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he ability to visualize perfusion territories of individual

brain feeding arteries is important for many clinical appli-
cations; it may guide endovascular treatment and explain dif-
ferences in clinical outcome.' In everyday radiologic practice,
standard templates are often used to determine the relation-
ship between pathology and feeding vasculature. Because of
the large intersubject variability in perfusion territories of
brain-feeding arteries, these templates may be inadequate.’
Intra-arterial DSA is currently the reference standard for visu-
alizing the cerebrovascular tree and collateral pathways via the
circle of Willis or leptomeningeal anastomoses. This tech-
nique neither enables the identification of flow-territory bor-
ders at tissue level nor provides quantitative perfusion
information.

The introduction of selective ASL has enabled noninvasive
visualization of perfusion territories of individual brain feed-
ing arteries. Selective ASL combined with MRA provides in-
formation comparable with DSA on the collateral supply in
patients with steno-occlusive disease and has been proved
valuable in the classification of cortical and borderzone
infarcts.’

The first selective ASL methods were clinically difficult to
implement because of the need for advanced hardware and
time-consuming planning to limit labeling to a single artery."*
However, the introduction of vessel-encoded pCASL by
Wong’® and Wong and Kansagra® has enabled planning-free
acquisition of all major flow territories within 5 minutes.

The clinical applicability of planning-free vessel-encoded
pCASL, further referred to as planning-free selective ASL, is
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Robustness and Reproducibility of Flow
Territories Defined by Planning-Free Vessel-
Encoded Pseudocontinuous Arterial Spin-Labeling

SUMMARY: Flow-territory mapping by MR imaging ASL noninvasively provides a unique insight into
the distribution of cerebral perfusion. The introduction of planning-free vessel-encoded pCASL made
flow-territory mapping feasible for clinical use, though lack of individual planning could impede
reproducibility of this technique. We assessed the reproducibility of planning-free vessel-encoded
pCASL in patients and controls. Results indicated that planning-free vessel-encoded pCASL is a
reproducible method that could assist in clinical decision-making.

ABBREVIATIONS: ASL = arterial spin-labeling; BA = basilar artery; CBF = cerebral blood flow;
DSA = digital subtraction angiography; ICA = internal carotid artery; Mean-max = mean-maximum;
MRA = MR angiography; pCASL = pseudocontinuous arterial spin-labeling; SNR = signal intensi-

crucially dependent on its robustness and reproducibility, es-
pecially because the lack of individualized planning may ren-
der this technique more dependent on arterial layout than
individually planned methods. Therefore, the aim of our study
was to measure the robustness and reproducibility of flow
mapping by planning-free selective ASL in healthy controls
and in patients with steno-occlusive disease. Robustness and
reproducibility were assessed within sessions (intrasession),
within centers (intracenter), and between centers
(intercenter).

Technique

Intrasession, intracenter, and intercenter robustness and reproduc-
ibility of planning-free selective ASL were assessed in healthy volun-
teers. Robustness and reproducibility in healthy volunteers might not
be representative of the performance of the technique in patients,
especially in case of large-vessel pathology potentially resulting in
longer arterial transit times or lower CBF. Therefore, intrasession
robustness and reproducibility were also assessed in patients with
steno-occlusive disease.

Three imaging centers in the Netherlands participated in this
study. MR imaging investigations were performed on 3T MR imaging
scanners (Philips Healthcare, Best, the Netherlands) with the same
implementation of planning-free selective ASL. Local ethics commit-
tees of all participating imaging centers approved the study protocol.
After written informed consent, 6 volunteers (5 men; age range, 25—-50
years) without known cerebrovascular disease were scanned twice at
each location (1-3 weeks between sessions). Ten patients (7 men;
56—78 years of age) with a recent symptomatic ICA stenosis =50%
were scanned once at 1 site. Two patients presented with ischemic
stroke; 7, with a transient ischemic attack; and 3, with ipsilateral ret-
inal ischemia. Several patients had >1 presenting event. ICA stenosis
was 70%-99% in 9 patients and 50%—69% in 1 patient. Contralateral
ICA stenosis was 0%—49%.

