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Abstract
Arterial transit time (ATT) is most crucial for measuring absolute cerebral blood flow (CBF)

by arterial spin labeling (ASL), a noninvasive magnetic resonance (MR) perfusion assess-

ment technique, in patients with chronic occlusive cerebrovascular disease. We validated

ASL-CBF and ASL-ATT maps calculated by pulsed continuous ASL (pCASL) with multiple

post-label delay acquisitions in patients with occlusive cerebrovascular disease. Fifteen

patients underwent MR scans, including pCASL, and positron emission tomography (PET)

scans with 15O-water to obtain PET-CBF. MR acquisitions with different post-label delays

(1.0, 1.5, 2.0, 2.5 and 3.0 sec) were also obtained for ATT correction. The theoretical frame-

work of 2-compartmental model (2CM) was also used for the delay compensation. ASL-

CBF and ASL-ATT were calculated based on the proposed 2CM, and the effect on the CBF

values and the ATT correction characteristics were discussed. Linear regression analyses

were performed both on pixel-by-pixel and region-of-interest bases in the middle cerebral

artery (MCA) territory. There were significant correlations between ASL-CBF and PET-CBF

both for voxel values (r = 0.74 ± 0.08, slope: 0.87 ± 0.22, intercept: 6.1 ± 4.9) and for the

MCA territorial comparison in both affected (R2 = 0.67, y = 0.83x + 6.3) and contralateral

sides (R2 = 0.66, y = 0.74x + 6.3). ASL-ATTs in the affected side were significantly longer

than those in the contralateral side (1.51 ± 0.41 sec and 1.12 ± 0.30 sec, respectively,

p <0.0005). CBF measurement using pCASL with delay compensation was feasible and

fairly accurate even in altered hemodynamic states.
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Introduction
Arterial spin labeling (ASL) is an entirely noninvasive magnetic resonance (MR) perfusion assess-
ment method utilizing water in blood as an endogenous tracer, which provides quantitative values
of cerebral blood flow (CBF) [1, 2]. However, quantitative measurement of CBF by ASL depends
on a number of parameters including T1 of brain tissue, T1 of arterial blood and arterial transit
time (ATT), which denotes the duration for the labeled blood to travel from the labeling region to
the imaged tissue. Transit time considerations are crucial in measuring absolute CBF by ASL, espe-
cially in patients with occlusive cerebrovascular disease, where heterogeneously prolonged ATTs
due to the drop in perfusion pressure and consequent development of collateral pathways result in
inaccurate measurements of regional CBF [3]. To compensate for such delays in blood transit, ASL
methods using multiple post-label delay acquisitions have been developed and introduced [4, 5].

Among the large family of ASL methods, the most common are continuous ASL (CASL) [1,
2] and pulsed ASL (PASL) [6, 7]. CASL attempts to induce continuous inversion of the blood
water spin as it passes a particular plane by means of constant RF irradiation under constant gra-
dient. PASL employs a single pulse to define a volume containing arterial blood for labeling. The-
oretical and experimental studies have demonstrated that CASL produces a greater signal-to-
noise ratio (SNR) than PASL, but the benefits can be reduced by imperfect practical implementa-
tion [8, 9]. Recently, a new approach to CASL, termed pulsed-continuous ASL (pCASL) was
introduced to ease the technical restrictions of CASL with good SNR [10]. Two validation studies
of CBF measurements using PASL with multiple-delay time sampling have more recently been
reported by comparing with 15O-H2O positron emission tomography (PET) in patients with
occlusive cerebrovascular disease [11, 12]. However, to the best of our knowledge, no validation
studies of ASL-CBF and ASL-ATT in a patient population have been reported using pCASL,
which provides better SNR than PASL does, with multiple post-label delay acquisitions.

The purposes of this study were to: 1) assess the feasibility of CBF measurements in patients
with chronic occlusive cerebrovascular disease using pCASL with multiple post-label delay acqui-
sitions and 2-compartmental modeling, in consideration of delay compensation, by comparing
with 15O-water PET-CBF; 2) assess the feasibility of ATTmeasurements; and 3) present the
importance of ATT correction from the viewpoint of the reliability of CBF calculation and clinical
feasibility, based on model simulation and the comparison of ASL-CBF and 15O-water PET-CBF.

