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Abstract

Object The goal of this work is to use vessel encoded
arterial spin labeling (VEASL) methods to detect feeding
arteries without prior knowledge of their positions, and
map the vascular territory of each.

Materials and methods Five healthy subjects were scan-
ned, each with four different tagging planes. The VEASL
tagging method was modified to use 60 different pairs of
encoding steps with random orientation and spacing.
A signal model was developed to calculate the theoretical
ASL signal resulting from a vessel in any position in the
tagging plane. For each voxel, the location of the feeding
vessel was estimated by finding the theoretical signal that
correlates most closely with the data.

Results The main intracranial arteries, including carotid,
vertebral, basilar, and cerebral arteries above the Circle of
Willis were identified and localized from the ASL data in
all subjects. In addition, external carotid branches were
detected in all subjects.

Conclusions Randomly encoded VEASL provides data
that allows for blind detection of source vessels. This
method simplifies the VEASL prescription process and
allows for efficient detection of atypical or collateral
circulation.
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Introduction

For most ASL methods, the primary goal is to provide
accurate and robust measures of perfusion. However,
through manipulation of the tagging process, ASL can be
extended to provide additional information on which
source vessels supply which target tissues. This informa-
tion, which is typically in the form of vascular territory
maps, may be useful for applications such as the evaluation
of stroke, risk assessment in cerebrovascular disease, and
planning of treatment for tumors. ASL-based territory
mapping methods include some which apply ASL tags to
single vessels [1-3], and others which encode the tagging
process for two or more feeding arteries such that multiple
vascular territories can be decoded and mapped simulta-
neously [4-6]. One of these methods is vessel encoded
arterial spin labeling (VEASL) [5], in which pseudo-con-
tinuous ASL (PCASL) tagging [7] is used with additional
gradient pulses applied across the tagging plane to encode
the ASL data with information about the location of the
feeding arteries. As originally described, VEASL requires
prior knowledge of the locations of vessels to be tagged in
order to prescribe a series of Hadamard encoding steps
across the source vessels. This in turn necessitates the
collection of an angiogram, and user input or an automated
algorithm for detection of vessel locations in the tagging
plane. In an effort to automate the scan prescription pro-
cess, Gevers et al. introduced a planning-free VEASL
method [8] that uses a small number of generically defined
encoding steps, and demonstrated repeatable detection of
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flow territories using this approach. We explore here the
use of a large number of random encoding steps to not only
map vascular territories without planning, but to also
uniquely identify the locations of the source arteries in the
tagging plane. This provides the opportunity to identify
collateral or atypical routes of circulation that may not
previously be known, and may be clinically relevant.

In addition to the positions of feeding arteries, resonance
offsets at the locations of the arteries in the tagging plane
can also significantly affect the tagging efficiency, and
methods have been proposed to either measure and correct
for these offsets [9, 10] or to reduce sensitivity to them
using multiphase PCASL [11]. The randomly encoded
method proposed here allows for efficient estimation of
both the locations and resonance offsets of feeding arteries
without prior knowledge of either. Portions of this work
were presented in abstract form in [12].

Materials and methods

In the original implementation of VEASL, transverse gra-
dient pulses of alternating sign were used between RF
pulses to provide vessel encoding. In the presence of res-
onance offsets in the tagging plane, this approach results in
decreased tagging efficiency, as shown in Fig. la. These
curves were calculated by Bloch simulation, assuming a
range of flow velocities uniformly distributed from 5 to
40 cm/s in the direction of the tagging gradients, the RF
and gradient parameters given below, an assumed T, of
200 ms for arterial blood, and neglecting T, decay. We
note that using unipolar transverse gradient pulses for
vessel encoding can provide similar encoding functionality,
but with two differences [12]. First, the tagging curve as a
function of the location between fully inverted and
unperturbed vessels has a different shape (Fig. 1b). This
curve is very well fit using three Fourier coefficients, and is
given by:

AMz = 2.092 cos(0) — 0.322 cos(30) + 0.053 cos(50),

where 0 is the phase along the periodic function. SNR effi-
ciency in VEASL can be calculated using Equation 4 of [5],
and is maximized using Hadamard encoding. Because the
unipolar encoding curve of Fig. 1b is more weighted towards
=41 than that of bipolar encoding (Fig. 1a), unipolar encod-
ing more closely approximates Hadamard encoding steps,
and the overall SNR is higher. Second, for unipolar encod-
ing, resonance offsets at the tagging location result in a
simple shift in the tagging curve, which does not affect the
overall tagging efficiency and SNR, as opposed to the
decrease in tagging efficiency that is seen with resonance
offset in the bipolar case (Fig. 1). For these reasons we are
currently using the unipolar approach. In order for the RF
pulses to follow the phase of the spins in a vessel to be
inverted, the additional phase ¢; (described in [5]) is given by
¢; = ina/ A, where i is the pulse number, a is the projection of
the vector from isocenter to the vessel onto the direction of
encoding (see [5]), and / is encoding wavelength. For the
original alternating gradient method, ¢; = (i%2)ra//,
where % represents the integer modulus function.

Five healthy subjects were studied in a General Electric
MR750 3T scanner, using a commercial 8-channel head RF
coil, under a protocol approved by the local IRB. MR
angiograms were acquired and were used to select the four
tagging planes shown in Fig. 2. Location A features a
trapezoidal arrangement of internal carotid and vertebral
arteries, has relatively straight arterial segments, and allows
for the possibility of separately tagging the two vertebral
arteries. Location B has an anatomically very consistent
arrangement of carotid and basilar arteries, but has tortuous
segments nearby and typically large resonance offsets.
Locations C and D are two candidate locations for tagging
above the Circle of Willis (CoW) that may allow for tagging
of anterior, middle, and posterior cerebral arteries. Between
these two locations the anterior cerebral artery runs nearly
straight posterior-anterior and is difficult to tag.

Fig. 1 Calculated VEASL S 27 2
signal as a function of © A B
) ) K 15 1.5
transverse gradient induced 5
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gradient pulses; b Unipolar 8 05| 0.5
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resonance offset at the tagging o O 0
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i i (3]
ta}ggmg efﬁmenc.y for the . S| — On Resonance S
bipolar pulse train, but a simple ] 200Hz
shift without amplitude 2 -5} -1.5
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Fig. 2 Tagging planes superimposed on a sagittal projection of an
MR angiogram. A Trapezoidal arrangement of internal carotid and
vertebral arteries; B Triangular arrangement of internal carotid and
basilar arteries at the level of the sphenoid sinus; C and D Above the
Circle of Willis, allowing tagging of anterior and posterior cerebral
arteries, and branches of the middle cerebral artery

At each of these tagging locations, the same 60 pairs of
encoding steps were acquired, with random orientation,
random phase 0, and random wavelength A ranging from 15
to 85 mm, in addition to two pairs of non-vessel encoded
steps for a total of 124 TR periods per scan. The random
encoding steps were generated once and the same encod-
ings used for every subject. The actual encodings used
are available at http://cfmriweb.ucsd.edu/ecwong/public/
rveasl_encodings.txt. For the second of each pair of
encoding steps, the RF phase was alternated between 0 and
180° relative to the first step, such that a difference signal
between the pair removes static tissue signal and leaves a
symmetrical dependence of the ASL signal upon vessel
location, as shown in Fig. 1b. Scan parameters were: single
shot gradient echo spiral acquisition with 64> matrix,

Fig. 3 Maximum correlation coefficient (CCmax) between signal
from each voxel and predicted signal from any point in the XYF
tagging space (see text). Left A map of CCmax shows high values in
gray matter. In this subject, both the right anterior cerebral and the
left posterior cerebral artery territories receive mixed supplies, and
CCmax is lower in these areas. Note the high CCmax areas outside

22 cm FOV, nine 8 mm slices with 2 mm spacing, spatial
spectral excitation, 2 ps sampling, 1.6 s tag duration,
800 ps Hamming shaped pulses with 1.4 ms spacing, tag-
ging gradients with 8mT/m amplitude and 0.6 mT/m mean
value, 1 s post labeling delay, and 3 s TR.

