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Abstract
Pseudo-Continuous Arterial Spin Labeling (pCASL) MRI is a new ASL technique that has the
potential of combining advantages of Continuous-ASL and Pulsed-ASL. However, unlike CASL,
the labeling process of pCASL is not strictly an adiabatic inversion and the efficiency of labeling
may be subject-specific. Here three experiments were performed to study the labeling efficiency in
pCASL MRI. First, the optimal labeling position was determined empirically to be approximately
84 mm below Anterior-Commissure Posterior-Commissure line in order to achieve the highest
sensitivity. Second, an experimental method was developed to utilize phase-contrast velocity MRI
as a normalization factor and to estimate the labeling efficiency in vivo, which was founded to be
0.86±0.06 (n=10, mean±SD). Third, we compared the labeling efficiency of pCASL MRI under
normocapnic and hypercapnic (inhalation of 5% CO2) conditions, and showed that a higher flow
velocity in the feeding arteries resulted in a reduction in the labeling efficiency. In summary, our
results suggest that labeling efficiency is a critical parameter in pCASL MRI not only in terms of
achieving highest sensitivity but also in quantification of absolute CBF in ml/min/100g. We
propose that the labeling efficiency should be estimated using phase-contrast velocity MRI on a
subject-specific basis.
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INTRODUCTION
Arterial Spin Labeling (ASL) MRI is a non-invasive technique that can measure Cerebral
Blood Flow (CBF) (1). ASL MRI have two major categories, Continuous ASL (CASL) (2–
6) and Pulsed ASL (PASL) (7–13). CASL technique utilizes continuous adiabatic inversion
whereas PASL employs a single inversion pulse. In CASL, due to long steady state tagging,
this technique often has high power disposition and sometimes requires a second RF coil for
spin labeling (14,15). Therefore, it has not be widely used compared to PASL (6,16), which
is simpler in implementation.

The recently developed Pseudo Continuous ASL (pCASL) MRI is an intermediate technique
between CASL and PASL (17–20). This technique utilizes a series of discrete RF pulses to
mimic the CASL method for spin labeling. One of the most critical parameters of the
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pCASL method that could affect perfusion quantification and the quality of perfusion
images is the labeling efficiency, α, defined as (arterial blood in the control scan – arterial
blood in the label scan)/2. Unlike CASL, the labeling process of pCASL is not strictly an
adiabatic inversion. Thus the labeling efficiency may be dependent on B0 inhomogeneity,
B1 inhomogeneity and flow velocity. Several studies have used numerical simulations to
investigate the efficiency under different labeling schemes and conditions (18–20).
However, due to heterogeneities across subjects, arterial locations, and physiologic states, it
is desirable to experimentally determine the labeling efficiency for each pCASL scan.

Here, we studied the effect of labeling efficiency in pCASL and proposed an experimental
method to estimate the efficiency in vivo. Three sets of studies were performed. First, we
empirically determined the optimal anatomic location to achieve the best labeling efficiency.
The CBF map with the highest signal intensity was chosen as the best possible location.
Second, we estimated the labeling efficiency at the optimal position by using phase-contrast
(PC) velocity MRI as a normalization factor, thereby providing a method to determine α for
each subject. Third, we demonstrated that labeling efficiency may change depending on
physiological state. Carbon Dioxide (CO2) is a potent vasodilator and results in an increase
in arterial flow velocity. We compared α during hypercapnia (inhalation of 5% CO2) to that
during normocapnia (room-air breathing). Based on these data, we propose that the labeling
efficiency should be estimated by using PC velocity MRI on a subject-specific basis.

MATERIALS AND METHODS
General

Experiments were performed on a 3T MR system (Philips Medical Systems, Best, the
Netherlands) using body coil transmission and head coil reception. The protocol was
approved by the Institutional Review Board of University of Texas Southwestern Medical
Center at Dallas. A total of 25 subjects (14 male, 11 females, 21–45 years of age) were
consented before participating in the study. A balanced pCASL sequence was used
following previous studies by Wu et al. and Wong (18,19). Imaging parameters for all
pCASL experiments were identical: single-shot gradient-echo EPI, field-of-view
(FOV)=240×240, matrix=80×80, voxel size=3×3 mm, 27 slices acquired in ascending order,
slice thickness=5 mm, no gap between slices, labeling duration=1650 ms, post spin labeling
delay=1525 ms, TR=4020 ms, TE= 14ms, SENSE factor 2.5, time interval between
consecutive slice acquisitions=35.5 ms, number of controls/labels= 30 pairs, RF
duration=0.5 ms, pause between RF pulses = 0.5 ms, labeling pulse flip angle=18°,
bandwidth=2.7 kHz, echo train length=35, and scan duration 4.5 min. In addition, a high
resolution T1 weighted image was acquired with the following parameters: MPRAGE
sequence, TR/TE=8.3ms/3.8ms, flip angle=12°, 160 sagittal slices, voxel size=1×1×1 mm3,
FOV=256×256×160 mm3, and duration 4 min.

