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 Purpose: To demonstrate an arterial spin-labeling (ASL) magnetic 
resonance (MR) angiographic technique that covers the entire 
cerebral vasculature and yields transparent-background, 
time-resolved hemodynamic, and vessel-specifi c informa-
tion similar to that obtained with x-ray digital subtraction 
angiography (DSA) without the use of exogenous contrast 
agents.

 Materials and 
Methods: 

Prior institutional review board approval and written in-
formed consent were obtained for this HIPAA-compliant 
study in which 12 healthy volunteers (fi ve women, seven 
men; age range, 21—62 years; average age, 28 years) 
underwent imaging. An ASL technique in which variable 
labeling durations are used to acquire hemodynamic in-
fl ow information and a vessel-selective pulsed-continuous 
ASL technique were tested. Region-of-interest signal in-
tensities in various vessel segments were averaged across 
subjects and used to quantitatively compare images. For 
comparison, a standard time of fl ight (TOF) acquisition 
was performed in the circle of Willis.

 Results: Infl ow temporal resolution of 200 msec was demonstrated, 
revealing arterial transit times of 750, 950, and 1100 msec to 
consecutive segments of the middle cerebral artery from 
distal to the circle of Willis to deep regions of the mid-
brain. Selective labeling resulted in an average of eight-
fold suppression of contralateral vessels relative to the 
labeled vessel. Signal-to-noise ratios and contrast-to-noise 
ratios on maximum intensity projection images obtained 
with 88-second volumetric acquisitions (60  6  15 [stan-
dard deviation] and 57  6  15, respectively) and 11-second 
single-projection acquisitions (19  6  5 and 17  6  5, respec-
tively) were comparable with standard TOF acquisitions, 
in which a 2.7-fold longer imaging duration for a 2.6-fold 
lower pixel area was used. Normal variations of the vascu-
lature were identifi ed with ASL angiography.

 Conclusion: ASL angiography can be used to acquire hemodynamic 
vessel-specifi c information similar to that obtained with 
x-ray DSA.
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giographic technique that covers the 
entire cerebral vasculature and yields 
transparent-background, time-resolved 
hemodynamic, and vessel-specifi c infor-
mation similar to that obtained with x-
ray DSA, without the use of exogenous 
contrast agents. 

 Materials and Methods 

 This study was supported in part by 
GE Healthcare (Waukesha, Wis) in the 
form of research funding and provision 
of equipment. One author (D.C.A.) re-
ceives research support from GE Health-
care. This author also is an inventor on 
a patent of the pulsed continuous ASL 
method used in this study, and he may 
receive royalties related to this patent 
in the future. Another author (A.S.) is 
an employee of GE Healthcare and had 
no control over data inclusion. 

 Prior institutional review board ap-
proval and written informed consent 

appropriate infl ow time (the inversion 
time), an image of the tissue is ac-
quired in which the signal of the tissue 
is modulated by the labeled blood that 
has fl owed into the tissue. An angio-
graphic image can be obtained with a 
short inversion time, with labeled sig-
nal still in the vessels. By using arte-
rial water as an endogenous tracer, 
ASL is not restricted to a single pass, 
and since the blood can be labeled in 
the feeding artery with a selectable du-
ration, the achievable temporal resolu-
tion is not constrained by intravenous 
bolus dynamics. Typically, ASL images 
are made by subtracting one labeled 
image from one control (unlabeled) im-
age. The subtraction has the advantage 
of completely removing the background 
tissue signal. ASL has been proposed 
for MR angiographic applications in 
the cerebral vasculature and renal arter-
ies ( 16–25 ). Furthermore, spin-labeling 
approaches have been used to assess 
hemodynamic function, including in-
fl ow in the vessels and arrival times 
to the tissue ( 26 ). Collateralization of 
fl ow within the cerebral vasculature has 
been investigated ( 27–29 ) by using la-
beling strategies that enable the user to 
distinguish between feeding vessels to 
allow mapping of perfusion territories 
in the brain ( 30–33 ). However, these 
studies have focused on smaller fi elds 
of view and limited portions of the 
vasculature, and researchers have not 
considered targeting specifi c vessels for 
angiography. 