Images were subtracted pairwise, resulting in 61 dif-
ference images, one without transverse encoding averaged
from the two pairs of non-encoded scans. For a uniform
array of assumed vessel locations spanning £64 mm with
2 mm spacing in both X and Y directions, and resonance
offsets spanning +220 Hz with 11 Hz spacing, the theo-
retical ASL signal across encoding steps was calculated
using the random but known encoding parameters and
assuming the response of Fig. 1b. This generates a matrix
that maps X and Y vessel coordinates and Frequency
(XYF) space into 61 dimensional ASL signal space. For
each voxel in the data, the correlation coefficient (CC)
between the acquired signal and the theoretical ASL signal
from every XYF location was calculated, and the point
in XYF space corresponding to the highest CC (CCmax)
was assigned to that voxel. For this vessel detection step,
images were down sampled to 32% using a 2 x 2 box
shaped kernel to speed up the processing. The choice of
2 mm spacing in XY, and 11 Hz spacing in F is somewhat
arbitrary. It is not the resolution in these dimensions, but
simply needs to be fine enough so that correlation maxima
(CCmax) in XYF space are not missed. Finer spacing than
is necessary for identifying vessels is not likely to be
useful, and increases computation time. Processing time for
one scan (7 slices, 124 images of each) was less than one
minute running in Matlab on a 8-core Linux server.

Results

A map of CCmax, and a histogram thereof are shown in
Fig. 3. The histogram clearly shows a bimodal distribution,
with the lower peak corresponding to areas of low or no

05 086 0.7 08 09 1

the brain, which correspond to extracranial vessels. Right A histogram
of CCmax values shows a peak near 0.65 which corresponds to noise
voxels. A CCmax threshold of 0.8 was used in this study to identify
voxels that fit the signal model well, and were used to detect source
vessels
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perfusion (including noise outside the head), and the higher
peak corresponding to voxels with high perfusion and good
fit to the signal model. Voxels with CCmax >0.8 were used
for estimation of vessel locations, and histograms of those
voxels in XYF space were constructed. An example, with
three orthogonal projections of this 3-dimensional histo-
gram are shown in Fig. 4. Clusters in this histogram were
identified manually, and the centroids of the clusters rep-
resent estimated vessel locations and resonance offsets in
the tagging plane. These vessels locations were used to
construct an encoding matrix and used in a linear analysis
as in [5], allowing for detection and estimation of mixed
supplies where they occur. In the color vascular territory
maps shown, the brightness is proportional to the total flow
from all feeding arteries, and the color is derived from the
colors assigned arbitrarily to each vessel, mixed in RGB
color space weighted by the relative contribution from each
vessel.

In the example shown in Fig. 4, eight clusters are
apparent in the projection of the XYF histogram onto the
XY plane (Fig. 4a). The locations of these clusters are
superimposed on an anatomical image of the tagging plane
in Fig. 4d, and show that the central four vessels are the
internal carotid and vertebral arteries. The left and right
carotid arteries are designated blue and red, respectively,
and the purple color of the right anterior cerebral artery
territory in Fig. 4e indicates that in this subject, that

L/R Position (mm)

A/P Position (mm)

Frequency (Hz)

Fig. 4 Detection of source vessels. Three orthogonal projections of
3D histogram of voxels projected into XYF space (see text).
a Projection onto XY plane; b Projection onto FY plane; ¢ Projection
onto XF plane. Peaks in these projections correspond to source
vessels. d Eight peaks seen in a, shown as colored circles,
superimposed on an anatomical image of the tagging plane. These
eight vessels correspond to two carotid arteries, two vertebral arteries,
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territory receives a mixed supply from left and right car-
otids. This is consistent with data from this subject using
conventional (non-random) VEASL, and MR angiography
that shows a patent anterior communicating artery (data not
shown). The measured resonance offsets (horizontal axis in
Fig. 4b and vertical axis in Fig. 4c) are relatively small
among these four vessels, ranging from —18 to 24 Hz. In
addition to the four intracranial arteries, four peaks in the
histogram, indicated by the arrows in Fig. 4a, presumably
correspond to the temporal and occipital branches of the
external carotid arteries. The vascular territories of these
four arteries are indicated by arrows with corresponding
colors in Fig. 4e. These territories have been increased in
brightness by a factor of three for visibility, and are likely
mainly cutaneous arteries, many of which are blurred by
the spiral acquisition. External carotid territories were
detected consistently in all scans.

