

Xn

i¼1
ΔM δa;wi½ �

� �
(1)

The single-compartment model was assumed for the per-
fusion signal in WD (Eq. 1).15
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In the above equations, ΔM is the perfusion signal, δa is
the arterial transit time, wi is the post-labeling delay of the
i-th low-resolution pre-scan acquisition, M0 is the equili-
brium magnetization of arterial blood, a is the labeling effi-
ciency (0.85), f is CBF, T1a is the longitudinal relaxation time
of arterial blood (1.65s), and τ is the labeling duration.

CBF with ATT correction was calculated from long-
labeled, high-resolution ASL data using equation 2 with δa
values on a pixel-by-pixel basis.

PET
A whole-body PET scanner (Advance; GE Healthcare) was
used for PET data acquisition. The scanner permits simulta-
neous acquisition of 35 image slices in 2D mode with inter-
slice spacing of 4.25 mm.25 Performance tests showed the
intrinsic resolution of the scanner to be 4.6–5.7 mm in the
transaxial direction and 4.0–5.3 mm in the axial direction.
The PET data were reconstructed using a Hanning filter with

Table 1 Patients’ characteristics and clinical data

Patient no. Age (years)/Sex Angiographic findings (DSA) Stenosis (%) stage Symptom

1 57/M R MCA occlusion 100 Ⅰ Hemiparesis, Dysarthria

2 43/F R MCA occlusion 100 Ⅰ Hemipalegia, Dysarthria

3 66/M R ICA occlusion 100 Ⅰ Hemiplegia

4 69/F R ICA occlusion 100 Ⅰ Asymptomatic

5 71/M L ICA occlusion 100 Ⅰ Aphasia

6 73/M R ICA stenosis 80 Ⅰ Dysarthria

7 66/M L ICA stenosis 84 Ⅰ Hemiplegia, Aphasia

8 73/M R ICA stenosis 86 Ⅰ Asymptomatic

9 45/F L ICA occlusion 100 Ⅰ Asymptomatic

10 56/M R MCA occlusion 100 0-Ⅰ Asymptomatic

11 26/M R MCA occlusion 100 Ⅰ Asymptomatic

DSA, digital subtraction angiography; ICA, internal carotid artery; L, left; MCA, middle cerebral artery; R, right.
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a resolution of 6.0 mm full-width at half-maximum in the
transaxial direction. The patients were positioned on the
scanner bed with their head immobilized using a head holder.
A 10-min transmission scan was acquired before the emis-
sion scan with a 68 Ge/68 Ga rod source for attenuation
correction. C15O and 15O2 inhalation studies were performed
to measure cerebral blood volume (CBV) and OEF, respec-
tively. CBF (ml/100 g/min) was then measured with a bolus
injection of 740 MBq 15O-water. Radioactivity was counted
in frequent sampling of arterial blood during 15O2 and H2

15O
scans. CBF images were calculated from the dynamic PET
data and arterial input functions measured from arterial
counts using the autoradiographic method.26 A partition
coefficient of 0.9 for 15O-water was used in the CBF calcula-
tion. Details of the study protocol have been described
previously.27,28 MTT was calculated from MTT = CBV/
CBF based on central volume theory,29 instead of by the
pixel-by-pixel MTT map, and the CBV and CBF values
were the mean values of each ROI. A description of the
ROI is given in the following paragraph in the data analysis
subsection.

Data analysis
All MRI and PET images were reviewed for suitability for
analysis based on the consensus opinion of two radiologists
(KT with 10 years of experience and HK with 30 years of
experience). For objective and reproducible comparisons, all
parametric images, such as ASL-CBF, ATT, PET-CBF, OEF,
and CBV, were converted to the standardized brain as shown
in Fig. 1, and each ROI value was extracted from those
standardized images. The MTT of each ROI was calculated
from the average CBF and CBV values extracted from stan-
dardized space.

Standardized brain
The method of conversion to the standardized brain was as
follows. After performing co-registration of ASL-CBF and

PET-CBF images to the same whole-brain T1 weighted image
(T1WI), the T1WI was converted to a standardized image
using a built-in the Montreal Neurological Institute (MNI)
template of MRI-T1WI by ISSP (built-in module of
NEUROFLEXER, Nihon Medi-Physics, Tokyo, Japan).
Similarly, after performing co-registration of ATT, OEF, and
CBV images to the same whole-brain T1WI, the T1WI was
converted to a standardized image using a built-in MNI tem-
plate of MRI-T1WI by SPM (version 12; The Wellcome Trust
Centre for Neuroimaging). Since ISSP could not convert ATT
to the standardized brain correctly, SPM was also used.

