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ABSTRACT

BACKGROUND AND PURPOSE: Arterial spin-labeling is a noninvasive method to map cerebral blood flow, which might be useful for early
diagnosis of neurodegenerative diseases. We directly compared 2 arterial spin-labeling techniques in healthy elderly controls and individ-
uals with mild cognitive impairment.

MATERIALS AND METHODS: This prospective study was approved by the local ethics committee and included 198 consecutive healthy
controls (mean age, 73.65 * 4.02 years) and 43 subjects with mild cognitive impairment (mean age, 73.38 = 5.85 years). Two pulsed arterial
spin-labeling sequences were performed at 3T: proximal inversion with a control for off-resonance effects (PICORE) and flow-sensitive
alternating inversion recovery technique (FAIR). Relative cerebral blood flow maps were calculated by using commercial software and
standard parameters. Data analysis included spatial normalization of gray matter—corrected relative CBF maps, whole-brain average, and
voxelwise comparison of both arterial spin-labeling sequences.

RESULTS: Overall, FAIR yielded higher relative CBF values compared with PICORE (controls, 32.7 = 7.1 versus 30.0 = 13.1mL/min/100 g,P =
.05; mild cognitive impairment, 29.8 = 5.4 versus 26.2 = 8.6 mL/min/100 g, P < .05; all, 32.2 * 6.8 versus 29.3 = 12.3 mL/min/100 g, P < .05).
FAIR had lower variability (controls, 36.2% versus 68.8%, P << .00001; mild cognitive impairment, 18.9% versus 22.9%, P < .0007; all, 34.4%
versus 64.9% P < .00001). The detailed voxelwise analysis revealed a higher signal for FAIR, notably in both convexities, while PICORE had
higher signal predominantly in deep cerebral regions.

CONCLUSIONS: Overall, FAIR had higher estimated relative CBF and lower interindividual variability than PICORE. In more detail, there
were regional differences between both arterial spin-labeling sequences. In summary, these results highlight the need to calibrate arterial
spin-labeling sequences.

ABBREVIATIONS: ASL = arterial spin-labeling; FAIR = flow-sensitive alternating inversion recovery technique; MCl = mild cognitive impairment; PICORE =

proximal inversion with a control for off-resonance effects; rCBF = relative cerebral blood flow

Arterial spin-labeling (ASL) is a noninvasive perfusion tech-
nique that uses the labeled spins in arterial water as an en-
dogenous tracer. In principle, 2 images are acquired, 1 control
image with no blood labeling and 1 tag image in which arterial
blood is labeled. The technique was developed 2 decades ago' and
is feasible on 1.5T scanners but became increasingly used with the
introduction of clinical 3T scanners. Recent investigations high-
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light the utility of ASL in the domain of neurodegeneration, no-
tably mild cognitive impairment (MCI) and Alzheimer disease,>”
for review.® More recently, ASL was even able to predict very early
cognitive decline in healthy elderly controls (ie, the earliest stage
of neurodegeneration).” These investigations demonstrated con-
sistent reduction in relative cerebral blood flow (rCBF), notably in
the posterior cingulate cortex, which overlaps the patterns of hy-
pometabolism on ['*F]FDG-PET in clinically overt and incipient
cases of Alzheimer disease.®'" The correspondence between ASL
and PET findings is consistent with the known perfusion-metab-

olism coupling in the brain.'>"?
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Summary of the essential imaging parameters for PICORE and FAIR ASL sequences

