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BACKGROUND AND PURPOSE: Arterial spin-labeling (ASL) with image acquisition at multiple delay
times can be exploited in perfusion MR imaging to visualize and quantify the temporal dynamics of
arterial blood inflow. In this study, we investigated the consequences of an internal carotid artery (ICA)
occlusion and collateral blood flow on regional timing parameters.

MATERIALS AND METHODS: Seventeen functionally independent patients with a symptomatic ICA
occlusion (15 men, 2 women; mean age, 57 years) and 29 sex- and age-matched control subjects were
investigated. ASL at multiple delay times was used to quantify regional cerebral blood flow (CBF) and
the transit and trailing edge times (arterial timing parameters) reflecting, respectively, the beginning
and end of the labeled bolus. Intra-arterial digital subtraction angiography and MR angiography were
used to grade collaterals.

RESULTS: In the hemisphere ipsilateral to the ICA occlusion, the CBF was lower in the anterior frontal
(831 = 4 versus 47 = 3 mL/min/100 g, P < .01), posterior frontal (39 * 4 versus 55 = 2 mL/min/100
g, P<.01), and frontal parietal region (49 + 3 versus 61 = 3 mL/min/100 g, P = .04) than that in control
subjects. The trailing edge of the frontal-parietal region was longer in the hemisphere ipsilateral to the
ICA occlusion compared with that in control subjects (2225 + 167 versus 1593 = 35 ms, P < .01). In
patients with leptomeningeal collateral flow, the trailing edge was longer in the anterior frontal region
(2436 = 275 versus 1648 = 201 ms, P = .03) and shorter in the occipital region (1815 * 128 versus
2388 *= 203 ms, P = .04), compared with patients without leptomeningeal collaterals.

CONCLUSION: Regional assessment of timing parameters with ASL may provide valuable information
on the cerebral hemodynamic status. In patients with leptomeningeal collaterals, the most impaired

An obstructive lesion in the internal carotid artery (ICA)
causes a reduction of the perfusion pressure in the cere-
bral circulation. As the cerebral perfusion pressure decreases,
pressure is initially maintained by a compensatory vasodila-
tion of the arterioles, followed by an increase in the oxygen
extraction fraction." Regionally, the cerebral hemodynamic
status depends not only on the degree of carotid obstruction
but also on other factors, such as the contribution of collateral
pathways.>?

The collateral circulation can provide alternative routes for
oxygenated blood to reach the brain tissue, either through the
primary pathways via the circle of Willis or the secondary
pathways via leptomeningeal and ophthalmic collaterals.* The
combination of a decreased cerebral perfusion pressure and an
insufficient primary collateral blood supply may lead to he-
modynamic impairment, which eventually can result in a lim-
ited clearance of emboli and ischemia.>® Recruitment of the
secondary collaterals is associated with further impairment,
and its presence may be considered a marker of inadequacy of
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territory was found in the frontal lobe.

the primary collateral pathways.”® Because the recruitment of
collateral perfusion in patients with an ICA occlusion will lead
to longer blood flow routes and a delayed arrival time of the
blood, regional knowledge of the arrival times of arterial blood
may provide additional information to characterize the collat-
eral flow and may potentially be used to identify hemodynam-
ically impaired regions. The most widely used methods to
measure arrival times of blood use dynamic sampling of an
injected bolus of contrast agent. However, due to the current
concerns regarding contrast use in patients with poor renal
function® and ionizing radiation, an alternative without detri-
mental effects would be of great benefit.

Recently, arterial spin-labeling (ASL) was introduced as a
noninvasive method capable of assessing cerebral perfusion
and the temporal dynamics of arterial blood inflow.'® The
purpose of our study was, first, to investigate hemodynamic
parameters in different areas of the brain in patients with an
occlusion of the ICA and, second, to evaluate the effect of
collateral flow on regional hemodynamics. We used an ASL
MR imaging technique with image acquisition at multiple de-
lay times to quantify regionally cerebral blood flow (CBF) and
arterial timing parameters (transit and trailing edge times).