ROI value extraction
As for ROI value extraction, two types of ROI sets were
used: built-in, pre-defined, vascular territory ROI in
NEUROFLEXER, and transit time-based ROI as described
in the previous report.30 To compare ASL-CBF and PET-CBF,
each ROI value was extracted using NEUROFLEXER auto-
matic ROI detection software.31 Figure 2a shows the vascular
territory ROIs, which were categorized into six regions: the
left and right anterior cerebral artery (ACA) regions, the
anterior MCA region, and the posterior MCA region.

Transit time-based ROI value extraction was used to
compare ATT and PET parametric images, such as CBF,
OEF, ATT, and CBV. Figure 2b shows transit time-based
ROIs, which were categorized into 18 regions: the left and
right proximal, intermediate, and distal regions of each of
the major ACA, MCA, and posterior cerebral artery (PCA)
territories. It has been previously reported and is available in
MNI standard space.30

NEUROFLEXER vascular territory ROIs have been used
to evaluate CBF in PET or SPECT, and they are designed to
cover cortices on CBF maps from PETor SPECT using curvi-
linear cortical strip ROIs, with less influence of white matter,
which has lower blood flow than the cortex. In contrast, transit
time-based ROIs completely cover the whole cortical brain
region. The former ROIs do not include the watershed region

Fig. 1 Sample images of ATT transformation to normalization space. (a) ATT, (b) normalized ATT, (c) fused transit time-based ROI on
normalized ATT. (b) is a standardized image of (a). The ROI is detected by fusing it on a transit time-based ROI. The transit time-based ROI is
shown in Fig. 2b. ATT, arterial transit time.
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or the high frontal or parietal cortex. However, the transit time-
based ROIs include those regions, which correspond to longer
transit time regions. Data from these regions are especially
important for the assessment of the relationship between ATT
and other hemodynamic parameters from PET. In this study,
the vascular territory ROIs of NEUROFLEXER were used for
CBF, and the transit time-based ROIs were used for ATT. In
addition, ATT cannot be analyzed by NEUROFLEXER. OEF
and MTT, which were to be compared with ATT, used the
same transit time-based ROIs as ATT. MTT in each ROI was
calculated from the mean CBF and CBV of PET using the
transit time-based ROIs.

Statistical analysis
ASL-CBF and PET-CBF values of the ROIs in both the
unaffected and affected sides of each vascular territory

were used in the linear regression analyses. The coefficients
of correlation between the CBF values obtained in the two
modalities were assessed in terms of dependency on the
difference in PLD, and with and without ATT correction.
Linear regression analysis was also conducted for transit
time-based ROIs from ASL-ATT and PET-OEF. In addition,
their correlations on the occluded and contralateral unaf-
fected sides were calculated separately.

The regression equation and coefficient of determination
were obtained using linear regression analysis with the ROI
ASL-CBF of each vascular region as the dependent variable
and the PET-CBF value as the independent variable. When the
values of ASL-CBF and PET-CBF are exactly the same, the Y-
intercept of the regression equation and slope become 0 and 1,
respectively. The coefficient of determination, R2, is considered
to have almost negligible correlation when it is 0–0.09, a low

Fig. 2 a) Automated ROI detection in the conventional vascular anatomical territories. The ROIs are generated by NEUROFLEXER and
cover the major vascular regions. Dark purple regions, including the PCA and basal ganglia, and the thalamus regions are not measured.
b) Automated ROI detection focusing on the difference in transit time among the major vessel territories. ROIs are set to cover the proximal,
middle, and distal regions of the major vascular territories. No measurements are obtained for structures located in the deep gray matter
(e.g., the basal ganglia and thalamus). ACA, anterior cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral artery.
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correlation when it is 0.09–0.25, a moderate correlation when it
is 0.25–0.49, and a high correlation when it is 0.49–1.32 The
coefficient of correlation between the CBF values obtained on
MRI and PET was evaluated between: 1) ASL-CBF without
ATT correction (PLD 0.7s) and PET-CBF; 2) ASL-CBF with
ATT correction (PLD 0.7s) and PET-CBF; 3) ASL-CBF with-
out ATTcorrection (PLD 2.0s) and PET-CBF; and 4) ASL-CBF
with ATT correction (PLD 2.0s) and PET-CBF.

A linear regression analysis was also performed with
ASL-ATT as the dependent variable and PET-OEF as the
independent variable. In addition, correlations between all
ROIs, the unaffected side ROIs, and affected side ROIs were
also calculated separately.