 The purpose of this work was to 
demonstrate an ASL MR imaging an-

             Imaging of the cerebral vasculature is 
important in the diagnosis of many 
cerebrovascular diseases, including 

carotid artery stenosis ( 1 ), intracranial 
aneurysms, and arteriovenous malfor-
mations ( 2 ), as well as in the assessment 
of patients. Evaluation of hemodynamic 
function and identifi cation of collateral 
circulation ( 3 ) are important in assess-
ment of the risk of recurrent stroke or 
ischemia from occluded carotid arteries 
and in presurgical planning ( 2 ). X-ray 
digital subtraction angiography (DSA) 
is considered the reference standard 
for cerebral angiography ( 1–6 ), as it 
exhibits high spatial and temporal reso-
lution of infl ow dynamics and has the 
ability to selectively interrogate specifi c 
feeding vessels. However, this is an in-
vasive procedure that is associated with 
morbidity and mortality ( 7–10 ). 

 The most popular magnetic reso-
nance (MR) angiographic techniques 
used in clinical practice include time-of-
fl ight (TOF) MR angiography ( 11 ), phase-
contrast MR angiography ( 12 ), and dy-
namic contrast material–enhanced MR 
angiography ( 13 ). Dynamic contrast-
enhanced MR angiography can be used 
to obtain high-spatial-resolution angio-
grams with varying degrees of temporal 
resolution ( 14 ). However, the attainable 
temporal resolution is ultimately limited 
by the width of the intravenous contrast 
material bolus. Hemodynamic informa-
tion may also be inferred from the veloc-
ity data from phase-contrast MR angiog-
raphy and the morphologic information 
from TOF MR angiography. 

 An alternative approach to MR an-
giography is arterial spin labeling (ASL) 
( 15 ). Spin labeling is performed by 
inverting the magnetization of arte-
rial water at a remote location outside 
the tissue of interest. After waiting an 

 Implications for Patient Care 

 This MR imaging method has the  n

potential to aid in the assessment 
and monitoring of cerebral vas-
culature and hemodynamics in a 
similar manner to x-ray digital 
subtraction angiography, while 
avoiding exposure to exogenous 
contrast agents and ionizing 
radiation. 

 Information regarding conditions  n

exhibiting delayed arterial transit 
time and collateral fl ow pathways 
can be obtained noninvasively. 

 Advance in Knowledge 

 High-quality cerebral angiography  n

covering the entire vasculature 
can be performed with an MR 
imaging technique that uses arte-
rial spin-labeling (ASL) prepara-
tion and balanced steady-state 
free precession signal 
acquisition. 
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pulses performed during a long label-
ing period, labeling and control condi-
tions were alternated after each suc-
cessive BGS inversion pulse, as shown in 
 Figure 1  . 

 To ensure continued infl ow of la-
beled blood during image acquisition, 
a pulsed ASL scheme was incorporated 
into the end of continuous labeling. 
This enabled us to label infl owing blood 
inferior to the labeling plane; this blood 
then fl owed into the fi eld of view after 

pulses was made ( 38,41 ) in  anticipation 
of less-efficient vessel-selective label-
ing. Three pulses were used, and they 
were performed 2065, 845, and 196 
msec before imaging. Spatially selective 
BGS presaturation and inversion pulses 
were applied over the entire head, with 
the labeling plane positioned at the infe-
rior edge of the selected region. When 
labeling, infl owing spins should be of 
opposite polarity to the tissue spins. 
To maintain correct labeling with BGS 

were obtained for this Health Insur-
ance Portability and Accountability Act–
compliant study in which two cohorts 
of six healthy volunteers (fi ve women, 
seven men; age range, 21–62 years; aver-
age age, 28 years) underwent imaging. 
Healthy volunteers who had no con-
traindications to MR imaging and no 
recent health problems or surgery were 
recruited. No subjects were excluded. 