Study 1
The purpose of this study was to experimentally determine the optimal location of labeling
plane to achieve the highest sensitivity. Seven subjects participated in this study. With the
imaging slices positioned at the same location, the labeling plane was varied to be 49, 63,
74, 84, 94, 119, 149 mm distal to the anterior-commissure (AC) posterior-commissure (PC)
line (bottom panel, Fig. 1).

PCASL data were motion corrected using SPM5 (Wellcome Department of Imaging
Neuroscience, London, UK). An in-house MATLAB (Mathworks, Natick, MA) program
was used to calculate the difference between averaged control and label images. Then, the
difference image was corrected for imaging slice delay time to yield CBF-weight image,
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which was normalized to the Brain template from Montreal Neurological Institute (MNI)
using SPM5. The normalized CBF-weighted image was spatially averaged and compared
across different labeling positions.

Study 2
The goal of this study was to estimate labeling efficiency of pCASL method utilizing PC
velocity MRI as a normalization factor. PC velocity MRI uses bipolar gradients to modulate
the phase of flowing spins and, under the assumption of minimal velocity variation across a
voxel and negligible outflow effect, can provide an estimation of flow velocity (21). Ten
subjects were scanned by placing the labeling slab at the optimal position determined in
Study 1. In addition to the pCASL scan, a time-of-flight (TOF) angiogram and a PC velocity
MRI were performed. The TOF angiogram was performed to visualize the internal carotid
arteries (ICA) and vertebral arteries (VA), and to correctly position the PC velocity MRI
slice (Fig. 2b). The imaging parameters were: TR/TE/flip angle=23ms/3.45ms/18°,
FOV=160×70×160mm3, voxel size 1.0×1.0×1.5mm3, number of slices =47, one saturation
slab of 60mm positioned above the imaging slab to suppress the venous vessels, duration 1
min 26 sec. The slice of the PC velocity MRI was oriented perpendicular to the ICA and VA
(Fig. 2b) and the parameters were: single slice, voxel size=0.45×0.45 mm2, FOV=230×230
mm2, TR/TE=20/7 msec, flip angle=15°, slice thickness=5 mm, maximum velocity
encoding=80 cm/s, and scan duration=30 sec.

PC velocity MRI provides a quantitative measurement of blood flow velocity, v, in ICA and
VA. The blood velocity can be converted to flow rate by integrating over the cross-section
of the vessels. The flow, F, is calculated by:

[1]

The unit of F is ml blood/second, i.e. blood influx per unit time. The PC velocity MRI was
conducted at the level of cervical spine C2 above the bifurcation of carotid arteries.
Anatomy literature established that there are no extracranial branches at this level (22). VA,
on the other hand, may have small branches perfusing spinal cord, which may cause an over-
estimation of brain blood flow. Such branches, however, are not visible in the TOF
angiogram, suggesting that the effect, if any, is minimal. Thus the value of F indicates the
sum of blood flow of the whole brain. We then divided F by the intracranial mass
(calculated from T1W image and by assuming brain density of ρ =1.06 g/ml (23)) and
obtained the normalization factor, fPC,AVG, which is the whole brain averaged blood flow in
units of ml blood/sec/g brain or ml blood/min/100g brain. On the other hand, pCASL can
also give an estimation of blood flow using an equation from Alsop and Detre (7):

[2]

where fpCASL(x,y,z) is the blood flow value at voxel (x,y,z) obtained from pCASL in ml
blood/min/100g brain; α is the labeling efficiency; λ is the blood-brain partition coefficient
(0.98 ml/gram (23)); δ is the arterial transit time of blood from the tagging plane to the
imaging slice (assumed to be 2 seconds (7)); w is the delay between the end of labeling and
the start of acquisition (1.525 seconds); T1 is the brain tissue T1 (1.165 seconds (24)); T1a is
the T1 of arterial blood (1.624 seconds (25)); T1RF is the is the T1 in the presence of off-
resonance irradiation (0.75 seconds (26));  is the value of equilibrium magnetization of
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brain tissue, which was obtained from manual ROI drawing of thalamus in the control image
by  and assuming T1,thal = 0.986 seconds (24). We chose to draw
the ROIs in the thalamus because it is gray matter and the structure thickness is sufficient for
manual drawing (cortical gray matter can be very thin). Note also that both ΔM and 
contain T2* effect and they tend to cancel out after the division.