A linear regression analysis was performed with the ratio
between the affected side and the unaffected side of ASL-

ATT as the dependent variable and the ratio between the
affected side and the unaffected side of PET-MTT as the
independent variable.

Results

Figure 3 shows a typical case of occlusion of the right ICA in
which the right intracranial ICA and the right MCA territory
are fed by the collateral circulation. The PET images demon-
strate misery perfusion characterized by increased OEF in
the right MCA territory (PET-CBF 27.4 ml/100 g/min, OEF
51.1%). The ASL-CBF map using PLD 0.7s without
ATT correction shows a low signal in the right MCA region
(3.27 ml/100 g/min) that was 10.3 ml/100 g/min with ATT
correction. Furthermore, by setting PLD to 2.0s, it was

Fig. 3 Representative images of right internal carotid artery occlusion (patient no.3). (a) PET-CBF; (b) ASL-CBF without ATT correction, PLD
= 0.7s; (c) ASL-CBF with ATT correction, PLD = 0.7s; (d) ASL-CBF without ATT correction, PLD = 2.0s; (e) ASL-CBF with ATT correction,
PLD = 2.0s; (f) MRA-MIP; (g) ASL-ATT; (h) PET-OEF.Increased OEF (h) and prolonged ATT (g) areseen in the right MCA territory. Although
PET-CBF isslightly decreased in the right MCA territory, the ASL-CBF values are decreased for both PLD times when ATT correction is not
used (b and d). The images for ASL-CBF with longer PLD and with ATT correction (e) are the mostsimilar to the PET-CBF images in (a). ASL,
arterial spin labeling; ATT, arterial transit time; CBF, cerebral blood flow; MCA, middle cerebral artery; MIP, maximum intensity projection;
MRA, magnetic resonance angiography; OEF, oxygen extraction fraction; PET, positron emission tomography; PLD, post-label delay.
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16.4 ml/100 g/min, and finally with ATT correction, it was
18.3ml/100 g/min, which is closer to the PET-CBF.With longer
PLD and ATT correction, the measured ASL-CBF values
and the appearance of CBF mapping were correlated with
PET-CBF. The mean ATT of the right MCA area was 2133ms.

Figure 4 shows the comparison between ASL-CBF and
PET-CBF for different PLD values and with or without ATT
correction in all ROIs. In all the conditions, significant positive
correlations were found between ASL-CBF and PET-CBF, and
PLD 2.0s with ATT correction (Fig. 4d) showed the best
correlation (R2 = 0.547). In PLD 0.7 without ATT correlation

(Fig. 4a), most of the ASL-CBF showed lower values com-
pared to the PET-CBF. However, these CBF underestimations
were compensated for by ATTcorrection (Fig. 4b) or the use of
the longer PLD 2.0s (Fig. 4c). With PLD 2.0s settings (Fig. 4c
and 4d), ATT correction did not substantially increase ASL-
CBF, but it improved the correlation between ASL-CBF and
PET-CBF.

Table 2 shows correlations between ASL-CBF and PET-
CBF in all ROIs, the unaffected side ROIs, and affected side
ROIs, respectively. The data for all ROIs was the same as the
equation in Fig. 4. On the unaffected side, there was a

Fig. 4 Comparisonbetweencerebral blood flowmeasuredbyMRI andPET for all ROIs. (a) PLD=0.7swithoutATTcorrection, (b) PLD= 0.7swith
ATT correction, (c) PLD=2.0s without ATT correction, and (d) PLD= 2.0s with ATT correction. The regression line and coefficient of determina-
tion (R2) are inset on each graph. The reliability of the ASL-CBF values improveswith ATT correction. Among the PLD andATT correction settings,
the best R2 value is obtained for ASL-CBF with PLD 2.0s and ATT correction. ASL-CBF, arterial spin labeling-cerebral blood flow; ATT, arterial
transit time; CBF, cerebral blood flow; PET, positron emission tomography; PLD, post-label delay; R2, coefficient of determination.
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moderate correlation with PLD 2.0s with or without ATT
correction. However, when the PLD was 0.7s, the correlation
of ASL-CBF on the unaffected side was slightly worse with
ATTcorrection. On the affected side, with PLD 2.0s and ATT
correction, the intercept of the regression equation was still
lower than 0.

Figure 5 shows scatterplots of the correlation between
PET-OEF and ASL-ATT. There is a low but significant
correlation of the overall data, as shown in Fig. 5a
(R2 = 0.095, P < 0.05). There was a negligible correlation
of values from the contra-lateral unaffected side, as shown in
Fig. 5b (R2 = 0.058, P = 0.157). The correlation tended to
increase in the regression of data from only the affected
brain hemisphere, as shown in Fig. 5c (R2 = 0.141, P < 0.05).