Materials and Methods

ASL signal model and quantification of CBF
The subtracted perfusion signal from labeled and control scans was quantified based on a pre-
viously described single-compartment model approach [13]. For the quantification of CBF
from a single post-label delay (PLD) data, the following equation is used:

DM
M0

¼ 2afT1a

l
1� exp � t

T1a

� �� �
exp �PLD

T1a

� �
ðda < PLDÞ ð1Þ

where δa is the arterial transit time, τ is the duration of labeling, f is the cerebral blood flow, T1a

is the arterial blood water relaxation time, λ is the tissue blood partition coefficient of water,
ΔM represents the changes in signal between the two images, andM0 is the fully relaxed blood
spin, which is the usually-used local signal intensity of proton density (PD) images. The deriva-
tion of this formula is described in equations (S1)-(S3) in S1 File. It is worth noting that this
simplification requires the following assumptions: 1) ATT should be less than PLD; 2) labeled
spins are retained within the microvasculature and never enter the tissue compartment; and 3)
there is no venous outflow.
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However, when considering the reliability and limitations of quantitative features, we have to
estimate parameters from multi-PLD ASL data, and the more complete model, based on a two-
compartment model, should be manipulated for ASL signal processing and analyses as follows:

DMðtÞ
M0

¼ SmðtÞ þ SeðtÞ ð2Þ

where Sm(t) and Se(t)are the microvascular and extravascular signals, respectively, and are
described in the form of double exponential functions as follows:

SmðtÞ ¼ C1expðatÞ þ C2expðbtÞ þ x0 ð3Þ

SeðtÞ ¼ C1
0expðatÞ þ C2

0expðbtÞ þ y0 ð4Þ

The precise definitions of coefficients using physical constants are listed in Table 1, and
complete derivations of the equations in the analytic form are given in equations (T1)-(T5) in
S1 File. Using these equations, we have demonstrated ASL signal differences between single-
and two-compartment models. Typical values of parameters for ASL signal simulations are
also shown in Table 1. The ASL signal dependency against ATT focused on the differences

Table 1. Definitions of parameters and assumed values for ASL signal simulation.

Parameters Unit Assumed value for the
simulation

Reference

f Blood flow ml/min/100 g tissue 50.0 for GM

PS Permeability surface area product ml/min/g 1.5 Ref[35]

ATT Arterial transit time s 1.0 for normal cortices Ref[20,
36]

τ The duration of labeling time s 1.5 for this version of PCASL

α The efficiency of inversion fraction of inverted protons 0.85 Ref[10]

M(t) Tissue magnetization Magnetic moment / g tissue

M0 Equilibrium tissue magnetization Magnetic moment / g tissue

Mm(t) Microvascular magnetization Magnetic moment / g tissue

Me(t) Extravascular tissue magnetization Magnetic moment / g tissue

Mv(t) Venous blood magnetization Magnetic moment / g tissue

Vb Fractional microvascular volume ml blood/unit tissue

Vbw Fractional microvascular water volume ml water/unit tissue

Vew Fractional extravascular water volume ml water/unit tissue

λ Brain:blood partition coefficient (ml water /g tissue)/(ml water/g
blood)

0.9 Ref[37]

CBV Blood volume ml/100 g tissue GM 5.0, WM 2.0 Ref[21]

T1 Longitudinal relaxation time of water in tissue

T1b Longitudinal relaxation time of water in blood

T1e Longitudinal relaxation time of water in extravascular
space

Mcontrol Superscripted control denotes the magnetization of control
scan

Mlabel Superscripted label denotes the magnetization of label
scan

S(t) Signal of different magnetization corresponding to Mcontrol

—Mlabel

Note: If water and blood converting was needed, the value of 0.98 was used, therefore vbw = 0.98 vb

doi:10.1371/journal.pone.0156005.t001
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between single- and two-compartment model assumptions based on the simulation. Other
parameters determining the ASL signal in the two-compartment model, such as T1 of extravas-
cular tissue (T1e), cerebral blood volume (CBV) and permeability surface product (PS), are also
simulated for the assessment of errors due to fixed parameters.

Among the parameters of the two-compartment model, f (blood flow) and ATT (arterial
transit time) were selected as fitted parameters. First, the optimal ATT was supposed to have
been bracketed in an interval, using a physiologically meaningful range, such as (a, b) = 0.5–
3.0s. We then evaluated the value of f at an intermediate point x within the bracket and
obtained the smaller bracketing interval, either (a, x) or (x, b) using two-compartment model
Eqs 3 and 4, minimizing the sums of squared deviation (SSD) between data and simulated val-
ues (ΔM/M0). This process continued until the bracketing interval was acceptably narrowed,
holding f values with minimum SSD using golden section search in one dimension [14]

Subjects
This study was approved by the Ethics Committee of the University of Fukui, Faculty of Medi-
cal Sciences. Written informed consent was obtained from all individual participants included
in the study. We enrolled 15 patients with chronic steno-occlusive cerebrovascular disease with
or without transient or minor persistent symptoms of ischemic attack in this study. All patients
had been diagnosed with internal carotid artery (ICA) / middle cerebral artery (MCA) occlu-
sion or stenosis on magnetic resonance angiography (MRA) and/or digital-subtraction angiog-
raphy (DSA). Of these, 4 patients had unilateral ICA occlusion, seven had unilateral ICA
stenosis, and four had MCA stenosis of more than 75%. We treated the more occluded side as
the affected side, and the less occluded side as the less-affected contralateral side based on DSA
and/or MRA findings, with more than 75% occlusion considered as representing significant
occlusive disease. The percentage occlusion of major vessels is provided with the patient demo-
graphics and clinical data in Table 2.