The whole brain averaged blood flow from pCASL is then given by:

[3]

where NWB is the total number of pCASL voxels inside the intracranial space. We can then
equate the blood flow measured from PC velocity MRI and pCASL MRI, i.e.
fPC,AVG=fpCASL,AVG, and the only unknown in the equation is α which is estimated.
Conceptually, this normalization method can be viewed as follows: Adding up all the
pCASL signals within the brain gives the total amount of MRI signal in arbitrary unit (a.u.).
On the other hand, the phase contrast scan gives the total amount of CBF in ml/min. These
two are essentially equivalent. Thus, one can obtain the “conversion rate” that indicates each
unit of MR signal is worth how much CBF. Once the labeling efficiency is known, the
absolute CBF map can be calculated with Eq. [2].

For data processing of PC velocity MRI, a preliminary ROI was drawn on each of the four
arteries (left and right ICA, left and right VA) based on the magnitude image (Fig. 2d). The
operator was instructed to trace the boundary of the targeted vessel without including
adjacent vessels. A signal intensity threshold (2 × noise level) was then applied to the
magnitude image to remove any background voxels and to obtain the final vessel mask. The
final mask was applied to the velocity map (i.e. the phase image of PC velocity MRI, Fig.
2e) and the total flow, F, inside the mask was calculated according to Eq. [1].

Regional CBF values for gray and white matters were quantified by manually placing ROIs
in corresponding regions for each subject.

Study 3
In the third study, we investigated whether or not the labeling efficiency in pCASL is
dependent on the subject’s physiologic state. Hypercapnia was induced using 5% CO2
breathing and it is known to increase blood flow in the entire brain. Eight subjects wore nose
clips and breathed via a mouth piece while they were scanned in a supine position. End
Tidal CO2 (etCO2), breathing rate (BR), heart rate (HR) and arterial oxygenation saturation
(spO2) (Capnogard, Model 1265, Novametrix Medical Systems, CT, and MEDRAD,
Pittsburgh, PA) were also monitored and recorded continuously on a laptop. The subjects
first inhaled normal room-air for 7 minutes while TOF angiogram, pCASL, arterial PC
velocity MRI, and sagittal sinus PC velocity MRI scans were performed. Then, the valve
was switched to hypercapnia gas mixture (5% CO2, 74% N2 and 21% O2) contained within
a Douglas bag. Based on our experience, we allotted two minutes of waiting time to allow
the physiology to stabilize at the hypercapnic state. Then, we finalized our study by
performing a pCASL, arterial PC velocity MRI, and saggital sinus PC velocity MRI scans.

Hypercapnia-induced changes in CBF-weighted signals, i.e. ΔM=Scontrol−Slabel, were
calculated using pCASL MRI. These results were compared to those obtained from arterial
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PC velocity MRI and sagittal sinus PC velocity MRI. The labeling efficiencies of pCASL
under normocapnic and hypercapnic states were also estimated using methods described in
Study 2.

RESULTS
Study 1

Figure 1 shows the CBF-weighted signal intensity as a function of labeling position. The
average CBF maps for each position are shown at the top of Fig. 1. Quantitative analysis
revealed that the averaged signal intensity is highest when the label plane is positioned at
84mm below the AC-PC line. For individual subjects, the peak location was 78.1±3.8mm
(mean±SD). CBF-weighted signal at 149mm was significantly lower than all other labeling
positions (p<0.001 for pair-wise t tests) due to B1 power decay of the body transmission coil
at distant location. When the labeling plane is very close to the brain (49mm below AC-PC),
the CBF-weighted signal is also lower than the peak signal (p<0.005), possibly due to the
variant vessel orientation in this region.