 ASL Strategy 
 ASL digital-subtraction MR angiogra-
phy uses pulsed continuous ASL, as 
described in detail previously ( 34 ) (aver-
age applied radiofrequency fi eld strength 
[B 1 ], 1.4  m T; average gradient strength, 
0.7 mT/m; maximum gradient strength, 
7 mT/m). Labeling is applied for up 
to 3 seconds; this period is suffi ciently 
long for a continuous stream of labeled 
blood to advance into the vasculature 
of interest. Dynamic infl ow is depicted 
by varying the duration of labeling prior 
to imaging. For each labeling duration, 
a time frame is acquired in which the 
leading edge of the labeled bolus has 
progressed further into the vasculature. 
Vessel-selective labeling ( 32,35–37 ) en-
ables one to target a specifi c feeding 
vessel, analogous to catheter placement. 
We followed the method described by 
Dai et al ( 37 ) (average strength of gra-
dient pulses was 1.5 mT/m, rotated in 
15° increments). 

 Background suppression (BGS) 
( 38,39 ) was used to reduce motion ar-
tifacts and avoid problems of receiver 
saturation or increased noise that can 
occur with large volumetric signal ac-
quisition. BGS comprised selective pre-
saturation pulses performed 3000 msec 
before imaging (four 10-msec 12.5-kHz 
quadrature-phase pulses performed 
17 msec apart) followed by selective 
frequency-offset-corrected inversion 
pulses (C-shaped, 10.8-kHz bandwidth, 
15.36 msec,  b  = 509 sec  2 1 ,  m  = 6.2; 
see defi nitions in Ordidge et al [40]). 
For dynamic infl ow experiments (de-
scribed later in this article), four pulses 
were performed 2401, 1358, 574, and 
138 msec before imaging. For vessel-
selective experiments, a trade-off be-
tween superior BGS and reduced signal 
loss from ineffi ciencies in the inversion 

 Figure 1 

  
  Figure 1:   (a)  Pulse sequence diagram shows interleaving of labeling and control conditions with 
BGS-selective (frequency-offset-corrected inversion) pulses is indicated. Alternating selectivity of fl ow-alternating 
inversion-recovery  (FAIR)  pulse used with nonselective labeling sequence is also shown. For selective 
labeling, only three BGS pulses with appropriately adjusted timing were used.  bSSFP  = balanced 
steady-state free precession sequence,  TR  = repetition time.  (b)  Labeling geometry (shown schematically on 
a locator image) indicates BGS region (boxes) and level of pulsed continuous ASL plane for infl ow dynamic 
study and selective labeling of carotid arteries in cohort 2 (left). Note the more superior location for selective 
labeling in the internal carotid artery (ICA) above the carotid bifurcation in cohort 1 (right).   
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distance from the COW and the label-
ing plane. ROIs were selected once on 
the images acquired with nonselective 
labeling applied for 2000 msec and 
used for all preceding time points or 
selectively labeled images, thereby pre-
venting reader bias. 

 For infl ow measurements, average 
signal was plotted against labeling du-
ration; data were temporally smoothed 
by averaging neighboring points, and 
twofold linear interpolation was per-
formed. The arterial transit time (ATT) 
was measured as the labeling duration 
for the signal to reach more than half of 
its fi nal value. (ATT included the label-
ing duration plus the interval between 
the start of acquisition and the center 
of k-space acquisition [70.4 msec].) 
This value was averaged across all sub-
jects in each cohort for each vessel 
segment. 

 For labeling selectivity measure-
ments, to account for biasing of the 
small signal in contralateral vessels due 
to noise on these magnitude signal com-
bined MIP images, we used a nonlinear 
intensity correction that was based on 
the probability distribution of magni-
tude signals in an MIP through eight 
sections, with use of the magnitude 
noise statistics described by Constan-
tinides and colleagues ( 44 ). The ratio 
of contralateral to ipsilateral signal was 
plotted and averaged across subjects. 
In addition, ratio of the basilar artery 
to the ipsilateral proximal MCA seg-
ment in cohort 1 (cerebral vessels) and 
ratio of the ipsilateral vertebral artery 
to the proximal MCA segment in co-
hort 2 (carotid vessels) were found and 
averaged across subjects in respective 
cohorts. 