Each session protocol consisted of planning-free selective ASL and
a high-resolution 3D T1-weighted anatomic scan for registration and
segmentation purposes. All scans were acquired with a sensitivity en-
coding 8-channel head coil and body coil transmission. Imaging pa-
rameters for planning-free selective ASL were the following: TR/TE,
4000/14 ms; FOV, 240 X 240 mm?; matrix size, 80 X 79; 17 sections;
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Fig 1. Aand B, Sagittal and axial 3D T1-weighted images in which the imaging volume and labeling plane of planning-free selective ASL are illustrated. C, Labeling efficiency is spatially

manipulated within the labeling plane.

thickness, 7 mm; no gap; single-shot echo-planar imaging; labeling
duration, 1650 ms; postlabeling delay, 1525 ms; background suppres-
sion by a saturation pulse preceding the labeling and 2 inversion
pulses, 1680 and 2830 (), after the saturation pulse; number of dy-
namics, 75. Only the imaging volume was planned, whereas the rela-
tive position of the labeling section, the phase of the radio-frequency
pulses, and the strength and orientation of the flow-territory encod-
ing gradients were fixed to population-based values. The labeling
plane was set parallel to and 44 mm proximal to the imaging volume,
at a level where the labeling plane is more or less perpendicular to the
BA and ICAs in an average subject (Fig 1A,-B). Selective labeling was
accomplished by spatial manipulation of the labeling efficiency
within the labeling plane in sets of 5 dynamics: no labeling (control),
nonselective labeling (globally perfusion weighted), labeling varied in
right-left direction (50 mm between full label and control situation),
labeling varied in the anteroposterior (AP1) direction (18 mm be-
tween full label and control situation); and labeling varied in the an-
teroposterior direction (AP2, similar to AP1, but shifted 9 mm in the
posterior direction compared with the previous dynamic) (Fig 1C).°
For each condition, 15 dynamics were gathered in total. The time for
the planning-free selective ASL scanning was 5 minutes.

The Functional MR Imaging Software Library (Oxford, United
Kingdom) and Matlab (The MathWorks, Natick, Massachusetts)
were used for off-line data processing. Because of an expected lower
SNR—due to the smaller number of dynamics used and to the pos-
sible lower CBF in patients with steno-occlusive disease—spatial
smoothing was applied to patient data (Gaussian filter kernel 4.5-mm
full width at half maximum).

Flow territories of the right ICA, the left ICA, and the BA were
determined by averaging dynamic scans with equal spatial encoding
of labeling, resulting in 1 control and 1 globally labeled and 3 selec-
tively labeled perfusion-weighted images. Subtraction of labeled and
control images yielded 3 selective perfusion maps and 1 nonselective
perfusion image. Following the procedures outlined by Wong and
Kansagra,® we established relative labeling efficiencies of the spatially
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manipulated scans by voxelwise calculation of the ratio of each selec-
tive perfusion image over the global perfusion map.

Robustness was defined as the extent to which the technique pro-
vides similar flow territories for repeated scans as determined by vi-
sual data inspection. Criteria for visual inspection to rate 2 sets of
flow-territory maps as dissimilar were the following: the main flow
territories identified as being fed by a different major artery or other
gross variations that should be attributed to the suboptimal discrim-
inating power of the flow-territory sequence. Intrasession robustness
was determined for 6 controls and 10 patients, all scanned at the same
imaging site (16 datasets). Intrasession robustness was based on the
first 35 and the last 35 dynamics of each scan, yielding 2 sets of flow
territories per scan (32 datasets). Intracenter and intercenter robust-
ness was determined for 6 controls, scanned twice at all participating
sites (36 datasets). Intra- and intercenter robustness was based on all
75 dynamics per scan.