MR Imaging

PICORE Q2TIPS FAIR-QUIPSS II Imaging data were acquired on a clinical
Matrix 64 X 64 64 X 64 routine whole-body 3T MR imaging
No. of sectionzs 20 24 scanner (Magnetom Trio; Siemens, Er-
Pixel size (mm°) 344 X 344 344 X 344 langen, Germany). Two pulsed arterial
Section thickness (mm) 6 4 in-labeli h
Gap (mm) i 0 spin-labeling - approaches were per-
FOV 220 220 formed for comparison: PICORE'
Parallel imaging (GRAPPA) 2 2 quantitative imaging of perfusion with a
Phase, partial Fourier 7/8 6/8 single subtraction with thin-section TI,
Section order Ascendlpg Ascending periodic saturation (Q2TIPS) labeling
Section orientation ACPC aligned ACPC aligned 18 14 . .
) scheme'® and FAIR'® combined with
Fat saturation Yes Yes R . . .
Coil-combination algo Sum of squares Sum of squares quantitative imaging of perfusion using
Bandwidth 2604 Hz/Px 2368 Hz/Px a single subtraction IT (QUIPSS II)."’
Echo-spacing 0.47 0.49 The essential parameters for both

Saturation slab Parallel feet, gap = 25.6 mm,

thickness = 110 mm

TE (ms) 21
TR (ms) 5000
TI1(ms) 700
T12 (ms) 1800
Saturation stop time (ms) 1600
Flow limit (cm/s) 5
No. of images 71

6 Minutes 12 seconds
No

Total acquisition time

Mo reference image Yes

Parallel feet/head gap = 10 mm,
thickness = 100 mm

7 Minutes 6 seconds

ASL sequences are illustrated in the
Table.

40(;(2) A structural 3D T1 sequence was ob-
600 tained for spatial normalization (256 X
1600 256 matrix; 176 sections, 1 X 1 X 1 mm?;

TE, 2.3 ms; TR, 2300 ms). Additional se-
]12(5) quences (T2-weighted, diffusion tensor

imaging, fluid-attenuated inversion re-
covery) were acquired and analyzed to

Note:—ACPC indicates anterior/posterior commissure; algo, algorithm; Q2TIPS, quantitative imaging of perfusion with
a single subtraction with thin-section Tl, periodic saturation; QUIPSS Il, quantitative imaging of perfusion using a single
subtraction Il; Mo, steady-state magnetization; GRAPPA, generalized autocalibrating partially parallel acquisitions.

In the context of neurocognitive decline, disease-related alter-
ations in brain perfusion are a priori small, in particular in early
stages of the disease. This feature implies that the optimal ASL
sequence for the early detection of neurodegenerative processes
should have a strong signal and, in particular, a low variability.
Unfortunately, ASL has low intrinsic signal and contrast. Conse-
quently, several techniques have been proposed to improve spin-
labeling, thereby resulting in a higher signal, including the flow-
sensitive alternating inversion recovery technique (FAIR)"* and
the proximal inversion with a control for off-resonance effects
(PICORE).'

In this prospective investigation, we directly compared 2
pulsed ASL sequences (PICORE versus FAIR) in 241 consecutive
elderly controls and MCI participants. Both ASL sequences are in
agreement with the recent recommendations on ASL imaging.'®
We assessed whole-brain average and local signal strength and
interindividual variability.

MATERIALS AND METHODS

Participants

The local ethics committee approved this prospective study, and
all participants gave informed written consent before inclusion. A
total of 241 consecutive subjects who had both PICORE and FAIR
ASL sequences were included in this study from an ongoing co-
hort study with extensive neuropsychological evaluation and
multiparametric MR imaging as described in detail before.” The
final sample consisted of 198 healthy controls (mean age, 73.65 *
4.02 years; 116 women; Mini-Mental State Examination score,'”
28.36 = 1.41) and 43 subjects with MCI (mean age, 73.38 = 5.85
years; 15 women; Mini-Mental State Examination score, 26.93 =
2.36).
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rule out concomitant diseases such as isch-
emic stroke and subdural hematomas and
susceptibility artifacts from prior hemor-
rhage or space-occupying lesions. White
matter lesions were analyzed according to the Fazekas score.*® Mild-
to-moderate white matter lesions (Fazekas 1-2) are very common in
this age group and were not exclusion criteria. In contrast, partici-
pants with severe white matter lesion load (Fazekas 3) were excluded.