 Signal-to-noise ratio (SNR) and 
contrast-to-noise ratio (CNR) were mea-
sured from the average signal in ROIs 
placed on the carotid arteries inferior 
to the COW and the background tissue, 
as well as from the standard deviation 
of an ROI in the background air with 
the following equations: SNR =  V / N , 
where  V  represents vessel and  N  rep-
resents noise, and CNR = ( V  2  T )/ N , 
where  T  represents tissue. Noise biases 
were corrected. Measurements were 
obtained from MIP images derived from 

obtained with successive acquisitions 
with labeling durations of 138, 200, 
400, 600, 800, 1000, 1200, 1400, 1600, 
2000, and 2500 msec. Vessel-selective 
labeling was then investigated. A label-
ing duration of 2000 msec was used. 
An equivalent non–vessel-selective im-
age was also acquired, with labeling ap-
plied at the same craniocaudal level. In 
the fi rst cohort, imaging was focused 
on the cerebral arteries above the cir-
cle of Willis (COW), labeling in a seg-
ment of the ICA that was approximately 
straight, approximately halfway between 
the COW and the carotid bifurcation. 
In the second cohort, the extracranial 
carotid arteries were imaged, labeling 
in a segment of the common carotid ar-
teries, 140 mm below the image center 
( Fig 1 ). 

 In the fi rst cohort, a standard three-
dimensional TOF MR angiogram cen-
tered on the COW was acquired in the 
axial orientation with the following pa-
rameters: 41/2.9; fi eld of view, 23  3  
17.25 cm; matrix, 320  3  192; 40 sec-
tions acquired; 1.6-mm section thickness 
reconstructed to 0.8 mm; fl ip angle, 20°; 
bandwidth, 31.25 kHz; and examina-
tion time, 4 minutes. For vessel location 
in both cohorts, an additional three-
dimensional TOF sequence was per-
formed. For this sequence, the fi eld of 
view was positioned over the carotid 
vessels in the neck, and the same imag-
ing parameters were used, albeit with a 
thicker 2.4-mm section. The whole ses-
sion lasted approximately 1 hour. 

 Image Assessment 
 One author (P.M.R.; 4 years of ex-
perience, familiar with the anatomic 
structures studied herein) who was not 
blinded to image acquisition data per-
formed all image analysis. For dynamic 
infl ow measurements, regions of inter-
est (ROIs) were placed on the MIP im-
ages at multiple locations, as shown in 
 Figure 2  . For selectivity measurements, 
ROIs were selected at similar positions 
on the left and right sides. ROIs were 
approximately 20–40 mm 2 . They were 
selected manually and placed at loca-
tions that could be easily and consis-
tently accessed across all subjects. Each 
location was approximately a constant 

the end of continuous labeling. Spatial 
selectivity was alternated for the fi nal 
BGS inversion pulse (nonselective for 
label conditions, selective for control 
conditions), as in the fl ow-alternating 
inversion-recovery labeling approach ( 42 ). 
No pulsed continuous ASL pulses were 
performed after the end of this inver-
sion pulse; therefore, the shortest label-
ing time was 138 msec, with the fi nal 
138-msec period due to fl ow-alternating 
inversion-recovery–like labeling. Because 
of its global effect, the fl ow-alternating 
inversion-recovery pulse is not compat-
ible with spatially targeted vessel-selective 
labeling and was not used. 