Study 2
Figure 2 illustrates the slice location of PC velocity MRI and representative PC velocity
images. Using the PC velocity MRI and T1W MPRAGE data, whole brain blood flow (F),
intracranial volume and unit mass blood flow (fPC,AVG) were calculated to be 730.1±97.1
ml/min (n=10, mean±SD), 1508.5±188.2ml and 46.0±6.3 ml/min/100g, respectively.
Considering that the data analysis of PC velocity MRI involves manual ROI drawing and
this step may introduce rater-dependence in the quantification of F, we performed an inter-
rater reliability test by having two researchers (SA and FX) each processing 50 vessels with
a range of sizes. We observed a high inter-rater reliability (r2=0.99, p<0.001). Using the PC
velocity MRI results and Eq. [3], the labeling efficiency of pCASL was estimated to be
0.86±0.06 (n=10, mean±SD, range 0.79–0.98), in good agreement with simulation results
reported by Wu et al. (19). After the labeling efficiency is determined, absolute CBF maps
were computed using Eq. [2]. Whole brain averaged gray and white matter CBF were
55.0±8.4 ml/min/100g and 21.0±5.2 ml/min/100g, respectively, with a gray/white ratio of
2.7±0.5. Table 1 shows regional CBF values for gray and white matters. Parietal white
matter had smaller (p<0.03) CBF compared to frontal and occipital white matters. No other
regional differences were found for cortical gray matter or white matter. CBF values of deep
gray matter were between white matter and cortical gray matter.

Study 3
Inhalation of 5% CO2 increased the Et-CO2 from 40.2±3.8 mmHg to 49.1±2.4 mmHg (n=8,
mean±SD), but did not change arterial oxygenation or heart rate significantly. On average,
PC velocity MRI in ICAs and VAs showed a whole brain CBF increase of 59.6±24.3%
comparing hypercapnia to normocapnia. For confirmation, we also performed PC velocity
MRI in sagittal sinus, which showed similar increases (62.2±29.7%) in global CBF. For
pCASL, if we do not consider the possible changes in labeling efficiency between
normocapnia and hypercapnia, and just use the CBF-weighted signal, ΔM=Scontrol−Slabel (as
used in most ASL fMRI or physiologic challenge studies), the increases in ΔM were
40.1±20.3%. This is considerably lower (p=0.01) than that using PC velocity MRI. We
attribute this discrepancy to a reduction in labeling efficiency from normocapnia to
hypercapnia, which were estimated to be 0.95±0.10 (n=8, mean±SD) and 0.84±0.09,
respectively (p=0.025, paired t test), using the method described in Study 2. Figure 3 shows
absolute CBF maps of normocapnia, hypercapnia and difference between hypercapnia and
normocapnia, after accounting for the labeling efficiency in each physiologic condition.
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We note that the estimated labeling efficiency during normocapnia appears to be higher than
that in Study 2. Aside from a possible contribution of age differences between the two
groups (35±10 yrs and 29±7 yrs for studies 2 and 3, respectively), another potential reason is
that the subject tends to slightly hyperventilate when breathing through the mouth piece. As
a result, the flow may be lower than the regular breathing conditions, and the labeling
efficiency becomes higher. This is confirmed from the whole brain flow values (46.0±6.3
ml/min/100g and 42.8±8.2 ml/min/100g for studies 2 and 3, respectively).

Finally, we studied the correlation between the labeling efficiency and arterial flow velocity
across subjects and physiologic states (total 26 measurements) (Fig. 4). A significant
correlation was observed (r=−0.46, p=0.02), in general agreement with predictions from
numerical simulations (dashed curve in Fig. 4).

DISCUSSION
In this study, we investigated several questions related to labeling efficiency in pCASL
MRI. We performed pCASL labeling at different anatomic locations and determined that
labeling at 84mm below the AC-PC line yielded the highest signal intensity, although the
curve was relatively flat within the range of 74–94mm. Next, we proposed an experimental
method to estimate the labeling efficiency for each subject based on whole brain CBF
obtained from PC velocity MRI. Finally, we demonstrated that the labeling efficiency is not
only subject-dependent but can also vary with physiologic conditions, because arterial flow
velocity may be altered with vascular challenge or neural activation. Based on these
findings, we recommend that the labeling efficiency in pCASL MRI should be estimated on
a subject-specific and physiologic-condition-specific basis.