Table 2. Patient characteristics, clinical data, and MRI findings.

Patient Age (years)/
Sex

Affected artery (% stenosis) determined
by DSA/MRA

Clinical history MRI findings

1 51/F Left MCA (99%) Loss of consciousness, Right
hemiparesis

Left insular fresh infarction

2 69/M Right ICA (75%) Sialorrhea Right WM focal old infarction

3 59/M Left ICA (100%), Right ICA (50%) Right numbness Right frontal cortex old infarction

4 58/M Right ICA (90%) No symptom No focal infarction

5 67/M Right ICA (100%) No symptom Bilateral multiple lacunae

6 57/F Left MCA (99%), Right MCA (70%) Right arm weakness, Right
numbness,

Bilateral multiple lacunae, Left thalamic
old infarction

7 72/M Right ICA (95%) Left incomplete hemiparalysis Bilateral multiple lacunae

8 66/M Left ICA (100%), Right ICA (30%) Motor aphasia Left parietal cortex old infarction

9 73/M Left ICA (75%) TIA attack (motor aphasia) No focal infarction

10 65/M Left ICA (75%) TIA attack (Right numbness) Bilateral multiple lacunae

11 26/F Left MCA(90%), Right MCA (50%) Moyamoya disease, No symptom No focal infarction

12 41/F Right MCA (99%) No symptom No focal infarction

13 70/M Left ICA (75%) TIA attack Bilateral multiple lacunae

14 60/M Left ICA (75%) TIA attack Bilateral multiple lacunae

15 65/M Right ICA (100%) No symptom Bilateral multiple lacunae, Right temporal
old infarction

doi:10.1371/journal.pone.0156005.t002
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pCASL
Structural and perfusion imaging was performed using a 3.0-T MR unit (SIGNA Excite HD;
GE Medical Systems, Milwaukee, WI) with an 8-channel head array receiving coil. Conven-
tional T1- and T2-weighted fast spin-echo images were obtained in axial planes for structural
imaging. The ASL perfusion sequence is a pCASL-prepped 3D spiral fast spin-echo (3D-FSE)
acquisition with the combination of background suppression [10, 15]. A pCASL scheme with
label duration of 1.5 s was used for ASL preparation [10]. The 3D-FSE readout signal was
obtained with an interleaved stack of 8-arm acquisitions for each excitation at each of 34 to 40
centrically ordered slice encodes. The 8 interleaves were acquired in separate acquisitions with
a TR of 6 s. Three averages of label and control pairs required a total time of 4 min 48 s for a
single PLD data. The scanning parameters were the following: FOV = 240 mm, matrix
size = 128 × 128, nominal in-plane resolution = 1.8 mm, and slice thickness = 4.5 mm. The
background suppression was achieved with selective spatial saturation prior to labeling and
with multiple inversions after labeling to minimize the instability of ASL signal acquisition.

In order to correct for the transit time effect, 5 PLD data (PLD = 1.0, 1.5, 2.0, 2.5, 3.0) were
also acquired. For blood flow quantification, an approximate proton density (PD) weighted
image was also obtained with the same acquisition parameters, except that neither background
suppression nor labeling were used. Inversion recovery acquisition for an apparent T1 calcula-
tion was also performed, at the same resolution and parameters as for the PD images, and was
used for the calculation of CBF. The T1 map was calculated using the equation related to the
signal intensity ratios of inversion recovery (IR) relative to PD signal (PD) as follows:

IR
PD

¼
1� 2exp � Ti

T1

� �
þ exp � IRTR

T1

� �� �

1� exp PDTR
T1

� �� � ð5Þ

where Ti is the inversion time for IR imaging, and IRTR and PDTR are the repetition times for
IR and PD images, respectively. We have calculated the IR/PD ratios with 200 values of T1

ranging from 100 ms to 4100 ms based on the Eq 5, then simply selected the corresponding T1

value according to the nearest ratio of IR/PD in each pixel.

PET
A whole-body PET scanner (Advance, General Electric Medical Systems, Milwaukee, WI) was
used for PET data acquisition. The scanner permits simultaneous acquisition of 35 image slices
in a two-dimensional mode with interslice spacing of 4.25 mm [16]. 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 a reso-
lution of 6.0 mm full-width at half-maximum in the transaxial direction. Patients were posi-
tioned on the scanner bed with their heads immobilized using a head holder. A 10-min
transmission scan was acquired before the emission scan with a 68Ge/68Ga rod source for atten-
uation correction.