 Image Acquisition and Reconstruction 
 A balanced steady-state free precession 
( 43 ) imaging module was used because 
of its well-known sensitivity to mov-
ing spins in blood as a result of inher-
ent fl ow compensation. Hard 180° fl ip 
angle refocusing pulses were used to 
prevent recovery during the echo train 
of background tissue signal maintaining 
BGS, provide signal stability, and pre-
vent spin dephasing. A half-angle pulse 
and fi ve dummy pulses were used to al-
low signal instability to subside. Imaging 
parameters were as follows: repetition 
time msec/echo time msec, 4.4/2.2; 
83-kHz receiver bandwidth; 256  3  256 
matrix, 24-cm fi eld of view; partial Fou-
rier factor, 9/16; all echoes per section 
encode in one excitation after one spin 
preparation; and 5.5-second repetition 
time between spin preparation cycles. 
Most acquisitions were performed with 
eight section encodes (36-mm section 
thickness, 1.5-minute acquisition); how-
ever, single-projection images that re-
quired only 11 seconds to obtain were 
also acquired to enable us to assess 
the feasibility of faster acquisition. Com-
plex images were subtracted before fi nal 
display as maximum intensity projec-
tion (MIP) images. 

 Experiments 
 A 1.5-T MR imager (Excite HDx; GE 
Healthcare) and an eight-channel phased 
array-receiver head coil were used in 
this study. 

 Images of dynamic infl ow at the level 
of the common carotid arteries were 
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similar to images acquired with x-ray 
DSA. Coronal and sagittal MIPs were 
reconstructed from separate acquisitions. 
Measurements from the vessel- selective 
labeling experiments are summarized 
in  Table 2  . We found a high degree of 
vessel selectivity. An average of eight-
fold suppression of contralateral ves-
sels relative to the labeled vessel was 
achieved; the residual signal in the con-
tralateral vessel was 0.12  6  0.07 of the 
signal in the (ipsilateral) labeled ves-
sel. Ratios for all vessel segments were 
signifi cantly different from a value of 1 
( P   ,  .001), as shown in  Table 2 . Aver-
age ratios of the basilar artery (cohort 1) 
and ipsilateral vertebral artery (cohort 2) 
to the ipsilateral proximal MCA segment 
were 0.05  6  0.02 and 0.41  6  0.40, re-
spectively, and showed signifi cant con-
tralateral signal suppression ( P   ,  .001 
and  P  = .014, respectively). The ratio 
of 0.41 in the ipsilateral vertebral ar-
tery indicates that there can be substan-
tial residual partial labeling of nearby 
vessels. The appearance of the trailing 
edge in the carotid arteries in  Figure 3  
highlights the benefi t of using the fl ow-
alternating inversion-recovery pulse at 
the end of labeling. This pulse was not 
used for vessel-selective acquisition. 

 In some volunteers, normal varia-
tions of the vasculature were observed. 
In these subjects, visualization and 
dynamic and selective assessment of the 

eight time frames are shown, with la-
beling durations of 200, 400, 600, 800, 
1000, 1200, 1400, and 2000 msec. This 
time series of eight labeling durations 
required 12 minutes to acquire; how-
ever, this could be reduced to 1.5 min-
utes with single-projection acquisitions. 
Average ATTs obtained from dynamic 
infl ow measurements are summarized 
in  Table 1  for a variety of vessel seg-
ments in each hemisphere in cohorts 1 
and 2. Progressively later arrival times 
to more distal segments are observed, 
as would be expected. Signifi cant differ-
ences ( P   ,  .04) in arrival times were 
found between the COW and the vari-
ous cerebral vessel segments ( Table 1 ). 
Furthermore, additional signifi cant dif-
ferences were found between various 
pairs of proximal and distal vessel seg-
ments ( Table 1 ). In cohort 1, labeling 
in the internal carotid artery, values of 
ATT averaged across hemispheres were 
750, 950, and 1100 msec for consecutive 
segments of the middle cerebral artery 
from immediately distal to the COW to 
deep regions of the midbrain; this fi nd-
ing was in agreement with fi ndings re-
ported in the literature ( 20 ). 

 MIP images that show labeling tar-
geted to the left common carotid artery 
and ICA are shown in  Figure 3  . These 
images, which cover the entire cere-
bral vasculature in projection format 
and with a transparent background, are 

eight section-encoding acquisitions, 
single-projection images with nonselec-
tive labeling applied for 2000 msec, and 
MIP images of the COW obtained with 
TOF MR angiography in cohort 1. 