Materials and Methods

Patients

The institutional review board approved the study protocol, and writ-
ten informed consent was obtained from all participants. Seventeen
functionally independent patients (15 men and 2 women; mean age,
57 = 8 years) with an ICA occlusion were included in the study. All
patients had transient or minor-disabling neurologic deficits (modi-



fied Rankin Scale score of 0—2) on the side of the occlusion'! and were

referred to the department of radiology by vascular surgeons or neu-
rologists for diagnosis and grading of the ICA obstruction. Patients
who had experienced a severe stroke causing major disability (modi-
fied Rankin Scale score of 3-5) in the past were not included. Diag-
nosis of the ICA obstruction was performed with intra-arterial digital
subtraction angiography (DSA), and the presence of a contralateral
obstruction was graded in accordance to the North American Symp-
tomatic Carotid Endarterectomy Trial criteria.'® In 11 patients, the
ICA occlusion was located on the right side, and in 6 patients, on the
left side.

The presence of collateral flow was assessed with intra-arterial
DSA and MR angiography (MRA). The direction of blood flow in the
circle of Willis was assessed according to a previously published im-
aging protocol,'” with 2 consecutive 2D phase-contrast MR imaging
measurements, of which 1 was phase-encoded in the left-right direc-
tion and 1, in the anteroposterior direction. Anterior collateral flow
was defined as flow across the anterior communicating artery with
retrograde flow in the precommunicating part (A1l segment) of the
anterior cerebral artery (ACA). Posterior-to-anterior flow in the pos-
terior communicating artery was considered to represent posterior
collateral flow. Leptomeningeal collaterals were judged as present if
intra-arterial DSA showed cortical branches extending from the pos-
terior cerebral artery that supplied the flow territory of the middle
cerebral artery (MCA) or ACA.

The control group consisted of 29 volunteers (25 men and 4 wom-
en; mean age, 57 * 9 years) without a history of neurologic disease,
vascular pathology on T1- or T2-weighted MR imaging or MRA
scans, or an ICA stenosis of >30%. The control subjects were
matched to the patient group for sex and age. All control subjects
were recruited from a vascular screening MR imaging study involving
subjects with symptomatic atherosclerosis or risk factors for
atherosclerosis."*

MR Imaging

MR imaging investigations were performed on a 1.5T system (Gy-
roscan ACS-NT; Philips Medical Systems, Best, the Netherlands). For
all MR imaging acquisitions, a quadrature head coil was used for
radio-frequency transmission and signal-intensity reception. For per-
fusion MR imaging, a pulsed ASL transfer insensitive labeling tech-
nique was used.'> A single-perfusion imaging section was planned
just above the ventricles through the centrum semiovale and aligned
parallel to the orbitomeatal angle (Fig 1). Labeling was achieved by
applying 2 consecutive section-selective 90° radio-frequency pulses in
a 140-mm-thick labeling slab 10 mm proximal to the imaging section.

Fig 1. A sagittal orientation image illustrating the planning
of the imaging section (1) and the arterial spin-labeling slab
(2) parallel to the orbitomeatal angle. B, regions of interest
used for quantification of the hemodynamic parameters. In
each hemisphere, 2 regions of interests were drawn in the
frontal lobe, and 1, in the frontal parietal, parietal occipital,
and occipital regions.

For image acquisition, a series of thirteen 35° excitation pulses was
applied, with increasing delay times from 200 to 2600 ms with a con-
stant interval of 200 ms, followed by single-shot gradient echo-planar
imaging readout. The ASL signal was corrected for imperfections in
section profiles.'® Other MR imaging parameters for perfusion imag-
ing were the following: TR, 3000 ms; TE, 5.6 ms; 62% partial Fourier
acquisition; averages, 50; FOV, 240 X 240 mm; 64 X 64 matrix; scan-
ning time, 5 minutes.

