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BACKGROUND AND PURPOSE: In patients with carotid stenosis or occlusion, cerebral blood could be
supplied through collateral pathways to improve regional blood flow and protect against ischemic
events. The contribution of collaterals from the ICA can be assessed by depiction of vascular perfusion
territories with ASL. However, so far there is no method available to evaluate the collateral perfusion
territory from the ECA in MR imaging. In this study, we present a new labeling scheme based on
VE-ASL to quantitatively assess the perfusion territory of the ECA.

MATERIALS AND METHODS: A new labeling approach with a Hadamard encoding scheme was devel-
oped to label major arteries, especially the ECA. Twelve healthy subjects with normal cerebrovascular
anatomy were examined to demonstrate their perfusion territories. Eight patients with carotid artery
stenosis or occlusion were assessed before and after surgery to show changes of their collateral blood
supply.

RESULTS: The proposed method enables assessment of the perfusion territories of the ECA. Good
agreement was found between the vascular territories and normal cerebrovascular anatomy in healthy
subjects. For the patients with carotid stenosis or occlusion, our noninvasive results provided infor-
mation on collateral flow comparable with that from DSA. Their collateral flows from the ECA,
moreover, could be quantitatively estimated pre- and postoperatively.

CONCLUSIONS: The modified approach has been validated by the consistency of collateral perfusion
territories with cerebrovascular anatomy, and quantitative assessment of collaterals proved useful for
assisting in evaluating therapeutic interventions.

ABBREVIATIONS: ACA � anterior cerebral artery; ASL � arterial spin-labeling; DSC � dynamic
susceptibility contrast; ECA � external carotid artery; ECIC � extracranial–intracranial; Gxy �
additional gradient pulse; PCASL � pseudocontinuous arterial spin-labeling; TCD � transcranial
Doppler sonography; VA � vertebral artery; VE � vessel-encoded

Collateral circulation is a critical determinant of cerebral isch-
emia in carotid stenosis or occlusion, providing alternative

ways to stabilize CBF in the ischemic region. In general, the
sources of collateral circulation can be divided into 2 pathways:
the principal collateral through the arteries of the circle of Willis
and the secondary pathways consisting of the ECA via the oph-
thalmic artery and leptomeningeal vessels. Once the primary
circulation fails, the secondary collateral pathways are presumed
to be recruited.1-6 In particular, the recruitment of ophthalmic or
leptomeningeal collateral pathways may be associated with he-
modynamic impairment in the brain.7,8

Assessment of collateral circulation plays an important
role in the selection of treatment strategies for cerebrovascular
disease therapy, and the perfusion changes of collateral flow
could be used to evaluate therapeutic interventions. In prac-
tice, imaging techniques such as DSA can show qualitatively
the presence of collateral flow, but the actual contribution of

collateral flow to brain perfusion cannot be quantified.9-12 In this
regard, advanced imaging modalities to visualize perfusion maps
of collaterals have considerable value for facilitating treatment
and evaluating cerebrovascular stenosis or occlusion.

ASL,13-18 by using magnetically labeled protons in arterial wa-
ter as an endogenous tracer, has been widely used in MR imaging
to visualize perfusion territories of major carotid arteries nonin-
vasively. Recently, VE-ASL19,20 was introduced as a more time-
efficient method for mapping multiple vascular territories and
thereby inferring the status of collaterals. A previous study21 has
demonstrated that VE-ASL could show the presence and distal
flow of collaterals within ICA stenosis. However, the collateral
flow developing from the ECA cannot be detected by VE-ASL.

The purpose of this study was to investigate the feasibility of
noninvasively mapping the perfusion territory of collateral flow
from the ECA. We developed a new labeling scheme based on the
VE-ASL technique to selectively label the ECA in addition to the
right and left ICAs and VAs. In patients undergoing carotid sur-
gery, pre- and postoperative collateral flows from the ECA are
characterized to quantitatively estimate the surgery outcome.

Materials and Methods

Subjects and Consent
Twelve healthy subjects (6 men, 6 women; 22– 67 years of age) with-

out known cerebrovascular disease and 8 patients (5 men, 3 women;

46 – 63 years of age) with carotid stenosis or occlusion were examined
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in this study. Carotid stent placement was performed on the right ICA

in 1 patient and the VAs of another patient. ECIC bypass was per-

formed on the other 6. The patients were scanned twice: 1 week before

surgery and 2 weeks after surgery. The study protocol was approved

by the ethics committee, and written informed consent was obtained

from all participants.