 Statistical Analyses 
 For dynamic inflow measurements, 
one-sided paired  t  tests were used to 
determine whether arterial arrival time 
in a distal segment was later than arte-
rial arrival time in a more proximal seg-
ment. ATT values were averaged over 
subjects in each cohort and compared. 
For selectivity measurements, two-sided 
single-sample  t  tests were used to de-
termine whether the average ratio of 
contralateral-to-ipsilateral signal took a 
value different from 1 (the latter indicates 
no difference in the signal in equivalent 
vessels on opposing sides). ROI signal 
values were compared, with averaging 
over subjects in the respective cohort. 
In general, statistical signifi cance was 
defi ned as  P   ,  .05. We used commer-
cially available software (Microsoft Ex-
cel 2003 SP3; Microsoft, Seattle, Wash) 
to perform the analysis. 

 Results 

 Time-resolved images of the extracranial 
carotid arteries are shown in  Figure 2 ; 
these images were acquired with a 
temporal resolution of 200 msec, and 

 Figure 2 

  

  Figure 2:   Coronal MIP im-
ages show time-resolved infl ow 
dynamics. Filling of vasculature 
can be seen on each frame, with 
progressive durations of spin 
labeling prior to image acquisi-
tion. No delayed or asymmetric 
fi lling was observed. ROIs used in 
quantitative analysis are shown 
in red on the bottom right image. 
Certain segments ( Table 1 ) prog-
ress distally from the COW.   
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vasculature with ASL digital subtraction 
MR angiography were consistent with 
anatomic fi ndings of TOF MR angiogra-
phy ( Fig 4 ) . 

 Table 1 

 ATTs to Various Vessel Segments 

Cohort and Segment ATT (msec)

Cohort 1

 Below COW, left  , 500 * 
 ACA a , left 850  6  164
 MCA a , left 750  6  148  †  
 MCA b , left 990  6  148  ‡  
 MCA c , left 1110  6  423  ‡  
 ECA, left 650  6  130
 ACA b 990  6  84  §  
 Below COW, right  , 500 * 
 ACA a , right 650  6  179  ||  
 MCA a , right 750  6  179  #  
 MCA b , right 910  6  55  ‡  
 MCA c , right 1090  6  398  ‡  
 ECA, right 650  6  130
 Basilar 890  6  84
Cohort 2
 Carotid, above bifurcation, 
  left

408  6  97

 Carotid, below COW, left 491  6  166
 ECA, left 441  6  131
 Vertebral, left 812  6  301  ††  
 MCA a , left 820  6  187 ** 
 Basilar 1037  6  103
 Carotid, above bifurcation, 
  right

395  6  107

 Carotid, below COW, right 487  6  147
 ECA, right 462  6  262
 Vertebral, right 854  6  117  ‡‡  
 MCA a , right 804  6  207 ** 
 ACA b 987  6  116 ** 

Note.—Unless otherwise indicated, data are mean ATTs 
 6  standard deviations. Mean ATT was defi ned as the 
labeling duration at which ROI signal was greater than 
one-half of its value with 2.5 seconds of labeling. 
Standard deviation was calculated across subjects in 
each cohort. ATT included time to acquisition of the 
center of k-space. Signifi cant differences in ATT were 
found between various segments (left and right branches 
were assessed separately) with the one-sided paired 
 t  test. In cohort 1,  P   ,  .01 for all MCA and ACA branches 
compared to the COW, unless otherwise indicated. ACA = 
anterior cerebral artery, ECA = external carotid artery, 
MCA = middle cerebral artery. Subscripts a, b, and c 
indicate relative distance along the artery from the COW, 
with a being the closest.

* Data are mean ATTs.

 †   P  = .03.

 ‡   P   ,  .04 in comparison with MCA a .