Figure 5 shows the vascular territories of the intracranial
arteries for all five subjects, for three of the four tagging
planes. Only one of the nine slices is shown. The highest
tagging plane (Fig. 2d) yielded results similar to plane c,
and is not shown. In this figure, the relevant region of the
tagging plane is shown below each territory map, with
the XY projection of the XYF histogram overlayed on the
anatomical image in magenta. Vessels locations were cho-
sen manually at the peaks of the histogram, and are indi-
cated by asterisks, with colors corresponding to associated

Frequency (Hz)
50 -200

-200

and four extracranial arteries. e Territories mapped using the same
color scheme as the circles in d, with extracranial territories increased
in brightness by a factor of three for visibility. Extracranial territories
were detected in all subjects, and are indicated by arrows. Right
anterior cerebral territory receives mixed left and right carotid
contributions, resulting in a purple color (a mix of red and blue)
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Fig. 5 Source vessels and vascular territories for all 5 subjects (left
to right). From Top tagging planes a, b, and ¢ (see Fig. 2). Below
each territory map, an anatomical image of the tagging plane is

vascular territory. In all subjects, separate peaks in the
histogram corresponding to left and right vertebral arteries
were seen (top row), although the number of voxels
appearing at each vertebral location can be small. In row 2,
subects 1 and 3, the localization of the right carotid artery
was significantly off, but the nearest peak in the XY his-
togram did correctly identify the vascular territory. The
resonance offsets at this tagging plane can be very large, as
the vessels are close to the sphenoid sinus, and it was sus-
pected that the resonance offset could affect the vessel
localization. However the offsets measured at the two mis-
localized carotid arteries were 21 Hz and 75 Hz, while
larger offsets were measured in other subjects. For example,
offsets of 214 Hz, 184 Hz, and 227 Hz were measured for
subject 2 in this plane, and the localization in that subject

shown, with a projection of the histogram in XYF space superim-
posed in magenta. Peaks in this histogram are identified with colored
asterisks, with colors corresponding to the vascular territory map

was good. For tagging above the CoW (row 3), multiple
vessels, including anterior and posterior cerebral arteries,
and several branches of the middle cerebral arteries are
consistently detected.

Discussion

The data shown here demonstrates that randomly encoded
VEASL data can provide sufficient information to decode
source vessel locations. Using a threshold on CCmax was
an effective means of identifying voxels that will provide
accurate vessel localization. The simple VEASL signal
model used here, which assumes a single response function
independent of flow velocity, is accurate enough to provide
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fits to the data with CC >0.8, and often exceeding 0.95. We
initially used signal variance across encodes as a parameter
to select voxels for source analysis, but found that cardiac
pulsations, which generate large and synchronous signal
modulation across many voxels, often cluster to a spurious
point in XYF space, leading to identification of a vessel
that does not exist. The use of a CCmax threshold effec-
tively reduces this problem, as we have not found vascular
pulsations to pass the threshold. Because of the large
number of points in XYF space (65 x 65 x 41), the CC
between even pure noise and the best fitting signal model is
relatively high (i.e the peak centered around 0.65 in Fig. 3).
For smaller numbers of encoding steps, CCmax for noise is
even higher, and was found to be 0.75 with 30 pairs of
encoding steps, and 0.90 with 15 pairs of encodings. Thus,
for the CCmax threshold of 0.8 used in this study,
approximately 60 pairs of encoding steps (as used in this
study) are required to provide a clear separation in CCmax
between well perfused voxels and noise.

In areas that receive mixed supply, the VEASL signal
should not correlate well with the signal model associated
with any single point in XYF space. The potential for this
to compromise vessel detection is clearly present when
tagging the vertebral arteries, as they join to form the
basilar artery prior to entering the CoW. Apparently in all
five of the subjects studied, there is a sufficient lack of
mixing in at least some portion of the posterior territory
that both vertebral arteries could be identified. This is
consistent with [13] in which a general lack of complete
vertebral mixing was found, but it is not yet known whether
this is reliably the case across the population.