DSA
All DSA diagnoses were obtained by using a biplane angiography unit

(Advantx; GE Healthcare, Milwaukee, Wisconsin). Each vessel angio-

gram was obtained in 2 projections (frontal and lateral), in which

6 –8 mL of contrast material (Ultravist [300 mg of iopromide per

milliliter]; Schering, Berlin, Germany) was injected at a flow rate of

4 mL/s.

MR Imaging
All examinations were conducted on a 3T whole-body system (High

Definition; GE Healthcare) by using a commercial 8-channel head

radio-frequency coil array and a body coil for radio-frequency

transmission.

3D Time-of-Flight MRA
The circle of Willis was visualized with an MRA sequence: TR, 21 ms;

TE, 3.2 ms; flip angle, 15°; 1 signal intensity acquired; 176 sections;

section thickness, 1.6 mm with a section overlap of 0.8 mm; FOV,

240 mm; matrix size, 384; acquisition time, 5 minutes. Then a recon-

struction was made in 3 orthogonal directions with a maximum-

intensity-projection algorithm.

Modified VE-ASL Based on Hadamard Encoding
In Hadamard encoding, the relative phase of an individual vessel is set

corresponding to rows of the Hadamard matrix. After acquisition of

images corresponding to every row, a reconstruction algorithm is

applied to separate the perfusion territories of vessels. The Hadamard

encoding process can be described mathematically by

y � Ax,

where y is the resulting signal intensities and the Hadamard encoding

matrix A and vector x vary with different encoding schemes.

The Hadamard encoding scheme for 3-vessel separation in the

original VE-ASL technique20 is as follows:

A � �
1

�1
1

�1

1
1

�1
�1

1
�1
�1

1

1
1
1
1
� x � �

R
L
B
S
� ,

where R, L, B, and S represent the MR imaging signals of the right ICA

(R), left ICA (L), basilar arteries (B), and static tissue (S).

In our study, to encode the contribution of the ECA with separa-

tion from the right ICA, left ICA, and VAs, a tagging scheme modify-

ing the original Hadamard matrix was developed. The modified en-

coding matrix is the following:

A � �
1
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1
1

1
1
1
1

1
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where R, L, V, E, and S in x are the contributions of tagged blood

signals from the right ICA (R), left ICA (L), VAs (V), ECA (E), and

static tissue (S), respectively, and in the modified encoding matrix A,

1, �1, and 0 represent the inflowing blood of a specific vessel fully

relaxed, fully inverted, and saturated, respectively. Thus, the first row

of the modified encoding matrix A corresponds to the control state in

that all vessels and static tissue are fully relaxed in the labeling plane

(Fig 1). The other 3 rows of A, on the other hand, present the steps to

encode the perfusion territories of right ICA, left ICA, VAs, and ECA,

respectively.

This modification scheme can be interpreted in combination with

the images shown in Fig 2, as the examples obtained by 3 different

2-vessel encoding steps. In the image a, corresponding to the second

row of A, the left and right ICAs are separately encoded with high

efficiency, but the posterior circulation cannot be separated from the

anterior circulation. In image b, the posterior circulation is separated

through the third row of the modified encoding matrix A. In image c,

the separation is accomplished between the VAs and the ECA by en-

coding different patterns. Therefore, the combination of the first and

third maps (a and c) results in a 3-vessel separation of the right ICA,

left ICA, and VAs. Then the perfusion territory of the ECA is extracted

by the second and third encoding steps (b and c). As a result, the

vascular territories of the right ICA, left ICA, VAs, and ECA are finally

separated in a resultant map (d) by using the data from those 3 en-

coding steps.