 §  From ACA a  to ACA b ,  P  = .07 for left and  P  = .005 for 
right.

 ||   P  = .19.

 #   P  = .04.

**  P   ,  .014 between the COW and MCA/ACA branches.

 ††   P  = .07 between vertebral and basilar arteries.

 ‡‡   P  = .014 between vertebral and basilar arteries.

 Figure 3 

  

 Table 2 

 Vessel Selectivity Measurements 

Segment and Cohort Ratio

Cohort 1
 ACA left 0.19  6  0.09
 MCA a  left 0.08  6  0.05
 MCA b  left 0.07  6  0.04
 MCA c  left 0.08  6  0.03
 Average 0.10  6  0.07
Cohort 2
 Carotid– above bifurcation 0.14  6  0.06
 Carotid– below COW 0.16  6  0.06
 ECA 0.12  6  0.06
 MCA a 0.13  6  0.05
 Average 0.14  6  0.06
Average for all segments 0.12  6  0.07

Note.—Data are means  6  standard deviations. Selectivity 
was measured as the ratio of signal in vessel segments 
in hemispheres contralateral and ipsilateral to selective 
labeling in the ICA. ROI values were averaged across 
subjects. A high degree of selectivity is shown: All ratios 
are signifi cantly different from a value of 1 ( P   ,  .001), 
where a value of 1 represents nonselectivity. ACA = 
anterior cerebral artery, ECA = external carotid artery. 
Subscripts a, b, and c indicate relative distance along 
the artery from the COW, with a being the closest.

  Figure 3:  MIP images 
acquired with vessel-
selective labeling (left 
column) and nonse-
lective labeling (right 
column) at the same 
craniocaudal level in 
the common carotid 
artery (top row) and 
ICA (bottom row). 
Coronal (top row) and 
sagittal (bottom row) im-
ages were obtained with 
separate acquisitions. 
Excellent suppression 
of contralateral vessels 
and posterior circulation 
are shown in coronal 
and sagittal images, re-
spectively. In all images, 
labeling plane is located 
at lower edge of image.   

 The overall quality of ASL digital 
subtraction MR angiography can be 
seen in  Figure 5  , where labeling for 
2000 msec has fi lled the entire cerebral 
vasculature. The average SNR (mean 
 6  SD across all subjects’ left and right 
ICAs) of 60  6  15 shows the high quality 
of the MIP images. The average CNR 
was 57  6  15, which indicates the high 
degree of subtraction attained with the 
BGS. Equivalent values of SNR and CNR 
from TOF MR angiography of the COW 
were 34  6  2 and 19  6  2, respectively, 
indicating that the two techniques of-
fer a similar and acceptable level of 
SNR. However, given the differences 
in image resolution and examination 
time, it should be noted that SNR com-
parison is not a defi nitive comparison 
in that it cannot account for the ad-
ditional benefi ts of the ASL and TOF 
techniques. Projection images acquired 
in 11 seconds ( Fig 5 ) show the major 
cerebral vessels with a decline in im-
age quality compared with the image 
acquired with section encoding ( Fig 5 ); 
this decline was primarily due to loss 
in SNR in proportion to the square root 
of acquisition time. Average SNR and 
CNR values were 19  6  5 and 17  6  5, 
respectively. 
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in signal acquisition (acquisition of a 
wide fi eld of view)—or by refocusing 
pulse trains, which may reduce sensi-
tivity to dephasing around stenoses, as 
occurs with TOF MR angiography and 
phase-contrast MR angiography. Rapid 
projection imaging is possible with this 
technique and enables one to avoid the 
long examination times associated with 
phase-contrast MR angiography and TOF 
MR angiography. 