Cerebral Blood Flow, Transit, and Trailing Edge
Quantification
Perfusion-weighed images were obtained by subtracting the labeled
images from the control images. In addition to quantifying CBF, ASL
can also be used for the measurement of arterial timing parameters.
By acquiring a series of perfusion images, it is possible to follow the
inflow of labeled blood into the vascular exchange site. The obtained
kinetic data of blood inflow can be used to calculate the transit time
and trailing edge times. These are physiologic parameters that reflect
the time needed for the labeled arterial blood to reach the brain tissue.
Transit time is the duration between labeling and the first arrival of
the magnetized blood into the imaging voxel. The trailing edge time is
the duration needed for the end of the labeled bolus to reach the
imaging voxel.

To quantify CBF, transit, and trailing edge time, we fitted the
perfusion signal intensity (AM) at varying delay times (t) to the ki-

netic perfusion model of Buxton et al,'” with the adaptations as pro-
posed by Gunther et al'®:
1)
0, o<t<r,
-2 Ma,o * fe,Rm.,(l _ eéR.(,,m)) T=t=r,
AM(t) oR )
— 2 Mo .fe—Rz,.‘m
oR
(1 _ eﬁR'(l‘7Tzi)).e*RlupP,c/j'([7T‘r)) L=y

where fis the perfusion value CBF in milliliters/minute/100 g, 7, is the
transit time, 7, is the trailing edge time, 6R = R, — Ry, . and
Riapp, oit = Ry + fIA=In(cosa/ATI), A is the brain/blood partition
coefficient, « is the flip angle, ATI is the time between consecutive
readouts, R, is the longitudinal relaxation rate of arterial blood, R, is
the longitudinal relaxation rate of tissue, and M,, , is the equilibrium
magnetization in a blood-filled voxel, estimated by fitting the unla-
beled signal intensity in the sagittal sinus to a saturation-recovery

curve. The following physical constants were obtained from the liter-
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Table 1: Patient characteristics

Patient Age Side of Contralateral Collateral Flow
No. (yr) Sex Symptoms Occlusion Side Pathways
1 44 F Stroke Right 30% P+L

2 55 M TIA Right - P

3 55 M Stroke Right - A+P

4 48 M TIA Right - A+P+L
5 53 M Stroke Left - A+P

6 65 M Stroke Right - A+L

7 77 M AF Right - A+P

8 56 M TIA Left - A+P

9 47 F Stroke Right - P

10 55 M Stroke Left 90% A+L

" 68 M TIA Left 70% L

12 58 M Stroke Right 30% A

13 53 M TIA Right 30% A+P+L
14 65 M TIA Right - A+L

15 60 M Stroke Left 30% A+P

16 53 M Stroke Right - A+L

17 58 M Stroke Left 50% P+L

Note:—TIA indicates transient ischemic attack; AF, amaurosis fugax; A, anterior collateral pathway; P, posterior collateral pathway; L, leptomeningeal vessels; —, no stenosis.
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Fig 2. Measured perfusion images of a 53-year-old man with a unilateral left-sided ICA occlusion. The images show the absolute cerebral blood flow (A), transit time (B), and trailing edge
(C) maps. Decreased cerebral blood flow, increased transit time, and increased trailing edge can be appreciated in the left hemisphere.

ature: R; = 1000 ms; R, = 1400 ms; A (brain/blood partition coeffi-

cient of water) = 0.9 mL/g.'>*

Data Analysis

Data were analyzed with mathematic software (Matlab; MathWorks,
Natick, Mass). On the basis of the ASL control images, regions of
interest were drawn according to a standardized template symmetri-
cally in both hemispheres, in distinct areas of gray matter (Fig. 1).
For statistical analysis, the Statistical Package for the Social Sciences
for Windows, Version 12.0.1 (SPSS, Chicago, Ill) was used. Mean
CBEF, transit, and trailing edge times were calculated over all regions
of interest in the hemisphere on the side of the symptomatic and
contralateral asymptomatic hemispheres. Because no differences
were found in CBF, transit, and trailing edge times between the
left and right hemisphere in control subjects, values for both hemi-
spheres were averaged for analysis. Differences in CBF, transit, and
trailing edge region-of-interest measurements between the hemi-
spheres ipsi- and contralateral to the ICA occlusion and the control
group were evaluated by using a 1-way analysis of variance with a
Bonferroni correction for multiple comparisons. To examine the