Fig 1. A, Arrangement of the right ICA, left ICA, VAs, and ECA within the labeling plane seen with MRA. B, Location of the labeling plane (white) and image sections (gray ).
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The modified VE-ASL is still based on the PCASL tagging

method.22 Within the tagging plane, Gxy is added between radio-

frequency pulses along the line from 1 vessel to the other.20 Moreover,

Gxy is applied with an alternating sign and an area of �/�b, where b is

the distance between 2 targeted vessels (vessel A and B), producing a

phase shift of � between them. Under the influence of Gxy, additional

phases are generated to keep the radio-frequency pulses always in

phase with spins in vessel A. Therefore, spins in vessel A continuously

experience adiabatic inversion, and spins in vessel B experience pulses

with alternating signs, resulting in a transparent inversion pulse. Con-

sequently, only spins in vessel A experience inversion (�1) and spins

in vessel B remain relaxed (1). If the distance from vessel A to another

vessel C is n * b/2 (n � 1, 2, 3…), spins in vessel C will be saturated (0).

On the basis of actual vascular geometry, the additional gradient pulse

is adjusted by the distance between vessels of interest so that ICAs,

VAs, and ECA are encoded in a different pattern corresponding to

rows of the modified encoding matrix.

The scanning parameters of the modified VE-ASL were as follows:

The tagging pulse-train length was 1600 ms, composed of 1640 radio-

frequency pulses with a spacing of 960 �s. The postlabeling delay time

was set at 1000 ms; TR/TE, 3000/3.4 ms; section thickness/section gap,

8/2 mm; FOV, 240 mm; matrix, 128; a total of 20 signal-intensity

averages for each cycle of the encoding scheme; single-shot 2D spiral

acquisition with fat saturation; readout length per section, 40 ms.

Seven axial imaging sections were also acquired in the caudal-to-

cranial direction. The total scanning time was 18.3 minutes: lo-

calizer, 1 minute; MRA, 5 minutes; and modified VE-ASL, 4.1 �

3 minutes.

Data Processing and Analysis
Data were processed by using Matlab (MathWorks, Natick, Massa-

chusetts). The perfusion territories, including those of the right ICA,

left ICA, VAs, and ECA, were generated by pseudoinversion of the

modified encoding matrix.23 As described above, the 4 � 5 modified

encoding matrix with the highest SNR efficiency was proposed as the

optimal design. However, this 4 � 5 matrix was difficult to realize in

pulse-sequence design, and the following 8 � 5 matrix was used to get

the same encoding effect. With perfect tagging efficiency, the modi-

fied encoding (A) and decoding (A�) matrices for this 4-vessel sepa-

ration were the following:
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0.125

� ,

where the columns of A still correspond to the right ICA, left ICA,

VAs, ECA, and static tissue components, and the rows represent 8

encoding cycles. The first 2 encoding cycles of A are referred to as

“tag” and “control” images of whole brain. The following 6 rows are

Fig 2. Left: Perfusion territory maps. Images a, b, and c represent the results of 3 scans (right) with different spatial gradient-encoding methods. Image d indicates the integrated results
of the perfusion image with encoded vessels. Blood flows contributed by the vessels of the right ICA, left ICA, VAs, and ECA are red, green, blue, and yellow (white arrows), respectively.
Center: The histograms (shown in blue) of the calculated tagging efficiencies for each encoding step. Gaussian fits to the peaks in the histograms are red; the center of the Gaussian fits,
as the estimated tagging efficiencies for each vessel, are used to reconstruct the modified encoding matrix. The orange arrows originating from the histograms indicate the corresponding
labeling vessels whose tagging efficiencies are estimated by the abscissa values of the center of the Gaussian fits (eg, in the first row of the histograms, the center of the Gaussian fit
in an abscissa of �1 represents the tagging efficiency of the right ICA, in which the center of the Gaussian fit in nearly an abscissa of 1 represents the tagging efficiency of the left ICA
and ECA). Right: The modified tagging geometries. The red and blue lines represent the locations that are marked as contrast (one represents the vessel inverted; the other, the vessel
relaxed). A, The right and left ICAs are separated. B, Carotid and vertebral arteries are prominently distinguished. C, The VAs and ECAs are contrasted.
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used as three 2-vessel encoding steps (eg, the third and fourth encod-

ing cycles are used as 1 encoding step to distinguish the perfusion

territory of the right ICA from that in the left ICA by alternatively

placing 1 of these 2 vessels in the tag condition).