ASL MRI is a powerful technique and, in recent year, many interests have developed to
apply this technique to the studies of neurological and psychiatric disorders, a niche field
conventionally occupied by SPECT and PET imaging. Researchers especially clinical-
oriented ones often seek a technique that is quantitative, easy to implement (e.g. no coil
change, no contrast agent), short in duration (e.g. 5 min), and covers the whole brain, similar
to T1, T2, FLAIR or DTI techniques. In this regard, a few traits of pCASL MRI such as high
sensitivity, large brain coverage, and no need for special hardware (18,19,27) are
particularly attractive. Compared to conventional ASL methods, pCASL MRI introduces
minimal number of new caveats. One new issue that may be specific to pCASL is the
uncertainty in labeling efficiency, because the labeling mechanism of pCASL is no longer
based on adiabatic inversion and any variations in B0, B1, or flow velocity may have a
significant impact on the efficiency. This is particularly relevant when one aims to conduct
quantitative comparison of CBF between patient populations or in the same population
before and after medication. Therefore, an experimental method to quantify the labeling
efficiency in pCASL may provide an important piece of puzzle in preparing ASL MRI for
large scale clinical research or routine clinical MRI scan.

Several previous studies have pointed out the importance of labeling efficiency in pCASL.
Wong conducted numerical simulations and showed that the labeling efficiency is lower
when the resonance frequency is shifted from the center frequency due to B0 inhomogeneity
(18). Wu et al. and Dai et al. have reported pCASL labeling efficiency by using CASL as a
reference (19,20). They conducted pCASL and conventional CASL MRI in the same
participants and the differences in signal amplitude are attributed to differences in labeling
efficiencies. By further assuming the CASL labeling efficiency from previous simulations
by Maccotta et al. (28), the labeling efficiency in pCASL was estimated. One potential
confounding factor is that the simulation results may not be applicable for the specific
hardware and sequence parameters used in a given study. A second drawback is that it is not
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practical to conduct pCASL and CASL comparison in every study, thus the labeling
efficiency cannot be estimated on a subject-by-subject basis. On the other hand, the
approach used in the present study is independent of previous simulations and can be easily
applied without changing RF coil.

The method to estimate labeling efficiency proposed in this study is based on normalization
of pCASL signal with PC velocity MRI. The scan time for PC velocity MRI is only 0.5 min.
However, in order to position the PC velocity MRI slice, a TOF angiogram was acquired in
our study, adding another 1.5 min to the session duration. Therefore additional 2–3 minutes
of scan time is needed for our proposed technique. This is an approximately 40–50%
increase compared to a conventional ASL scan of about 5 minutes. This may be particularly
challenging for clinical scans where the total duration of the session is less than 20 minutes.
In addition, extra data processing is needed compared to conventional ASL. The processing
of the PC velocity data involves manual drawing of four ROIs covering left/right internal
carotid and vertebral arteries, respectively. Our processing scripts are optimized and this
typically takes less than 3 minutes. At present, we are doing the processing offline because
we are not using velocity information for any real time adjustment of the protocol. However,
in the future if we were to determine the labeling position for each subject in real time, the
online processing would indeed be helpful. We would need to work with our vendor to
incorporate the processing scripts in the user interface. However, in terms of the algorithm
and procedure, they are quite straightforward and fast.

In the estimation of labeling efficiency from Eq. 3, the values of several variables were
assumed from reports in literature. The actual values in a voxel may be slightly different
from the assumed values. This will introduce error in the estimation. In particular, if there
are regional differences in arterial transit time, tissue T1 or blood-brain partition coefficient,
CBF in some brain regions will be over-estimated while other regions will be under-
estimated. As a consequence, even though the whole brain averaged CBF is still correct, the
regional values may contain errors. This issue is not specific to the efficiency estimation
technique proposed in this study, but is related to ASL CBF measurement in general. If an
accurate relative CBF map can be obtained with ASL, our method of quantification will also
be accurate. A well-known approach to reduce arterial transit time sensitivity is to use longer
delay times (7). However, overall SNR will be low at long delay times.

The PC velocity MRI protocol used in this study is very short in duration (0.5 min) and is
not triggered by cardiac cycle. As a result, cardiac pulsation effect causes some ghostings in
the phase-encoding direction (anterior-posterior direction). To assess the potential errors of
cardiac pulsation, we compared the flux values obtained from non-gated PC and a 15-phase
gated PC in additional subjects. The difference between the two techniques was found to be
<3%, similar to the results from literature (29). Considering a 10 fold difference in scan
duration, we have used the non-triggered version in this study. Another potential approach to
estimate the labeling efficiency is to directly image the vessels immediately above the
labeling location and to measure the magnitude and sign of the blood magnetization. For
example, a signal of −M0 would indicate a 100% labeling efficiency. While this approach is
conceptually straightforward, there have not been reports for either CASL or pCASL
estimations. Possible reasons include technical challenges in high-resolution imaging of
blood vessels and the outflow effect of moving spins.