1700  Bokkers | AJNR 29 | Oct 2008 | www.ajnr.org

influence of collateral flow patterns, we evaluated differences be-
tween CBF, transit, and trailing edge times in the hemisphere ipsi-
lateral to the ICA occlusion by using the Student ¢ test. A P value
< .05 was considered to indicate a statistically significant differ-
ence. Values are expressed as mean * standard error of the mean
(SEM).

Results

The baseline characteristics of the patients are given in Table 1.
An example of an ASL MR imaging investigation of a patient
with a symptomatic left-sided ICA occlusion is shown in Fig 2.
Decreased CBF and increased timing parameters, resulting
from a delayed arrival of the magnetically labeled bolus, can be
appreciated in the left hemisphere.

Regional Quantification of CBF, Transit, and Trailing
Edge Time

In the hemisphere ipsilateral to the ICA occlusion, the CBF
was significantly lower than that in the control subjects in the
anterior frontal region (31 = 4 versus 47 = 3 mL/min/100 g,



Fig 3. Cerebral blood flow (mean * SEM) in the regions of
the hemisphere ipsi- and contralateral to the occlusion and of
the control group. Asterisk indicates P < .05; double aster-
isks, P < .01, a significant difference between the hemi-
sphere ipsilateral to the ICA occlusion and the control sub-
jects; number sign, a significant (P < .05) difference between
the hemisphere contralateral to the ICA occlusion and the

m Patients: occluded side
o Patients: non-occluded side
20 @ Controls

control subjects.

CBF (ml1/100g/min)

Table 2: Hemodynamic values for the hemisphere ipsilateral to the occlusion in patients with (n = 9) and with leptomeningeal collateral

vessels

Leptomeningeal Vessels Present

No Leptomeningeal Vessels

Transit Trailing Transit Trailing
CBF* Time Edge CBF Time Edge
Anterior frontal 31 =9 83 = 46 2436 = 275t 31 =x2 25+ 15 1648 = 201
Posterior frontal 29 = 5t 196 + 103 2700 + 469 47 =6 85 + 32 1598 =+ 348
Frontal parietal 45+ 4 228 =53 2362 + 208 52 +6 97 =76 2103 = 259
Parietal occipital =1 529 + 163 2089 + 285 33+10 411 += 106 2185 + 271
Occipital 54 +13 381 =138 1815 = 1281 47 =5 359 = 94 2388 + 203

* Cerebral blood flow values are given in milliliters/minute/100 g, and transit and trailing edge times, in milliseconds.
T A statistically significant difference between the patients with and without leptomeningeal vessels (t test, P < .05).

P < .01), posterior frontal region (39 * 4 versus 55 * 2 mL/
min/100 g, P < .01), and in the frontal parietal region (49 * 3
versus 61 = 3 mL/min/100 g, P = .04) (Fig 3). In the hemi-
sphere contralateral to the ICA occlusion, CBF in patients was
significantly lower in the anterior frontal region than that in
control subjects (34 £ 3 versus 47 = 3 mL/min/100 g, P =
.02).

The transit time in the posterior frontal region ipsilateral to
the ICA occlusion was prolonged (138 £ 52 ms, P = .03)
compared with that in the control group (41 * 11 ms) (Fig4).
In the frontal parietal region ipsilateral to the ICA occlusion,
the transit time (158 = 49, P < .01) and the trailing edge time
(2225 *= 167, P < .01) were prolonged compared with the
control subjects (respectively, 7 = 4 ms and 1593 * 35 ms)
(Fig 4). In the hemisphere contralateral to the ICA occlusion,
the trailing edge time of the occipital region was significantly
shorter in patients than in control subjects (1859 * 122 ms
versus 2289 * 89 ms, P = .02).