Statistical Analysis

The relative CBF values were calculated inline on the MR imaging
scanner according to Luh et al'® and Wang et al'® and under the
assumption of constant standard values for hematocrit, T1, A, and
inversion efficiency.

These rCBF maps were further processed with the fMRI of the
Brain Software Library (FSL, Version 5.0.2.1; http://www.fmrib.
ox.ac.uk/fsl) by using the following data-processing steps:
masking of nonbrain voxels by using the Brain Extraction Tool
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET, part of FSL), linear reg-
istration of the ASL raw data to the same subject’s 3D T1 data by
using the FMRIB Linear Image Registration Tool (FLIRT; http://
www.fmrib.ox.ac.uk/), nonlinear spatial registration of the high-
resolution 3D T1 image to Montreal Neurological Institute stan-
dard space (the FMRIB Nonlinear Registration Tool, [FNIRT,
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT]), and application of
this nonlinear transformation matrix to the ASL rCBF maps to
spatially normalize the rCBF maps into Montreal Neurological
Institute standard space. ASL rCBF is higher in gray matter than in
white matter. To compensate for partial volume effects of the
rCBF maps, we calculated gray matter—corrected rCBF maps as
reported previously.** In principle, the individual 3D T1 images
were preprocessed by using FSL voxel-based morphometry to cre-
ate individual gray matter maps, which were then used to mask
the individual ASL rCBF maps to obtain individual gray matter—
corrected rCBF maps.


http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
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FIG 1. A, The whole-brain average rCBF (relCBF) values in milliliters/minute/100 g for the 2 ASL sequences, PICORE and FAIR, only for elderly
control participants (CONTROL), only for MCl, and for ALL participants. FAIR provided significantly higher signal than PICORE (P < .05). The error
bars indicate SD. B, The correlation of the whole-brain average rCBF between PICORE and FAIR was significant at P < .0001. The lines represent

the linear fit for CONTROL and MCI with an intercept of zero.

First, we compared the whole-brain average rCBF values be-
tween the 2 ASL techniques by using paired ¢ tests. Additionally,
we calculated the Pearson correlation coefficient for the rCBF of
both sequences.

Second, we calculated the whole-brain average relative SD as
(Individual rCBF — Group Average rCBF)/Group Average rCBF.
These relative SD values were compared between the 2 ASL tech-
niques by using paired ¢ tests.

Third, we applied a voxelwise permutation-based testing
(Randomize, part of FSL; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
randomise), with threshold-free cluster-enhancement correction
for multiple comparisons,*' considering fully corrected P < .05 as
significant.

All analyses were performed 3 times: only for the 198 control
participants, only for the 43 subjects with MCI, and for all 241
participants.

RESULTS

Whole-Brain Average rCBF

On average across the entire brain (ie, including gray and white
matter), FAIR provided higher rCBF values compared with
PICORE: controls, 32.7 = 7.1 versus 30.0 = 13.1 mL/min/100 g,
P =.05MCI, 29.8 = 5.4 versus 26.2 * 8.6 mL/min/100 g, P < .05;
all, 32.2 = 6.8 versus 29.3 * 12.3 mL/min/100 g, P < .05 (Fig 1).
The Pearson correlation for FAIR and PICORE was significant at
P <0001 for controls, MCI, and all. The slope of the correlation for
all cases was 0.93 = 0.03 (95% confidence interval, 0.86—0.99).

Interindividual Variability in rCBF

The interindividual variability in rCBF was estimated as relative to
the deviation of the individual whole-brain average rCBF with re-
spect to the corresponding group mean. FAIR had lower variability
than PICORE: controls, 36.2% versus 68.8%, P < .00001; MCI,
18.9% versus 22.9%, P < .0001; all, 34.4% versus 64.9% P < .00001
(Fig 2).

Voxelwise Comparison between FAIR and PICORE
The average voxelwise rCBF values for FAIR, PICORE, and the

difference between both sequences are illustrated in Fig 3.
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FIG 2. Significantly lower variability of the whole-brain average esti-
mated rCBF for FAIR versus PICORE.