The relative tagging efficiency for each vessel was measured di-

rectly from the experimental data20,24 and was used in the reconstruc-

tion of the modified encoding matrix to compensate for the calculated

deviation caused by various geometry and flow velocity of the vessels

of interest. As shown in Fig 2 (center), the tagging efficiencies of

vessels were measured per each encoding step (2 encoding cycles). In

1 encoding step, measured tagging efficiency of individual vessels was

filled in the relevant position in the modified encoding matrix (the

row number was determined by the current encoding step; the col-

umn number was related to the corresponding tagging vessel). These

become

A � �
�1
1

0.9875
�0.9875
�0.7825
0.7825

�0.8181
0.8181

�1
1
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�0.7825
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�0.8181
0.8181

�1
1

0.0219
�0.0219
0.2668

�0.2668
0.9093

�0.9093

�1
1

0.0219
�0.0219
0.2668

�0.2668
�0.8181
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1
1
1
1
1
1
1
1

�
A � ��

�0.0554
�0.0717
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0.125
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0.0717
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0.125

0.2682
�0.2682

0
0

0.125
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0

0.125
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0
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0

�0.2895
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0.125
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All images were oriented according to radiologic convention (the

left hemisphere of the brain corresponds to the right side of the

image).

The general CBF maps were obtained by subtraction of the

tagged images from the control images. Then these general CBF maps

were combined with modified VE-ASL result maps generated above

into 4-color selective CBF maps of the right ICA, left ICA, VAs, and

ECA. ROIs were selected manually over “colored” individual vascular

territory, covering the approximate extent of each perfusion terri-

tory. To quantify CBF, we fitted the signal intensity to the perfusion

model as described by Wong,25 with the following values as the

physical constants26: � (efficiency of the inversion pulse) � 0.7,

T1blood � 1664 ms. Then the mean blood flow was measured in each

territory.

Results

Vascular Territory Maps of the ICA and ECA in Healthy
Subjects
As an example, the vessel-encoded images from 1 of the
healthy subjects are shown in Fig 3. The first row of Fig 3 gives
the results of the right ICA, left ICA, and VAs, indicated by red,
green, and blue, respectively. The second row presents the ter-
ritory of the ECA (in yellow), with the combination of the
3 others above as a background (in gray), which makes the
vascular territories of the internal and external carotid arteries
clearly displayed.

For any healthy subject, the ECA will not supply the intra-
cranial perfusion territories. Our outcome of the vascular
territories from the healthy volunteers, as shown in Fig 3, is
consistent with that known evidence. The results show that
among these subjects, 12 of 12 (100%) possess a rare ICA
territory with the ECA supply. In CBF quantification, the
intracranial territory receives �1.0 mL/min/100 g from the
ECA for each healthy subject.

Modified VE-ASL Results in Patients before and
after Surgery
Pre- and postoperative imaging with the modified VE-ASL
performed in the patients reveals the hemodynamic changes as
well as the improvement of perfusion, as shown in Fig 4. Being
consistent with the DSA findings (Fig 4A), Fig 4B displays the
blood flow from the ECA to supply the right hemisphere be-
fore surgery. Figure 4C gives the results after carotid stent
placement, with much less perfusion of the ECA (in yellow) in
the right hemisphere. For comparison, the quantitative CBFs
of the right ICA, left ICA, VAs, and ECA before and after
carotid stent placement are listed in the Table.

Before carotid stent placement, the right ACA and MCA
territories received 14.3 mL/min/100 g of blood flow from the
right ICA and 25.2 mL/min/100 g from the ECA. The supply of
the ECA to the right ICA was interpreted as collateral flow
compensating for the impairment of right ICA perfusion.

Postoperatively, the blood flow of the right hemisphere
of the brain was apparently higher than that before carotid
stent placement. The right ICA supply had increased from 14.3
to 42.2 mL/min/100 g. Meanwhile, the ECA supply to the right

Fig 3. Perfusion territory maps of a healthy subject by using modified VE-ASL. The first row is the perfusion territories of the right ICA (red), left ICA (green), and VAs (blue); the second
row is the perfusion territories of intracarotid (gray) and extracarotid (yellow) arteries. Note that the bottom section shows flow in the frontal brain region, which appears to be artifacts
caused by magnetic inhomogeneities of B0 or eye motion. In the fourth image from the bottom, there is also a hint of ghosting in the white matter of the right hemisphere, which may
be caused by the decoding process.
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ICA territory had decreased from 25.2 to 2.0 mL/min/100 g.
After surgery, moreover, the blood flow of the right ICA per-
fusion territory was even higher than that of the left ICA ter-
ritory, which was consistent with hyperperfusion after carotid
stent placement.