Patients with leptomeningeal collateral flow (53%, n = 9)
had a lower CBF in the posterior frontal region (29 = 5 mL/
min/100 g) than patients without leptomeningeal collaterals
(47 = 6 mL/min/100 g, P = .04) in the hemisphere ipsilateral
to the ICA occlusion (Table 2). Furthermore, the trailing edge
was longer in the anterior frontal region (2436 * 275 versus
1648 = 201 ms, P = .03) and shorter in the occipital region
(1815 = 128 versus 2388 * 203 ms, P = .04) than that in
patients without leptomeningeal collateral flow. No differ-
ences in hemodynamic parameters were found for the pres-
ence or absence of collateral flow via the anterior (71%, n =
12) or posterior (65%, n = 11) collateral pathways.

Discussion

The most important findings of our study were twofold. First,
we found significant heterogeneity of regional cerebral hemo-
dynamics in patients with a symptomatic ICA occlusion, with
decreased CBF and increased timing parameters in the hemi-
sphere ipsilateral to the occlusion. Second, in patients with
leptomeningeal collateral flow, there was a prolonged trailing
edge in the anterior and a decreased CBF in the posterior fron-
tal region ipsilateral to the occlusion in comparison with pa-
tients without leptomeningeal collateral flow.

Most of the techniques that can assess CBF in patients are
invasive and require the injection of a radioactive tracer or
contrast agent.”’ ASL MR imaging has been developed to mea-
sure cerebral perfusion noninvasively by using magnetically
labeled blood as an endogenous contrast agent.'® Most current
ASL approaches acquire the imaging at a single inversion time
point, which, in healthy volunteers, is sufficient for an ade-
quate exchange of the label with the brain tissue water. How-
ever, in patients with an occlusion of the ICA, collateral blood
flow recruitment may result in increased transit times of the
labeled blood to the brain tissue,” resulting in an underesti-
mation of CBF.>>** If one performs multiple ASL experiments
at various delay times, all labeled spin contributes to the per-
fusion signal intensity and no prior knowledge of individual
transit times is needed. An additional advantage of this acqui-
sition method is that it can be used to visualize and quantify
the temporal dynamics of blood inflow and tissue perfu-
sion.'®** Although previous studies have demonstrated the
ability of ASL at multiple delay times to measure timing pa-
rameters and the effect of brain activation on timing parame-
ters,'>2°?% this is the first study to investigate the conse-
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Fig 4. Transit time and trailing edge time (mean * SEM) in
the regions of the hemisphere ipsi- and contralateral to the
occlusion and of the control group. Asterisk indicates P <
.05; double asterisks, P < .01, a significant difference be-
tween the hemisphere ipsilateral to the ICA occlusion and
the control subjects; number sign, a significant (P < .05)
asymmetry between the hemisphere contralateral to the ICA

Transit time (ms)

m Patients: occluded side
o Patients: non-occluded side
= Controls

occlusion and the control subjects; dagger, a significant (P <
.01) difference between the hemisphere ipsi- and contralat-
eral to the ICA occlusion.
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quences of an occlusion of the ICA and collateral blood flow
patterns on regional ASL timing parameters and CBF.

In this study, we found a significant decreased CBF in both
frontal and the frontal parietal regions in the hemisphere ip-
silateral to the ICA occlusion, which is in agreement with pre-
vious positron-emission tomography (PET), '**Xe inhalation,
and MR imaging-based studies.>*>* Furthermore, we dem-
onstrated that the time needed for the labeled bolus to travel to
the affected hemisphere was increased in patients with a symp-
tomatic ICA occlusion, in regions corresponding to the ante-
rior borderzone and the flow territory of the MCA. In previous
studies, researchers found similar regional heterogeneity in
hemodynamic parameters with ASL.*> Roughly, measures
comparable with the ASL timing parameters are the arrival
time and time-to-peak in dynamic contrast-enhanced MR and
CT perfusion imaging. In contrast-enhanced perfusion stud-
ies of patients with an ICA occlusion, researchers have dem-
onstrated increased time-to-peak times and reduced CBF in
the gray and white matter of the affected hemisphere,**°
which was thought to be caused by decreased flow in the ar-
teries and increased dispersion in the microvasculature. This
finding corresponds with our finding of a delayed arrival of
arterial blood in the hemisphere ipsilateral to the ICA
occlusion.