The 15O-water studies were performed with arterial blood sampling from a small cannula
placed in the right brachial artery. Details of the protocol have been described previously [17].
In brief, CBF (ml/100 g/min) was measured with a bolus injection of 740 MBq 15O-water.
Radioactivity in the arterial blood during H2

15O scans was counted by an arterial blood sam-
pling system (ABSS), which consisted of a positron radioactive counter (Apollomec, Kobe,
Japan) and a mini-pump (AC-2120; Atto, Tokyo, Japan). Arterial blood was sampled and
counted continuously with the ABSS at a constant rate of 7 ml/min for the first 2 min,
followed by manual sampling of 0.5 ml of blood every 20 s during the remaining scan time.
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Radioactivity, as counted by the ABSS, was calibrated with the blood sampled manually at 2
min after tracer administration. Decay of the radioactivity from dynamic PET acquisition and
blood data was corrected to the starting point of each scan. Dispersion for the external tube in
the arterial curves was corrected with a bi-exponential dispersion function [18]. CBF images
were calculated from the dynamic PET data and arterial input functions measured above using
the autoradiographic method [19]. A partition coefficient of 0.9 for 15O-water was used in the
CBF calculation. PET was performed within 10 weeks after the onset of symptoms, and within
3 h after MRI acquisition in each case to assess the viability of ischemic brain tissue.

Data analysis
Three CBF maps for each subject were used in this study: first, PET-CBF was considered the
gold standard; second, ASL-CBF with the correction of ATT (ATC ASL-CBF) was calculated
based on the two-compartment model using multi-PLD data; and third, ASL-CBF images from
a single PLD datum (PLD = 1.5 s) was also prepared based on the single-compartment model
to demonstrate the differences due to model assumption and ATT correction. We intended to
compare PET-CBF, ATC ASL-CBF and PLD1.5 ASL-CBF. In order to demonstrate the overall
correlation between PET-CBF and ATC ASL-CBF, we co-registered these two 3D volume data
sets and re-sliced PET-CBF images into sections, which correspond to the ASL-CBF images,
using an in-house IDL (Exelis VIS, Boulder, CO) program. The linear regression analyses
between PET-CBF and ATC ASL-CBF on a pixel by pixel basis were performed in 8 co-regis-
tered slices extending from the basal ganglia to the centrum semiovale. One slice through the
ventricle body level was selected for ROI-based comparisons in a precise way among the
PET-CBF value, ATC ASL-CBF and single PLD (1.5, 2.0, 2.5 s) ASL-CBF. The selected ROIs
are presented in Fig 1 on two types of CBF images. The linear regression analysis between
PET-CBF and ATC ASL-CBF, as well as between PET-CBF and single PLD (1.5, 2.0, 2.5 s)
ASL-CBF, were performed using a representative CBF value of the MCA territory, which were
calculated by averaging ROI #2–5 and ROI #8–11 on the cortical ROIs, as shown in Fig 1. In
terms of white matter, CBF values were also obtained by averaging ROI#13–14 and ROI#15–
16. Based on these values, linear regression was separately performed in 15 affected and 15 con-
tralateral sides in both gray and white matter. Finally, mean versus difference CBF values
between PET-CBF and ATC ASL-CBF values were plotted (Bland-Altman plots) for the dem-
onstration of bias and precision between the two types of CBF measurements. The same plots
were also constructed for PET-CBF and single PLD (1.5, 2.0, 2.5 s) ASL-CBF for comparison
between values pre- and post-ATT correction.

Results

Model simulation
Fig 2a shows the ASL signal difference between the single- and two-compartment models
using the equations (S1)-(S3) and (T1)-(T5) in S1 File. The estimated ASL signal with the
assumption of a single compartment is larger than those obtained using the two-compartment
model simulation, which, in turn, leads to under-estimation of CBF values relative to the two-
compartment model results. The ASL signal dependency to ATT is demonstrated in Fig 2b.
While no signal dependency is observed in the single-compartment model without venous out-
flow consideration, data from both models with venous outflow reveal the increasing trend
along with the elongation of ATT. The result of ASL signal dependency against T1e, CBV and
PS are shown in Fig 3a–3c. While little signal dependency is observed in PS, those of CBV and
T1e appear to have some effect on ASL signal under the conditions of assumed parameters
(Table 1).
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Fig 1. ROI selection for ROI-based comparison between PET-CBF and ASL-CBFmaps. a) PET-CBF
map, b) ASL-CBFmap. ROI selections for 12 gray matter and 4 white matter areas were exactly the same for
PET-CBF and ASL-CBF maps.

doi:10.1371/journal.pone.0156005.g001
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Fig 2. ASL signal simulation and ATT dependency. a) Changes of the ASL signal showing passage of the
labeled spins through brain parenchyma with various model assumptions. Signals are calculated based on
equations (S1)–(S3) and (T1)-(T5) in S1 File. Signal dynamics are different depending on the model
assumptions, as shown in the graph explanatory examples. b) Changes of the ASL signal depending on a
fixed value of ATT showing different dependent patterns according to the model assumptions shown in graph
explanatory examples. Signals are calculated based on equations (S1)–(S5) and (T1)-(T8) in S1 File.