In this work we have demonstrated that it is not necessary
to identify source vessels within the tagging plane prior to
VEASL scanning. However, we did use an angiogram to
choose tagging planes that contain relatively straight and
well separated vessel segments. A study to determine the
effect of the choice of tagging plane on the effectiveness of
random VEASL is currently underway. It is possible that
choosing a tagging plane based on anatomical landmarks, as
is commonly done for conventional PCASL, is sufficient for
random VEASL, but this remains to be seen. Under most
circumstances where VEASL data is of interest, an angio-
gram is likely to be desired as well, so it is unlikely that
random VEASL would reduce the scan time per se. One
goal of random VEASL is to reduce the required user input
for scan prescription, which may save time, but the more
important goal is to detect all source vessels. An obvious
example is the detection of an external carotid collateral in a
patient with cerebrovascular disease such as stroke or car-
otid stenosis, and it is promising that in this study, the ter-
ritories of extracranial arteries were consistently detected.

The SNR efficiency of random VEASL is in princi-
ple similar to that of multiphase PCASL [11]. While
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multiphase PCASL uniformly samples the tagging effi-
ciency curve of Fig. 1 to provide insensitivity to resonance
offsets, random VEASL randomly samples the same curve,
but with a different random sampling pattern for each point
in the tagging plane. The SNR efficiency can be calculated
as described in [5] for any given encoding matrix, and
depends on proximity of other detected vessels. If two
vessels are close to one another in XYF space, this trans-
lated into a poorly conditioned encoding matrix and noise
amplification in the decoding process. For vessels that are
far apart, the encoding matrix is well conditioned, and the
SNR efficiency approaches the RMS value of the tagging
efficiencies of the encoding steps. For conventional
PCASL with perfect tagging efficiency and no resonance
offset the SNR efficiency is 1. If the tagging efficiency
curve was a simple sinusoid, then the SNR efficiency for
either densely sampled MP-PCASL or random VEASL

would be 1/\/§ = 0.707, as this is the RMS value of a sin
function. For the calculated curve of Fig. 1b, the RMS
value is slightly higher (0.74), which is identical to the
SNR efficiency calculated through the decoding matrix for
distant vessels. Our preliminary calculations show that the
SNR efficiency falls to half of this value (0.37) due to noise
amplification when two vessels are 6 mm apart. More
complete characterization of the SNR behavior of random
VEASL is currently underway.

Localization of the decoded vascular sources was
accurate in most but not all cases. In particular, the local-
ization of the right internal carotid at the level of the
sphenoid sinus in subjects 1 and 3 was significantly off, and
the cause of this is currently under investigation.

The vessel locations in this study were chosen by hand
at the local peaks of the histogram of voxels in XY tagging
plane space. For most of the cases, particularly below the
CoW, a simple threshold detected the same vessel loca-
tions, but above the CoW the identification of vessels is
more uncertain. The automation of vascular territory
detection is an important next step in this line of work, as it
would more fully realize the potential of automated vas-
cular territory mapping without a priori knowledge of
vessel locations. Approaches of interest include clustering
methods [14, 15] in any combination of three spaces:
physical brain space, as territories tend to be contiguous in
the brain; raw data space, where the noise often has pre-
dictable characteristics; and XYF tagging plane space,
where the vessels are inherently sparse. Bayesian estima-
tion methods have also been applied with success to the
general problem of VEASL data processing [16, 17], and
can be adapted to the methods described here. The authors
are willing to share the raw data from this study with
researchers who are interested in developing or testing
algorithms for improved detection of vessels and/or map-
ping of territories.
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Conclusion

We have demonstrated here that randomly encoded
VEASL allows for the unique identification of source
vessel locations and resonance offsets. We expect that this
new method may provide important and specific informa-
tion for the diagnosis and management of cerebrovascular
disease, tumors, and other conditions where collateral or
aberrant flow patterns may be present and it is important to
identify the arterial supply.
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