Perfusion territories of a patient with right MCA occlusion
undergoing bypass surgery are shown in Fig 5. After the bypass
surgery, a blood flow of 11.8 mL/min/100 g from the ECA was
detected to supply the right ICA perfusion territory as collat-
eral flow, in keeping with the DSA results.

The CBF values of the other patients who underwent stent

placement or bypass surgery are listed also in the Table, which
shows obvious changes of the vascular territories before and
after the operations.

Discussion
Discrimination of vascular territories has been the subject of
interest for many years. Previous studies16,27 have developed a
labeling approach based on pulsed ASL techniques. That im-
aging technique can be used to selectively map the flow terri-
tories of the left ICA, right ICA, and posterior circulation.
However, the geometric confounders such as vascular curva-
ture could interfere with the labeling plane. In contrast, VE-
ASL, as an alternative approach for vessel differentiation, re-
lying only on the distance between arteries determined by
vascular anatomies,20,24 is demonstrated to be able to signifi-
cantly improve vessel discrimination with the corrections of
vessel-specific labeling efficiencies. In this study, the devel-
oped method modifies the encoding scheme of VE-ASL, to
make it possible to quantitatively depict not only internal but
also external carotid territory maps.

Three primary findings are included in our study. First,
the perfusion territory of the ECA obtained by the modified
VE-ASL is consistent with cerebrovascular anatomy in healthy
volunteers; this finding validates the method from the point of
view of anatomy. Our quantitative examinations revealed that
the intracranial territory of each healthy volunteer received
blood flow of �1.0 mL/min/100 g from the ECA, which devi-
ates from most supposed cases of no blood supply from the
ECA. Although there is a discrepancy between the measured
results and the physiologic explanation, the CBF values mea-
sured in healthy volunteers are at a very low level.

Second, the novel encoding method could improve the
detection of collateral flow from the ECA for patients with
carotid stenosis or occlusion. Collateral circulation can im-

Fig 4. Sagittal DSA results (left) and vascular territories (right) in a patient undergoing carotid stent placement for right ICA stenosis. A, DSA results of the patient before surgery show
that there is collateral flow from the ECA (white arrow ). B, Preoperatively, the collateral supply is manifested as the ECA supply to the right ICA territory (red arrow ). C, Postoperatively,
there is normalization of the right ICA perfusion with a corresponding reduction of collateral supply (red arrow ). Hyperperfusion of the right hemisphere after stent placement is also clearly
shown.

Quantification of CBF of RICA, LICA, VAs, and ECA before and after
surgery using modified VE-ASL

Subject Symptom Scanning Time

CBFa

RICA LICA VAs ECA
1 RICA severe stenosis Before ICA stenting, 14.3 28.0 26.4 25.2

after ICA stenting 42.2 31.3 29.1 2.0
2b LICA occlusion, VA

stenosis
Before VA stenting, 15.8 0.0 16.5 18.9

after VA stenting 15.8 0.0 17.5 12.2
3 LICA occlusion Before bypass, 22.1 0.0 19.3 0.0

after bypass 20.5 0.0 19.1 12.3
4 RMCA occlusion Before bypass, 14.4 23.3 18.9 0

after bypass 25.8 21.5 17.5 19.1
5 RICA occlusion Before bypass, 21.9 17.6 23.6 0

after bypass 13.7 14.9 16.4 20.2
6 RICA occlusion, VA

severe stenosis
Before bypass, 0 30.8 31.5 0

after bypass 0 19.4 22.7 17.3
7c RICA occlusion Before bypass,

after bypass 17.3 17.2 21.5 11.8
8c RMCA severe stenosis Before bypass,

after bypass 0 15.2 14.2 20.5

Note:—RMCA indicates the right MCA; RICA, right ICA; LICA, left ICA.
a CBF is mL/min/100 g.
b Before VA stenting treatment, the patient was treated with bypass surgery.
c Data of subjects 7 and 8 before bypass surgery are missing.
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prove regional blood flow to protect against ischemic events in
patients with carotid stenosis or occlusion. For patients with
carotid stenosis or occlusion, understanding the status of their
collateral circulation plays a pivotal role in the guidance and
evaluation of therapeutic interventions.1-6 Currently, DSA,
considered as the reference standard, is invasive, and some-
times causes neurologic complications.9,10 In our study,
both the presence and actual contribution of collaterals were
assessed, and the variations in ECA supply territory were de-
tectable effectively. For all subjects, the quantified contribu-
tions of individual arteries to each vascular territory could be
obtained in terms of blood flow per unit of tissue. In this sense,
the method provides collateral information similar to that of
conventional angiography.