doi:10.1371/journal.pone.0156005.g002
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Fig 3. The ASL signal changes for model parameters. a) ASL signal dependency to T1e. The single-
compartment model is constant along with T1e value, since labeled spins are retained in the vascular space
and correspond to the relaxation of T1b, while the other model assumption with venous outflow has an
increasing trend along with the increase of T1e. b) ASL signal dependency to CBV. ASL signal has an
increasing trend along with CBV increase. Changes are quite stable in the normal brain CBV range (2.0 to 5.0
ml/100 g) (see text). c) ASL signal dependency to PS. PS is also constant despite the wide range of 20 to 200
ml/min/g, which adequately covers the physiological cerebral blood flow range.

doi:10.1371/journal.pone.0156005.g003
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Clinical Data
The clinical characteristics of the study population are summarized in Table 2. Fig 4a shows
parametric maps of a 59-year-old male patient with a unilateral left-sided ICA occlusion
obtained with 15O-H2O PET-CBF, ATC ASL-CBF, ASL-ATT and PLD1.5 ASL-CBF. Fig 4b
shows MR angiography of the patient, where the left MCA territory is perfused from the con-
tralateral side and the left PCA circulation through the A-com and the left IC-PC. The configu-
ration of the vessels is very consistent with the result of ATT mapping (third row of Fig 4a).
Fig 4c shows 2D plots of ATC ASL-CBF and PET-CBF pixel-by-pixel values from a section
through the level of the ventricle body. The linear regression line is drawn on the graph.

Fig 5a and 5b show parametric maps and MR angiography of a 57-year-old female patient
with a unilateral left-sided severe MCA stenosis. The reduction of left cortical CBF appears to
be prominent in PLD1.5 ASL CBF maps compared with that in ATC ASL-CBF maps, which
appears to be more similar to that seen on PET-CBF.

In all patients, significant correlations existed between ATC ASL-CBF and PET-CBF for
voxel values (r = 0.74 ± 0.08, y = 0.87x + 6.1). The mean and standard deviation values of slopes
and intercepts were 0.87 ± 0.22 and 6.1 ± 4.9, respectively. As for the result of ROI-based analy-
ses, the significant linear regression line was obtained both in affected and contralateral hemi-
spheres (Figs 6a, 7a and 8a). ASL-ATTs on affected sides were significantly longer than those
on contralateral sides (1.51 ± 0.41 sec and 1.12 ± 0.30 sec, respectively, p<0.0005). Bland-Alt-
man plots are shown as 2D plots of mean and difference between PET-CBF and ATC ASL-CBF
both for affected-side and contralateral data (Fig 6b) and extracted affected cortical data only
(Fig 6c). Figs 7b, 7c, 8b and 8c show the same plots as Fig 6b and 6c for comparisons between
PET-CBF and PLD1.5 and 2.0 ASL-CBF, respectively. Table 3 summarizes linear regression
analyses between PET-ATC ASL and PET-single PLD (1.5, 2.0, and 2.5 s) CBF on Bland-Alt-
man plots. The regression line remained significant for affected cortical values in PET-single
PLD1.5 and PET-single PLD 2.5 CBF, whereas no significant line was evident after correction
of ATT and single PLD2.0 data from affected cortical data. Bias between PET and ATC ASL
CBF was smaller than from PET and single PLD (1.5, 2.0, and 2.5 s) ASL CBF, but precisions
did not differ significantly between comparisons.

Discussion
This simulation study showed that a single-compartment model may lead to underestimation
of CBF values, depending on the model assumptions, such as venous outflow. Moreover, the
assumption of venous outflow directly changes the tendency of ATT sensitivity to absolute
CBF calculation as shown in Fig 2b. The latter fact is very important for the effectiveness of
ATT correction; if we employ the model without accounting for venous outflow, CBF would
not be changed by the correction in the region with apparently faster ATT than the true ATT
value, since labeled spins would be retained in the local brain parenchyma and never flow out.
However, this may not happen, especially in chronic occlusive disease where the affected side
ATT is longer than in the normal contralateral side by the time venous outflow begins in the
normal side. This is also in accordance with the previous report that the outflow effect is depen-
dent on the method of ASL signal acquisition timing between FAIR and CASL; in other words,
the later the acquisition time we use, the more dominant the outflow effect may become [20].
Therefore, one should consider this point when using the longer labeling duration or longer
PLD setting.

ASL signal contributions of T1e, CBV and PS are shown in Fig 3a–3c. An increase of T1e

may have some effect on the ASL signal. However, the errors due to a fixed value of T1e are rel-
atively small for the cortical region, since the T1 value of 1.3 sec is sometimes assumed as
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Fig 4. Comparison betweenMR and PET in a typical case of left ICA obstruction. a) Comparison between
PET-CBF and ASL-CBF. From top to bottom rows, PET-CBF, ASL-CBF, ASL-ATT (transit time map) are
calculated from the multiple PLD data and ASL-CBF calculated from single PLD (1.5 s) data, based on the simple
single-compartment model (see text). The decreased signal in the right frontal cortex corresponds to cystic
change after infarction. b)MRA revealing the complete obstruction of left ICA suggests the left MCA territory is
fed through collaterals of A-Com and/or left IC-PC. c) 2D-plots of PET and ASL-CBF on pixel-by-pixel basis. The
plotted CBF images through ventricle body level correspond to the third column images from the right side in the
1st and 2nd rows. Abscissa and ordinate axes represent PET and ASL CBF, respectively. Scale bars and units as
indicated.