The direct voxelwise comparison between FAIR and PICORE
revealed higher rCBF for FAIR in most brain areas, mainly the
convexities, which partly corresponded to the anterior circula-
tion. In contrast, PICORE provided higher signal compared with
FAIR in the bilateral thalamus and occipital and infratentorial
regions, largely but not completely respecting the posterior circu-
lation. Exceptions for these vascular territories are the higher sig-
nal for PICORE in the bilateral head of caudate nucleus (lenticu-
lostriate arteries, anterior circulation) and the posterior insula
(middle cerebral artery, anterior circulation), while FAIR pro-
vided higher signal in the occipital pole (posterior cerebral artery
territory) and posterior division of the cingulate gyrus (posterior
cerebral artery, posterior circulation) (Fig 4).

DISCUSSION

Arterial spin-labeling is a promising neuroimaging technique for
examining cognitive decline due to the close link between brain per-
fusion and brain metabolism.'*'? Accordingly, the patterns of hypo-
perfusion in ASL>® closely resemble hypometabolism in FDG-
PET?*'! in MCI and Alzheimer disease.® Because disease-related

alterations in brain perfusion in neurodegenerative diseases are a pri-
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FIG 3. The average rCBF for FAIR, PICORE, and the difference between both ASL sequences.

ori small, notably at early stages of the disease, the implemented ASL
sequence should have high signal and high reproducibility.

The direct comparison of 2 ASL sequences, which were both
implemented with parameters in the range of recent guidelines,'®
demonstrates that on average across the entire brain, FAIR had
significantly lower variability compared with PICORE pulsed
ASL, most probably due to the larger number of repetitions. In-
dependent from any ASL pulse sequence, a focus on the large
number of repetitions, if feasible, seems to lead to less variable
results, even with a lower nominal volume.

Two additional observations merit discussion. First, the rCBF
estimated by FAIR was significantly higher compared with
PICORE. The rCBF calculation was performed with standard pa-
rameters by using commercially available software directly inline on
the MR imaging scanner. Note that despite the highly significant
correlation between the values obtained with these ASL sequences,
there is still a systematic offset difference between them. Correspond-
ingly, previous investigations comparing ASL and H,[**0]-PET (wa-

d22,23

ter PET) as a reference standar as well as combined ASL and

24,25

PET imaging™* also showed good correlations between ASL and
water PET. The correlation coefficients are, however, unequal to 1.
Likewise, another study compared 2D-versus-3D pseudocontinuous
ASLand H,["*0]-PET in 6 healthy controls, 6 subjects with MCI, and
1 patient with Alzheimer disease and again found a systematic offset
between 2D-versus-3D ASL and between ASL-versus-water PET.>
Moreover, the placement of the imaging slab significantly changed
the rCBF estimation in ASL and the correlation with water PET,?”

indicating the need for rigorous standardization of this parameter. In

1234 Lovblad Jul 2015 www.ajnr.org

DIFFERENCE

B 25 mi/min/100g
Ml 25 ml/min/100g

our study, the imaging slab was positioned
by using the same orientation, and the la-
beling slab was always parallel to the imag-
ing slab.

Respecting strict standardized proce-
dures, we found that the reproducibility of
the same ASL sequence both within and
between sessions was fairly good.*® Note
that both ASL sequences in the current in-
vestigation are in agreement with recent
recommendations'® and were performed
within the same session. In the clinical ap-
plications of ASL, the sequence-related
offset is likely even higher, considering ad-
ditionally confounding factors such as dif-
ferent MR imaging vendors, machines,
and head coils. In summary, these obser-
vations highlight the need to calibrate
individual ASL sequences, for exam-
ple, by using flow phantoms to detect
subtle perfusion alterations related to
neurodegeneration.