Third, the collateral flow changes can be quantified to re-
flect pre- and postoperative vascular territory supplies, which
provide a valuable insight for the assessment of cerebrovascu-
lar surgery. Assessment of the perfusion changes of collateral
flow could be used in the selection of treatment strategies and
evaluation of therapeutic interventions.

Some previous studies have suggested that by using the
DSC MR perfusion technique, the hemodynamic status after
surgery can be evaluated by the changes in cerebral perfu-
sion.28-30 Although DSC MR perfusion can offer a whole-
brain perfusion map with a high SNR, the technique cannot
provide regional perfusions supplied by different vessels. In
the present study, we provide regional perfusion changes of-
fered by various vessels enabled by the modified VE-ASL,
which can be used to assess the outcome of therapeutic inter-
ventions. Moreover, the contributions of collaterals can be
obtained quantitatively, to offer investigator-independent
information for estimation of bypass patency, which is very
important in the postoperative course of ECIC bypass
procedures.31-33

There are also some limitations to this study. The problem
of no other quantitative method able to evaluate the ECA sup-
ply limits quantified validation of the study on the subjects.
DSA cannot be conducted on the healthy subjects to justify
the results presented in this study. Furthermore, because of
limited experimental conditions, repeating the study within
2 weeks may not provide the exact assessment of the improved
perfusion via the ECIC bypass because the bypass requires a
longer period to mature. Besides, the SNR of images acquired
by using our method is low at present, which will be improved
in a future study.

In summary, this work demonstrates that the proposed
modified VE-ASL is able to visualize the perfusion territory of
the ECA to depict the status of collateral circulation. The re-
sults suggest that the approach can be used as a promising tool
to assess cerebrovascular surgery. Additional testing in healthy
subjects and patients with cerebrovascular disease will further
clarify the clinical role of this new method.

Conclusions
Vascular territories obtained with our proposed approach are
consistent with cerebrovascular anatomy and quantitative as-
sessment of the ECA supply in subjects with and without pa-
thology and are shown to be helpful in therapeutic evaluation.

Appendix

Hadamard Encoding Theory
The Hadamard encoding matrix34 applied in the ASL tech-
nique can lead to SNR efficiency optimal encoding—that is,
all inflowing blood can be either fully inverted or fully relaxed
in each tagging cycle. Moreover, the resultant decoding pro-
cess equals the subtraction of tag from control images for
each vessel of interest. In conventional ASL for example, the
whole-brain perfusion maps are generated by subtraction of
tag and control images, which can be expressed in Hadamard
encoding20 by

y � Ax � ��1
1

1
1�� I

S� y � �y1

y2
� A � ��1

1
1
1� ,

where I and S in vector x represent the MR signal intensity of
inflowing blood and static tissue. A is the encoding matrix, and
the rows of A are the encoding steps to generate y1 and y2,
corresponding to tag and control images. In the decoding
process, x can be reconstructed by inversion to yield x � A�y
(A� is pseudoinverse matrix of A). Thus

� I
S� � A � y � 0.5 � ��1

1
1
1��y1

y2
� .

The result of the matrix operation shows that I is proportional
to y2 � y1, demonstrating that the perfusion signal intensity
can be acquired by the Hadamard-encoding ASL technique.

In the same way, the Hadamard encoding matrix is ex-
tended correspondingly to separately encode �1 vessel. As a
result, vessels of interest are encoded into different patterns

Fig 5. Sagittal DSA results (A ) and vascular territories (B ) in a patient with right MCA occlusion after ECIC bypass surgery. Postoperatively, the blood flow from the ECA is detected (red
arrow ), in agreement with the collaterals shown on DSA (white arrow ).
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per encoding step so that the individual perfusion territory of
each vessel can be obtained.
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