The images that resulted in comparable flow territories for re-
peated measurements were included in the finer scale reproducibility
analyses of intrasession, intracenter, and intercenter repetitions. Re-
producibility was assessed by calculating the distance between ob-
served flow-territory boundaries of repeated acquisitions. To this
end, perfusion images and flow territories were transformed into an-
atomic space by affine registration on corresponding anatomic scans.
Flow territories at 3 different levels in the brain were manually out-
lined on the basis of the outcome of the clustering algorithm (Fig 2C).
Subsequently, the distance between flow-territory boundaries ob-
tained from repeated scans was calculated by searching, for each edge-
pixel of the first image and the closest edge-pixel of the second image
(Fig 2D). Since the employed definition of distance depends on the
order of the 2 images, both orders were averaged. The mean distance
and the mean-maximum distance were calculated. The first is sensi-
tive to a consistent mismatch over a large part of the flow territory
boundaries, whereas the second reflects the largest encountered mis-

match. Intrasession distances and intracenter distances were averaged



Fig 2. Axial nonselective perfusion-weighted images (A) and flow territories (B) of 2
sessions, manual outlining (C) and the distance between flow-territory boundaries (D).

over all subjects. Intercenter distances were calculated for all permu-
tations between the 3 centers and then averaged over all controls.

The nonselective perfusion-weighted image and flow territories of
the ICAs and the BA obtained by planning-free selective ASL in a
single subject are shown in Fig 2A, B. Intrasession repeated flow map-
ping yielded comparable flow territories for all controls (100%) and
for 8 of 10 patients (80%). Figure 3 shows the flow territories based on
the first and second halves of a selective ASL scan in an 80-year-old
woman with a right ICA stenosis of 70%-99%. Intrasession repeated
flow mapping yielded similar flow territories with enlargement of the
contralateral left ICA flow territory, though some differences could be
observed at the level of the basal ganglia. In 2 patients, gross motion
artifacts led to uninterpretable flow-territory maps.

. &y

Fig 3. Three axial sections showing perfusion-weighted images, flow territories, and
manual outlining of the ICAs and the BA in an 80-year-old female patient with right ICA
stenosis of 70%—99%. A and B, Images are based on the first (4) and last (B) 35 dynamics.

All controls and 8 patients were included in the quantitative re-
producibility analysis. Intra- and intercenter repeated planning-free
selective ASL yielded comparable flow territories in 34 of 36 datasets
(94%). In 1 individual, 2 of 6 scans showed an erroneously enlarged
posterior perfusion territory, taking over approximately half of the
perfusion territory of the left ICA (Fig 4). This volunteer was not
included in quantitative reproducibility analysis. Thirty datasets were
included in this analysis. The amount of overlap between the perfu-
sion territories that were gathered from all 6 sessions for the remain-
ing 5 control subjects in our study is shown in Fig 4. In the Table, the
results of the quantitative reproducibility analysis are presented.
Flow-territory boundaries deviated <4 mm on average and approxi-

mately 3 voxels maximum.

Discussion
The results of the present study indicate that the robustness
and reproducibility of planning-free selective ASL are reason-
able in both patients with steno-occlusive disease and con-
trols. Reasonable robustness and reproducibility were even
obtained by using only 35 dynamics for flow-territory map-
ping (scanning time, <3 minutes), as is shown by the results of
intrasession analyses, implying that shorter scanning times
suffice to obtain robust and reproducible flow territories.
Intrasession repeated flow-territory mapping yielded com-
parable flow territories in 80% of patients and in 100% of
controls. The motion artifacts present in the flow-territory
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Fig 4. Three axial sections in 5 volunteers who were included in the quantitative analysis show the amount of overlap of flow territories from all sessions and sites (dark blue 1, light
blue 2, green 3, yellow 4, red 5, and dark red 6 territories overlapping) and dissimilar flow territories obtained from repeat scanning in 1 volunteer who was excluded from further analysis.