The ratio between the affected side and the unaffected
side of ATT and the ratio between the unaffected side and the
affected side of MTT showed a low correlation: y = 0.250x +
82.1, R2 = 0.133, P < 0.05 (figure not shown).

Discussion

This study showed that 1) low-resolution ATT correction
makes ASL-CBF values closer to PET-CBF values and
they correlate better, and 2) there are weak but significant
correlations between ATT and OEF and between the ratio of
the affected to the unaffected side of ATT and the ratio
of MTT.

A low-resolution ATT map was found to increase the
accuracy of ASL-CBF in patients with chronic main artery
stenosis or occlusion. The highest correlation was obtained
by ATT correction using ASL-CBF with PLD 2.0s. In fact,
the ATT map in Fig 3g shows an ATT value of more than

2000 msec on the affected side, suggesting that PLD 2.0s
data acquisition is at least required to obtain more reliable
CBF measurements, even with ATT correction. The total
time for ASL-CBF was 7 min, consisting of 2.5 min for
ATT pre-scan and 4.5 min for normal resolution ASL acqui-
sition, which is much shorter than the more than 20 min
required for high-resolution ATT correction reported by
Tsujikawa et al.16 ASL-CBF on the affected side was com-
pared to PET-CBF, which we consider to be a standard CBF
measurement. Although the affected side ASL-CBF was still
calculated as a slightly lower CBF value compared to PET-
CBF, low-resolution ATT correction can be used as a method
to improve the conventional ASL-CBF measurement in
patients with chronic cerebral artery stenosis or occlusive
diseases. It is useful and practical as a method to improve
CBF measurement.

In the present study, a factor that may explain why ASL-
CBF was lower than PET-CBF on the affected side may be
the use of the vascular crusher gradient. It is well known that
the vascular crusher gradient can be used to avoid the over-
estimation of absolute CBF values by eliminating intravas-
cular signals in healthy subjects;33 therefore, the vascular
crusher gradient was also used in the present study.
However, on the affected side, ATT is prolonged, and the
labeled spin is retained in the blood vessel longer than on the
unaffected side, and it may be possible that ASL-CBF was
underestimated due to eliminating the intravascular signal to
an extent more than necessary by using the crusher gradient.
In addition, for both the unaffected and affected sides, the
vascular crusher gradient is important when longer labeling
settings are required, especially for short PLD data when
labeled spins are retained in the intravascular space.17 In

Table 2 Correlations between ASL-CBF and PET-CBF for all, unaffected side, and affected side

PLD ATT correction
Regression equation

R2

Slope Intercept

ALL 0.7s without 0.975 −13.0 0.335

0.7s with 0.936 3.53 0.299

2.0s without 1.21 −5.65 0.446

2.0s with 1.18 −1.35 0.547

Unaffected 0.7s without 0.745 −0.408 0.218

0.7s with 0.406 26.9 0.118

2.0s without 0.873 10.7 0.336

2.0s with 0.881 12.5 0.447

Affected 0.7s without 0.970 −16.5 0.378

0.7s with 1.37 −14.2 0.418

2.0s without 1.37 −14.5 0.487

2.0s with 1.38 −10.4 0.599

R2, the coefficient of determination.
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the present study, a longer labeling period of 4s was used to
increase the SNR of the perfusion signal, as well as of the
vascular signal to the tissue signal, so that the vascular
crusher gradient itself was indispensable for the imaging
method of the present study.

Several studies have investigated the relationship
between ATT and hemodynamic cerebral ischemia.21,22

In the present study, ATT and the gold standard hemody-
namic parameter, OEF, were compared for the first time.
As shown in Fig. 5, the correlation between ATT and
OEF was better when comparing only the affected side
than when comparing both the unaffected side and the
affected side. ATT varies even in normal subjects due to
individual differences, and it is particularly affected by
age.34 According to classical autoregulation theory, OEF
does not necessarily change in the normal perfusion state,

and it increases only when compensating for decreased
perfusion pressure or reduced CBF.12 Therefore, a possi-
ble relationship between ATT and OEF should not be
rejected just because the unaffected side did not show a
significant correlation. The reason for the significant cor-
relation between ASL-ATT and PET-OEF in the affected
hemisphere can be inferred from the classical autoregula-
tion theory reported by Powers:12 cerebral artery stenosis
or occlusion causes a decrease in perfusion pressure, a
decrease in blood flow, an increase in OEF, and prolon-
gation of ATT. Since both ATT and OEF are parameters
that fluctuate when blood flow is decreased, they should
be correlated. However, even in the presence of stenosis
or occlusion, cerebral blood vessels form networks in the
peripheral parenchyma, which compensate for the drop in
perfusion pressure to some extent, as well as increasing