doi:10.1371/journal.pone.0156005.g004
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Fig 5. Comparison betweenMR and PET in a typical case of left MCA severe stenosis. a) Comparison between
PET-CBF and ASL-CBF. From top to bottom rows, PET-CBF, ASL-CBF, ASL-ATT (transit time map) are calculated
from the multiple PLD data and ASL-CBF calculated from single PLD (1.5s) data based on the simple single-
compartment model (see text). b)MRA reveals that left MCA branches are less bright than those of the contralateral
side. c) 2D-plots of PET and ASL-CBF on a pixel-by-pixel basis. The plotted CBF images through the ventricle body
level correspond to third column images from the right side in 1st and 2nd rows. Abscissa and ordinate axes represent
PET and ASL CBF, respectively.

doi:10.1371/journal.pone.0156005.g005
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Fig 6. Linear regression analysis of PET-CBF and ASL-CBF. The ROI values from affected and
contralateral normal sides are plotted using a diamond shapes (^) and crosses (x), respectively. a) 2D-plots
of PET and ASL CBF using gray and white matter ROIs in both affected and contralateral cerebral
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hemispheres. The regression lines and the coefficient of determination (R2) are shown as insets on the
graph. b) Bland-Altman plots of ROI-based CBF comparison between ASL-CBF and PET-CBF. Bias and
mean ± 2 SD precision lines are drawn on the graph as thick lines and dashed lines, respectively. c)
Extracted Bland-Altman plots of affected ROI of ASL-CBF data calculated frommulti-PLD data. There is no
significant regressed line. The regression lines and the coefficient of determination (R2) are shown as insets
of the graph, but were not significant statistically.

doi:10.1371/journal.pone.0156005.g006

Fig 7. Linear regression analyses of PET-CBF and ASL-CBF. ROI values from affected and contralateral
normal sides are plotted as diamond shapes (^) and crosses (x), respectively. a) 2D-plots between PET and
ASL CBF using gray and white matter ROIs in both affected and contralateral cerebral hemispheres. The
regression lines and the coefficient of determination (R2) are shown as insets of the graph. b) Bland-Altman
plots of ROI-based CBF comparison between ASL-CBF and PET-CBF. Bias and mean ± 2 SD precision lines
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are drawn on the graph as thick lines and dashed lines, respectively. c) Extracted Bland-Altman plots of
affected ROI of ASL-CBF data calculated from single PLD = 1.5 s data. A significant regressed line is
obtained (p <0.05). The regression line and the coefficient of determination (R2) are shown as insets of the
graph.

doi:10.1371/journal.pone.0156005.g007

Fig 8. Linear regression analyses of PET-CBF and ASL-CBF. ROI values from affected and contralateral
normal sides are plotted as diamond shapes (^) and crosses (x), respectively. a) 2D-plots between PET and
ASL CBF using gray and white matter ROIs in both affected and contralateral cerebral hemispheres. The
regression lines and the coefficient of determination (R2) are shown as insets of the graph. b) Bland-Altman
plots of ROI-based CBF comparison between ASL-CBF and PET-CBF. Bias and mean ± 2 SD precision lines
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constant throughout brain tissue, but may induce some error in white matter regions, where
the T1e is much smaller than the assumed value. The CBV difference appears to have some con-
tribution to ASL signal change; however, the errors due to fixed CBV value are again limited,
when we consider normal brain CBV, judging from the values reported as around 4.3 ± 0.5 ml/
100 g in gray matter and 2.1 ± 0.4 ml/100 g in white matter [21]. In addition, these values are
quite stable, corresponding to age, with evidence of non-significant linear regression in a previ-
ous report [21]. Even in a state of misery perfusion, the CBV increase to compensate for the
drop of CBF may be at most 30–40%, as seen in a PET study [22]. Therefore, CBV and PS val-
ues should not have exerted a large impact on ASL signal changes, even under the compro-
mised hemodynamic states examined in the current study.

However, it should be noted that the simple single-compartment model, although easier to
use because of not considering the above factors, could never evaluate conditions that may be
induced by those factors. Again, one should select an appropriate model to correspond to the
particular kind of pathologic tissue one would analyze by ASL imaging.