When using a fixed labeling location (84mm below AC-PC line), a range of labeling
efficiencies were observed across subjects. This is partly explained by variations in arterial
velocity (Fig. 4) due to normal variance in vessel anatomy. If one measures vessel velocity
at a few locations and determines the best labeling location for each subject (e.g. find
locations where velocity is approximately 10cm/s), a more homogeneous labeling efficiency

Aslan et al. Page 7

Magn Reson Med. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



may be achieved. However, to achieve this, more PC velocity scans are needed and the
operator also needs to conduct analysis on the fly. In addition, within a subject, the arterial
flow velocity may change from one day to another and even within the same day, due to
drug treatment, ventilation level or even consumption of caffeine products. Therefore, it is
recommended that the labeling efficiency in pCASL MRI be estimated for each subject in
the same scan session. Furthermore, other factors such as B0 and B1 inhomogeneity may
cause the labeling efficiency to be different across subjects. This is especially relevant in
view of our finding that the optimal labeling location appears to be in the neck regions
where different subjects may have different amount of dental works. The dental works will
not only cause a variation in labeling efficiency, but also result in a decrease in SNR of the
pCASL signals. These factors need to be considered in certain clinical studies. For example,
in studies comparing elderly subjects, it may be useful to choose a higher labeling location
to avoid susceptibility effect of dental works.

The findings from the present study need to be interpreted in the context of its limitations.
The PC velocity scan itself may contain noise due to cardiac pulsation and physiologic
fluctuations, which will be propagated to the CBF map. Cardiac pulsation is particularly
relevant in that flow velocity varies at different phases of the cardiac cycle and this would
result in a phase-specific variation in labeling efficiency. Thus the efficiency reported in the
present study can only be considered as an averaged value across all phases of the cycle,
similar to the cases of CASL (30). In addition, accurate velocity mapping at the neck regions
require the RF and gradient coils to sufficiently cover the area. This was possible with our
particular experimental setup. However, if the coil coverage is not long, table movement
may be needed. The pCASL technique itself has specific limitations. While the labeling
pulses were designed to have lower power compared to conventional CASL, it is still greater
than the PASL technique and sometimes poses limitations on labeling duration, number of
slices and minimal TR. Also, the addition of extra scans to the protocol is certainly a pitfall
compared to conventional ASL. The signal sensitivity to B0 and B1 inhomogeneity as well
as to velocity adds further complexity to the technique.

CONCLUSION
Labeling efficiency is a critical parameter in pCASL MRI not only in terms of achieving
highest sensitivity but also in quantification of absolute CBF in units of ml/min/100g. We
proposed an in vivo experimental method to estimate labeling efficiency using phase
contrast MRI as a normalization factor.
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Fig. 1.
Intensity of CBF-weighted signal as a function of labeling position. PCASL MRI was
performed with the labeling plane positioned at 7 different locations (bottom panel). The
locations are in reference to the AC-PC line. The top panel shows average CBF-weighted
images at each location. Image intensity change as a function of labeling position can be
visually observed. Error bars indicate standard errors of mean.
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Fig. 2.
Phase-contrast (PC) velocity MRI of Internal Carotid Arteries (ICA) and Vertebral Arteries
(VA). (a) Location of the slice of PC velocity MRI on a mid-sagittal image. (b) Location of
the PC velocity MRI on the angiogram. (c) Raw image of PC velocity MRI. (d) Magnitude
image of PC velocity MRI. The insets show the left and right ICAs and VAs as well as the
manually drawn ROIs. (e) Velocity map from the PC velocity MRI. Positive value indicates
inflow blood, often corresponding to arteries, whereas negative value indicates outflow
blood, typically from veins.
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Fig. 3.
Representative CBF maps during normocapnia and hypercapnia as well their differences.
The data have been spatially normalized to the MNI brain template. The quantification of
CBF used Eq. [2] and the experimentally estimated labeling efficiency. CBF increases can
be seen in the entire brain.
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Fig. 4.
Experimental and simulation data of pCASL labeling efficiency as a function of flow
velocity. The experimental data (filled dots) were from all subjects in Studies 2 and 3 (26
measurements). The solid line is the linear fitting of the experimental data. The simulation
(dashed curve) used sequence parameters identical to those used in the experiments: RF
duration=0.5 ms, pause between RF pulses=0.5 ms, labeling pulse flip angle=18°. The spins
were assumed to be on-resonance and flowing at a constant velocity. The experimental data
showed a significant correlation between labeling efficiency and flow velocity (r=−0.46,
p=0.02).
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