Fig. 5 Correlation between OEF and ATT. (a) Scatterplot showing the correlation of OEF and ATT values from both the affected and
unaffected sides; (b) correlation of these values from only the hemisphere of the unaffected side; (c) correlation of these values from only the
affected hemisphere. ATT, arterial transit time; OEF, oxygen extraction fraction.
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CBV, thereby compensating for blood flow. ATT is also
expected to be extended in this condition. Therefore, it
can be inferred that the increase in ATT includes both
cases in which perfusion status worsens and cases in
which perfusion is compensated for and blood flow
does not worsen, and the correlation between ATT and
OEF is weak. Previous studies have already reported that
parameters similar to ASL-ATT have been compared with
OEF. For example, Islam et al. reported a correlation
between tracer delay time and OEF in PET CBF mea-
surement, and they considered that delay time is closely
correlated with hemodynamic impairment.35 The nature
of tracer delay time on PET is very similar to that of ATT
in the ASL signal model. The tracer delay time is defined
as the time difference between arterial tracer uptake as an
arterial input function at the sampling site and tracer
uptake of brain tissue. In contrast, in ASL, RF pulse
irradiation is performed at the ICA trunk level, and the
delay time to brain tissue is set to ATT. The fact that
tracer delay time is correlated with OEF is very consis-
tent with a significant correlation between ATT and OEF.

In addition, Gibbs et al. and Scuman et al. reported that
MTT is an indicator of low cerebral perfusion pressure,36,37

and Kamano et al. reported that there was a significant
correlation between ATT and MTT, suggesting that ATT
has the potential to detect hemodynamic impairment.18

With chronic main cerebral artery stenosis or occlusion,
the peripheral blood vessels dilate, and MTT prolongs to
maintain blood flow according to the auto-regulation theory
first reported by Powers.12 MTT is the transit time of the
microvascular network in the brain parenchyma, and ATT is
the time to reach the brain parenchyma from the labeling
plane of cervical blood vessels. As the transit time of
peripheral blood vessels increases, it is inferred that the
transit time from stenosis or occlusion to the periphery
also increases. On the other hand, the reason why the
correlation was weak may be variable prolongation of
ATT due to the development of collateral circulation.
Kamano et al. also considered the results of relative values
to be more reliable than those of absolute values, and the
reason for this may be that the ratio could normalize such
variable prolongation of ATT.18 In the present study as well,
there was a weak but significant correlation between the
ATT ratio and the MTT ratio.

Although ATT mapping has been suggested to reflect
hemodynamic cerebral ischemia for some time, it does
not correlate as strongly with OEF due to the effects of
collateral circulation, making it difficult to replace all
PET or SPECT studies with it. It is noteworthy, however,
that ATT mapping can have some clinical value as an
index of a compromised hemodynamic state; since ASL
is completely non-invasive and repeatable, ASL-ATT
might be useful when deciding whether to perform a
PET or SPECT scan. Specifically, it was thought that
we should consider how effective prolonged ATT would

be in identifying a group of patients with hemodynamic
cerebral ischemia who should undergo PET or SPECT. ATT
map acquisition time was 2.5min for the low-resolution
pre-scan acquisition and short enough for use in routine
clinical practice.

There are several potential limitations to this study. The
ATT map cannot be calculated with the same resolution as the
CBF map because the addition of the ASL signal increases the
acquisition time. This problem may be partially solved by the
acquisition of delay-encoded ASL,38 which will allow for
more efficient multi-PLD ASL acquisition. This patient popu-
lation was not clinically homogeneous and was also limited in
number; MRI and PET were not performed on the same day,
but it should be noted that since chronic disease was being
investigated, large hemodynamic changes due to the interval
between examinations were not expected. Disorientation
between PET and ASL CBF images has not yet been accu-
rately assessed, but it may increase inter-case variability and
decrease correlations between images. Even in the absence of
these limitations, we believe that there would be little change
in the correlation between PET-OEF and ASL-CBF, or in the
need for ATT correction.

Conclusion

Low-resolution ATT correction may increase the accu-
racy of ASL-CBF measurements in patients with steno-
sis or occlusion of the cerebral arteries. In addition, ATT
itself is a parameter that is affected by hemodynamic
cerebral ischemia, and although it is difficult for it to
completely substitute for PET-OEF, ATT might have a
potential role in detecting compromised hemodynamic
state.
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