This clinical study demonstrated two major findings. First, CBF measurements using
pCASL with multiple post-label delay acquisitions were correlated well with quantitative CBF
values derived from 15O-H2O PET in patients with chronic occlusive cerebrovascular disease.
Second, arterial transit times (ATTs) in affected sides were significantly longer than those in
contralateral sides. Although PLD1.5 and PLD2.5 ASL-CBF still have the proportionality effect
in affected cortical CBF data, not only ATC ASL-CBF but also PLD2.0 ASL-CBF show a
reduced proportionality effect for values of PET-CBF. This suggests that even single PLD ASL
data could provide CBF values with less sensitivity to ATT and that PLD = 2.0 selection may be
a good choice for single PLD approach, which may further support the white paper 2.0 sec sin-
gle PLD suggestion for ASL [23]. However, we do not believe that this means that the multi-
PLD acquisition approach is unnecessary for calculating absolute CBF, since normal perfusion
with the smallest ATT and compromised perfusion with the longest ATT could not produce
the true CBF in a single PLD setting under certain conditions, which may be apparent from the
simulation results.

With regard to the first result, the correlations between ATC ASL-CBF and PET-CBF were
significant both on a pixel-by-pixel basis and on a region of interest (ROI) basis. The quantita-
tion of CBF using 3D pCASL was feasible and fairly accurate even in the altered hemodynamic
state. The coefficients of correlation were greater than those reported in our previous study, in
which a possible underestimation of ASL-CBF in the affected side was reported by using CASL
without transit time correction and 15O-CO2 PET because of the longer transit time of the
blood flow in the affected side arriving through collateral blood flow pathways [24]. This is
assumed to be due to use of the appropriate model (in consideration of delay compensation) in
the current work, in which both CBF and ATT were estimated.

The amelioration due to multi-PLD acquisition seems to be limited, since PLD2.0 ASL-
CBF shows a reduced proportionality effect compared to PLD1.5 for the values of PET-CBF.
However, the ATT-corrected maps do show some improvement in proportionality and bias
errors (Table 3). This suggests that not all cases warrant correction for ATT effect using time-
consuming multi-PLD acquisition. In all likelihood, the number of cases with such long ATT
values that they require correction to achieve precise CBF values is limited. Paradoxical
enhancement due to extremely long ATT has not been frequent in previous papers, appearing

are drawn on the graph as thick lines and dashed lines, respectively. c) Extracted Bland-Altman plots of
affected ROI of ASL-CBF data calculated from single PLD = 2.0 s data. The regression lines and the
coefficient of determination (R2) are shown as insets of the graph, but were not significant statistically.

doi:10.1371/journal.pone.0156005.g008
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in none of 11 cases reported by Kimura H [24], and one of 14 patients reported by Detre JA
[25] with unilateral IC occlusive disease. In fact, in the current populations, the averaged ATT
value in the affected side was not much longer than that in the contralateral side.

Regarding the second result, the regional prolongation of ATT in the affected side was very
consistent with the hemodynamics of occlusive cerebrovascular disease, which could also be
expected from use of MR angiography. The model used in this study was able to calculate ATTs
and to correct somewhat for the transit time effect, which may be considered as a reality check
for the use of two-compartment model, although no direct comparisons between calculated
ATT and other modalities were performed. From the result of Bland-Altman plots, ATC
ASL-CBF have the smaller bias compared to that of PLD (1.5, 2.0, 2.5 s) ASL-CBF, which may
probably be due to the difference of the assumption about the venous outflow. In fact, the ASL
signal simulation demonstrates almost identical behavior between the single- and two-compart-
ment models if venous outflow is considered (Fig 2a). Although the conceptual necessity for the
correction of ATT has been well accepted in the MR ASL research community [23], the merit of
the delay-compensated ASL-CBF has not yet been directly validated. The ASL-CBF even with-
out ATT correction roughly correlates with other modalities of CBF images [24, 26, 27]; there-
fore, in the clinical setting we have used the single PLDmethod as the most practical and robust
means of obtaining CBF while reducing ATT sensitivity [3], which may not increase acquisition
time by much, we still have to compromise in SNR due to T1 decay. As for the clinical research,
the ATT issue has long been studied using PASL with multiple values of TI and fitting the data
to estimate both CBF and ATT [4, 12, 28], but these studies still demonstrate variation due to
limited SNR originating from the nature of PASL [4, 12]. The use of the pCASL method with
multiple PLD has also been studied previously [29, 30], but it was limited to research applica-
tions only and was not applied to investigate major vessel occlusive diseases.

If a multiple post-label delay acquisition method is to be incorporated into clinical settings,
the current scan time is too long to accept as the clinical protocol. From the simulation of ΔM
in Fig 2a, maximum signal is achieved when the PLD is less than ATT and the signal decays

Table 3. The comparison between PET and ASL CBF on Bland-Altman plots.