maps of 2 patients could be identified easily. This would result
in a report of technical failure without the risk of incorrect
interpretation. Intra- and intercenter repeated flow-territory
mapping yielded comparable flow territories in 94% of con-
trols. For 1 volunteer, 2 of 6 scans showed a normal right ICA
flow territory and an enlarged posterior flow territory, proba-
bly composed of both left ICA and BA supply. MRA showed a
close course of the BA and the left ICA at the spin-labeling
level, causing similar labeling efficiency of blood water pro-
tons in both arteries, rendering identification of separate clus-
ters impossible.

Also, in patients with brain disease, the outcome of the
clustering algorithm could be obscured due to elongation and
curvature of the vasculature at the labeling location, extensive
collateral supply, or complete occlusion of brain feeding arter-
ies. In clinical decision-making, flow territories obtained by
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planning-free selective ASL should be combined with an an-
giogram at the level of labeling to avoid misinterpretation of
the flow territories. In case of complex vascular pathology, one
might also choose selective labeling of single arteries.” How-
ever, single-vessel selective ASL sequences are time-consum-
ing when >1 flow territory needs to be imaged.

In the present study, the flow-territory boundaries of re-
peated selective ASL scans deviated <4 mm on average. Be-
cause the acquired in-plane scan resolution was 3 mm, this
4-mm distance is considered small. The quantitative repro-
ducibility analysis was only performed on those datasets that
showed comparable flow territories with repeated mapping.
This was chosen to differentiate 2 kinds of errors: gross errors
in flow territories due to insufficient variations in labeling ef-
ficiency of the main brain-feeding arteries and more subtle
errors due to decreased SNR in the borderzones. The mean



Mean and mean-maximum distances (in millimeters) between edge
pixels obtained from intrasession and intra- and intercenter
repeated flow-territory mapping

Mean/Mean-Max Right ICA Left ICA BA
Intrasession
8 Patients
Mean 2110 24+09 18+06
Mean-max 71+x29 82=+22 6921
6 Controls
Mean 16+04 15+05 13+04
Mean-max 65*+18 59+24 49+09
Intracenter sites |, II, Il
5 Controls
Mean 22+06 21+05 25+07
Mean-max 79+23 8.4 +20 100 =42
Intercenter
5 Controls
Mean 2603 25+03 40+29
Mean-max 90+ 14 97+15 106 =27

distance for intrasession repeated flow mapping was slightly
larger in patients with steno-occlusive disease than in controls
(approximately 2.2 versus 1.5 mm). This difference could be
attributed to longer arterial transit times and lower CBF in
patients (and thus lower SNR) or to the increased blurring
kernel size used in patient data.

The current study has several limitations. Robustness and
reproducibility of planning-free selective ASL were studied
with a single field strength (3T) and scanner brand (Phillips)
and a single observer. Lower field strengths would show lower
SNR, which could lower the robustness and reproducibility. It
is expected, however, that the robustness will be mainly af-
fected by intersubject differences in vascular layout and
would, therefore, be comparable at 1.5T. Reproducibility is
mainly affected by the low SNR in the white matter. However,
whether a lower field strength would degrade SNR in white
matter and thus reproducibility remains to be studied.®

Whereas flow territories are 3D surfaces, we calculated the
reproducibility in axial sections. Because representative levels
were chosen, it is expected that the influence of this limitation
is relatively small.

Conclusions

The present study is the first to assess the reproducibility of
selective ASL. Planning-free selective ASL yields the same flow
territories in repeated scans, though anatomic variations or
pathology could result in aberrant flow territories. The results
of this study indicate that planning-free selective ASL is a ro-
bust and reproducible method that can be used as a diagnostic
tool in daily radiologic practice, though an MR angiogram of
the label location should be consulted to avoid misinterpreta-
tion of flow territories.
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