With the 10-mm gap between the imaging and labeling
section, the time needed for the blood from the upper site of
the labeled volume to travel to the brain tissue will depend on
the vascular pathways distal to the circle of Willis. In contrast,
the lower edge of the labeling volume is below the level of the
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circle of Willis. Therefore the trailing edge time will depend on
the vascular pathways both proximal and distal to the circle of
Willis. In the evaluation of the impact of collateral flow on the
delay of arterial blood, the trailing edge will consequently be
the most informative parameter of the 2. Furthermore, the
transit and trailing edge times do not necessarily have to show
a combined increase in patients with a vascular obstruction
because the increase of timing parameters may, for instance,
mainly depend on the rerouting of the labeled arterial blood
proximal from the circle of Willis.

In our analysis of the role of collateral blood flow, we found
that neither flow via the anterior or posterior collateral path-
ways had an effect on regional hemodynamic parameters in
patients with ICA occlusion. Previous studies have indicated
that hemodynamic and metabolic changes are more severe in
patients without primary collaterals than in patients with pri-
mary collaterals,”*” and that the presence of secondary collat-
eral flow is associated with an impaired hemodynamic sta-
tus.>®® In this study, we found that patients with
leptomeningeal collaterals and an occlusion of the ICA had a
lower CBF and a prolonged trailing edge in the frontal lobe.
No differences were found in symptoms between patients with
and without leptomeningeal flow. Although the CBF mea-
sured in the frontal regions was low, it is above the value of 20
mL/min/100 g, which is considered to indicate tissue at risk.*’
We hypothesize that the increased trailing edge time reflects
the elongated path that the bolus of magnetically labeled blood
has to travel through the leptomeningeal collaterals from the
posterior circulation to the frontal lobe.



A disadvantage of using ASL at multiple delay times is the
longer scanning duration compared with single-delay experi-
ments. In this study, we used a Look-Locker-like sampling
strategy to acquire the series of perfusion images at increasing
delay times to decrease scanning time. Although this makes it
more practical for clinical use in patients, the train of small flip
angle gradient echoes decreases the perfusion signal. Due to
this loss and additionally the decrease of signal due to the
natural T1 decay of the magnetized blood, we were not able to
use crusher gradients. Therefore, a limitation of this study is
that due to the presence of magnetic label within the vascula-
ture, there may possibly be a regional overestimation of CBF.
Although this is a well-recognized problem of ASL, the CBF
values found in both the patient group and the control sub-
jects were within the reported range of previous PET stud-
ies."?" In the present study, 2 of the 17 patients with an occlu-
sion of the ICA had a contralateral stenosis of =70%, which
could have affected the hemodynamic measurements in the
contralateral hemisphere. Furthermore, the DSA examina-
tions, which were used to judge the presence of leptomenin-
geal collaterals, were not specifically performed to visualize
these collaterals. Therefore, an underestimation of the preva-
lence of leptomeningeal collaterals is possible. In our study, 9
of the 17 patients (53%) had collateral flow through lepto-
meningeal vessels. Although there is a large interindividual
variability in the number and size of leptomeningeal anasto-
moses, this is in accordance with previous reported
prevalences.*!

Conclusion

ASL with image acquisition at multiple delay times can be used
to quantify the temporal dynamics of arterial blood inflow and
identify brain regions with impaired hemodynamics. In this
study, we found significant heterogeneity of regional cerebral
hemodynamics in patients with a symptomatic ICA occlusion.
In patients with leptomeningeal collaterals, the most impaired
region was found in the frontal lobe.
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