PET vs ATT corrected
ASL CBF

PET vs ATT corrected
ASL CBF

PET vs Single PLD
(PLD = 1.5s) CBF

PET vs Single PLD
(PLD = 2.0s) CBF

PET vs Single PLD
(PLD = 2.5s) CBF

Bias ± Precision*

Affected side 0.98 ± 6.6 -8.8 ± 7.9 -5.0 ± 6.1 -2.2 ± 5.3

Contralateral side -0.42 ± 6.6 -6.9 ± 6.3 -5.4 ± 5.2 -5.3 ± 6.0

Both sides 0.28 ± 6.5 -7.9 ± 7.1 -5.2± 5.6 -3.8 ± 5.8

Proportionality **

Affected side 0.68 (r2 = 0.23, p = 0.54) 0.92 (r2 = 0.23, p<0.01*) 0.63 (r2 = 0.23, p = 0.06) 0.57 (r2 = 0.28, p<0.05*)

Contralateral side 0.40 (r2 = 0.12, p = 0.07) 0.28 (r2 = 0.12, p = 0.39) 0.15 (r2 = 0.02, p = 0.59) 0.37 (r2 = 0.12, p = 0.07)

Both sides 0.45 (r2 = 0.21, p<0.05*) 0.73 (r2 = 0.21, p<0.05*) 0.29 (r2 = 0.29, p<0.01*) 0.82 (r2 = 0.32, p<0.01*)

Averaged CBF in GM ROI

PET CBF 32.5 ± 4.9 32.5 ± 4.9 32.5 ± 4.9 32.5 ± 4.9

ASL CBF 32.7 ± 7.1 24.6 ± 7.8 27.2 ± 6.4 28.7 ± 7.0

Paired t statistics, p t = -0.24, p = 0.40 t = 6.08, p<0.001** t = 5.12, p<0.001** t = 3.57, p<0.001**

Note) Bias ± Precision* reveals Mean Difference ± 2.0*Standard deviation on Bland-Altman plots. While Bias is significantly difference between PET-ATT

corrected ASL and PET-PLD1.5, PET-PLD2.0, PET-PLD2.5 CBF values. Precision from each group has no significant different variance between

PET-ATT corrected and other three groups. Proportionality** reveals slope (r2, p); slope of regressed line, the coefficient of determination and probability

for linear regression analyses on Bland-Altman plots.

doi:10.1371/journal.pone.0156005.t003
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along with PLD time. Therefore, allocating more acquisition time for longer PLD data may be
reasonable, so that we could obtain a higher SNR for data. Although the current sequence did
not have such capability, in the future the number of acquisitions for each delay should be
adjusted to compensate for the loss of SNR at long PLDs. Optimization of the number of post-
label delay acquisitions and excitations for reducing acquisition time with a sparse model-
based image reconstruction [31] and/or use of more complex but efficient Hadamard time-
encoding strategies [32] will be needed to establish guidelines for routine use in future clinical
applications. Besides, if we could calculate the look-up table approach using weighted delay
images as proposed by a previous paper [28] based on two-compartment model Eqs 3 and 4,
we might be able to avoid the time-consuming pix-by-pix ATT bracketing procedure of the
current method.

With regard to the ATT map itself, ATT data have a potential as additional parameters
which reflect pathophysiology in patients with occlusive cerebrovascular disease, not only for
transit time compensation in CBF measurement but for rule-of-thumb evaluation of ischemia.
ATT mapping may be of some value in patient selection for further examination by PET-OEF
evaluation, when a misery perfusion state is suspected. Moreover, a recent paper reported cor-
relations between multi-delay pCASL ATT and DSC Tmax and MTT, which may provide
potential parameters for quantitative assessment of collateral perfusion in acute stroke [33],
while another paper compared CT perfusion and the use of multi-delay ATT for calculating
arterial CBV in moyamoya disease [34].

A potential limitation of our study is that currently, the multi-PLD acquisition method is
still difficult to use in routine clinical settings due to the required scan time, and is still limited
by the low SNR of the CBF map based on complicated model calculations. The current popula-
tion was clinically non-homogeneous, including one Moyamoya patient, and those with not
only ICA stenosis/occlusion but MCA stenosis as well. These facts might have augmented the
variation of results. The ROI comparison was only performed in the MCA territory, but whole
brain coverage should be done along with ATT assessment. The mis-registration between PET
and ASL CBF images has not yet been precisely evaluated, which may also have increased the
case to case variations and decreased the correlations between those images. Although MRI
and PET studies were performed in serial over a 3-h period, CBF may have varied significantly
between these modalities due to physiological responses. Despite these factors, we believe that
correcting for them would not much alter the demonstrated correlation between ASL-CBF and
PET-CBF and the necessity for ATT correction.

Conclusions
The quantitation of CBF using pCASL with delay compensation was feasible and fairly accurate
even in altered hemodynamic states. The approach of pCASL with multiple PLD acquisitions is
applicable to patients with chronic occlusive cerebrovascular disease, although the current
approach is somewhat difficult to employ in routine practice due to the long acquisition time.
Based on the simulation and patient data analyses, the effects of ATT should be taken into
account when an absolute CBF value is required, particularly for ASL-CBF mapping of chronic
occlusive cerebrovascular disorders.

Supporting Information
S1 File. The derivation of ASL signal model. Single and Two-compartment model equations
are derived based on the assumption of Table 1. The simulations were performed using these
formulas.
(DOCX)
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