Second, when we assessed the regional
differences between both ASL sequences
in detail, FAIR had higher rCBF in both
cerebral convexities, notably in the ante-
rior circulation. In contrast, PICORE had
higher values in deep, occipital, and in-
fratentorial regions, largely respecting the
posterior circulation. There were, however, certain exceptions to this
rule. PICORE provided higher signal in the bilateral head of caudate
nucleus and posterior insula, both part of the anterior circulation,
while FAIR provided higher signal in the occipital pole and the pos-
terior division of the cingulate gyrus, both part of the posterior cir-
culation. Along the same lines, a previous investigation assessed the
effect of imaging slab positioning and arterial transit time of ASL
compared with H,['°0]-PET.*” The spatial distribution of the direct
comparison between ASL and water PET partly overlaps the patterns
ofthe current investigation, indicating that systematic ASL sequence-
related differences in arterial transit time might contribute to the
observed spatial differences between FAIR and PICORE. The exact
origin of these regional differences between both ASL sequences, ir-
respective of the vascular territory, remains unclear. However, one of
the differences between both ASL sequences was the use of a reference
image for FAIR yet not for PICORE, which might lead to subtle dif-
ferences between both sequences based on the level of T1-weighting
between them.

Regarding the selective difference of perfusion in the posterior
circulation, superselective or territorial ASL allows labeling of
only selected vessels of the neck and demonstrated that, for exam-
ple, the vascular supply of deep cerebral structures largely varies
depending on the presence of the anatomic variant of a fetal con-
figuration of the posterior cerebral artery.*>*® However, if ana-
tomic variants are present within an individual, these equally af-
fect both ASL sequences in our investigation. Consequently, such
anatomic variants may explain regional ASL variations between
individuals yet not between ASL sequences within the same indi-



to the recommended standards and op-
tions available on our MR imaging scan-
ner. Note that both ASL sequences used
parameters that were, at the date of the
study start, in agreement with the most re-
cent guidelines.'® As mentioned above, in
clinical settings, these variations are likely
much more important when using differ-
ent MR imaging scanners, head coils, and
so forth, highlighting the need to calibrate
each ASL sequence.

CONCLUSIONS

Overall, a large number of repetitions in
our FAIR sequence had lower interindi-
vidual variability than the smaller number
of repetitions in our PICORE sequence.
The current implementation of FAIR is
therefore recommended over the current
implementation of PICORE for imaging
in neurodegeneration. In more detail,
the regional differences and global offset
between both ASL sequences highlight the
need to calibrate ASL sequences. More-
over, these results indicate that dedicated
ASL sequences might be developed to as-
sess specific target regions of the brain.
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FIG 4. The spatial distribution of the differences between FAIR and PICORE ASL. Higher signal for

FAIR (red-yellow) was present notably in both convexities, which largely but not completely
respected the anterior circulation, for example posterior division of the cingulate gyrus (posterior
cerebral artery, posterior circulation). In contrast, PICORE had higher signal in the bilateral thalami
and occipital and infratentorial regions, largely but not completely respecting the posterior
circulation and additionally in the bilateral head of caudate nucleus (lenticulostriate arteries,
anterior circulation) and posterior insula (middle cerebral artery, anterior circulation).

vidual. A potential subtle difference in ASL imaging could also be
related to the direction of the applied QUIPSS II/Q2TIPS satura-
tion pulses. In the current investigation, these pulses were always
parallel to the acquisition (and labeling) slabs, excluding a poten-
tial bias between both ASL sequences.

Most interesting, although PICORE had globally lower signal
than FAIR, this was not the case in the bilateral mesial temporal
regions. Mesial temporal atrophy is a well-known hallmark of
Alzheimer disease,”" yet previous ASL studies did not reliably
identify local hypoperfusion in this area.>”> The observation that
PICORE provides higher signal in this region indicates that this
ASL sequence might be tuned to be particularly sensitive in re-
gions prone to neurodegeneration.

Limitations

Both ASL sequences had different parameters, including spatial res-
olution (similar pixel size but different section thickness and partial
Fourier factor) because they were individually optimized according
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