 This study was limited by the small 
number of subjects. The fact that we 
included only healthy volunteers meant 
that we could not investigate delayed 
ATTs or compare this technique with 
dynamic contrast-enhanced techniques. 
The principal limitation was the poten-
tial partial labeling of vessels in close 
proximity to the vessel-selective label-
ing site ( 37 ). This is particularly impor-
tant if labeling is to be performed in 
the vertebral arteries where fl ow is low 
and contamination from partial label-
ing of the nearby carotid vessels may 
dominate. Second, the T1 decay of the 
label may limit the extent to which slow 
infl ow can be imaged. Third, movement 
of the leading edge of the bolus of labeled 
blood during acquisition and the effect 
of pulsatility on the defi nition of the lead-
ing edge of the bolus have the potential 
to blur the image. Cardiac gating and 
additional averaging over the cardiac 
cycle may yield improvements. Fourth, 
small signal variations within vessels 
seen in  Figures 2–5  are potentially prob-
lematic in relation to diagnosis of par-
tial stenosis. Technical improvements 
in the selective labeling and acquisition 
are expected to improve vessel specifi c-
ity and overall image quality. 

 ASL is not hampered by choosing an 
appropriate velocity encoding coeffi cient, 
as in phase-contrast MR angiography. 
As kinetic models show ( 46 ), continu-
ous ASL is not hampered by the choice 
of inversion time. Steady-state peak 
signal is attained with continuous ASL 
with long labeling times. This enables 
one to acquire the maximal signal after 
a labeling time that need not depend 
on the blood transit time, whereas, in 
pulsed ASL, the inversion time required 
to attain peak signal is determined 
by the transit delay. Together with the 

the examination time needed to ac-
quire multiple images at fi ner temporal 
resolution may become prohibitive, and 
spreading out of the bolus or pulsatility 
effects may blur temporal resolution. 
In some instances, temporal resolu-
tion greater than the 200 msec reso-
lution shown here in healthy subjects 
may be required ( 21 ). With ASL, infl ow 
sensitivity is determined by magneti-
zation preparation—allowing fl exibility 

 Discussion 

 By using various labeling durations and 
endogenous water as the tracer, ASL 
is—in principle—not restricted in tempo-
ral resolution, unlike dynamic contrast-
enhanced MR angiographic methods, 
which are restricted in temporal resolu-
tion; this fi nding makes 50-msec tempo-
ral resolution comparable to that used 
for x-ray DSA ( 45 ) feasible. However, 

 Figure 4 

  
  Figure 4:   (a)  Axial TOF MIP image of the COW enabled us to confi rm normal anatomic variation identi-
fi ed with ASL digital-subtraction MR angiography.  (b)  Coronal eight-section ASL MIP image obtained with 
nonselective labeling shows weakly fl owing left vertebral artery and right vertebral artery fi lling the basilar 
artery, which then appears directed toward left hemisphere (arrow).  (c)  Sagittal eight-section ASL MIP image 
obtained with labeling in right ICA shows feeding into posterior circulation (arrow) and diminished fl ow into 
anterior territory (arrowhead).  (d)  Coronal and  (e)  sagittal eight-section ASL MIP images obtained with labeling in 
left ICA show fl ow into both anterior cerebral branches.   

 Figure 5 

  

  Figure 5:  Left: Coronal 
MIP image obtained with 
eight-section-encoding 
3D acquisition and 
imaging time of 1.5 
minutes. Right: Coronal 
single-projection image 
acquired in 11 seconds.   
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sensitivity advantage of continuous ASL, 
this is important in the presence of com-
plicated flow where long and/or vari-
able transit delays or collateral pathways 
may be present in patients with cardio-
vascular disease. Furthermore, pulsed 
ASL angiographic approaches that do 
not involve subtraction ( 16 ) rely on 
setting inversion time to attain BGS. 
Without exposure to ionizing radiation 
or exogenous contrast agents, this tech-
nique is particularly suited to screening 
or longitudinal evaluations. This study 
shows that MR imaging and ASL can be 
used to perform cerebral angiography 
with dynamic infl ow and vessel-specifi c 
information that is similar to that ob-
tained with conventional x-ray DSA. 
The combination of such attributes will 
be valuable as a complement to high-
spatial-resolution anatomic MR angio-
graphy and high-temporal-resolution 
dynamic contrast-enhanced MR angio-
graphy ( 47 ). 
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