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Alzheimer’s disease (AD) depicts dynamic changes in regional brain function from early stages of the disease. Arterial spin labeling-
(ASL-) based MRI methods have been applied for detecting regional cerebral blood flow (rCBF) perfusion changes in patients
with AD and mild cognitive impairment (MCI). Nevertheless, the results obtained from ASL studies in AD and MCI are still
controversial, since rCBF maps may show both hypoperfusion or hyperperfusion areas in brain structures involved in different
cognitive functions. The goal of this review is to provide the current state of the art regarding the role of ASL for detecting distinctive
perfusion patterns in subjects with MCI and/or AD. The ability to obtain this information using a noninvasive and widely available
modality such as ASL should greatly enhance the knowledge into the broad range of hemodynamically related changes taking place

during the cognitive decline process in AD.

1. Introduction

Alzheimer’s disease (AD) is a devastating neurodegenerative
disorder with an important socioeconomic impact [1]. Mild
cognitive impairment (MCI) is considered the prodromal
phase of AD, and it is characterized by early cognitive symp-
toms not severe enough to meet the criteria for dementia
[2]. With the prospect of disease-modifying therapies, it is
desirable to detect signs of neurodegeneration at an earlier
stage of the disease, before neuronal cell destruction is
detectable at structural MR imaging as atrophy. Changes in
regional brain function may be more dynamic and provide
even greater sensitivity to early disease, disease progression,
or responses to therapy than changes in regional gray matter
volume depicted by structural MRI [3, 4].

Arterial spin labeling- (ASL-) based MRI methods have
been applied for detecting regional cerebral blood flow (CBF)
perfusion changes in patients with AD or MCI [5-16]. Since
the inception of this technique more than 20 years ago [17],
the quality of ASL-derived perfusion maps has reached a

level that makes the method useful for many clinical and
research applications. Important advantages of this technique
are its noninvasiveness (since magnetically labeled protons
in blood are used as a tracer) and short acquisition time
at high magnetic field strengths (3.0 T) [18]. ASL has been
validated extensively against other methods that use exoge-
nous contrast agents, such as Positron Emission Tomography
(PET) [19], and ASL implementation are now commercially
available on all major MRI platforms, with demonstrated
reproducibility in multicenter studies [20, 21]. The ability to
quickly and noninvasively obtain CBF maps should greatly
enhance the understanding of the hemodynamic mecha-
nisms related to neurodegeneration [17, 22]. Since MRI
scanners are more widely available than PET scanners (and
also less expensive), ASL might become an alternative for
FDG-PET [23, 24], allowing a higher throughput of patients.
However, an important drawback for the implementation of
ASL in clinical settings has been the lack of standardized pro-
tocols. Recently, international guidelines [25] and consensual
initiatives have been developed to account for this issue.
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Nevertheless, the results obtained from ASL studies in AD
and MCI are still controversial. The goal of this review is to
provide the current state of the art regarding the role of ASL
for detecting distinctive perfusion patterns in subjects with
MCI and/or AD.

2. A Brief Overview of the ASL Technique

ASL technique was developed in the 90s, using electro-
magnetically labeled arterial water as a standard diffusible
tracer method for measuring perfusion. Proximal ASL alters
the total magnetization of the protons in the arterial water
of the distal tissue, and the extent of this alteration is
determined by comparison of labeling images with control
images. With an additional knowledge of the regional T1 of
tissue, quantitative blood flow maps can be generated, since
the electromagnetically labeled tracer has a decay rate of T1,
allowing perfusion of the tissue and microvasculature to be
detected [26].

The existing ASL techniques can be sorted out in
two categories: “continuous (CASL)” or “pseudocontinuous
(PCASL)” and “pulsed (PASL)” techniques, depending on
the spatial extent and the duration of the spin labeling. In
CASL/PCASL, labeling occurs as blood flows through a single
labeling plane over a long period (1-3's), whereas in PASL a
slab of tissue, including arterial blood flow, is labeled using a
single short radiofrequency pulse or limited number of them,
with a total duration of 10-20 ms. The labeling efficiency
and the ease of the incorporation into a clinical setting are
superior with PASL, whereas the SNR is superior with CASL.

3. An Overview of the Literature in
ASL and MCI/Dementia

Current knowledge regarding ASL hypo/hyperperfusion pat-
terns in AD is still controversial. An important drawback of
available studies is the heterogeneity of participant’s demo-
graphics, clinical diagnosis (involving cognitively healthy
elderly population, different types of MCI, AD, other demen-
tia types, etc.), neuropsychological tools implemented for
evaluation, and the methodology used for measuring CBE. In
summary, it is not possible to precisely compare studies with
different population subsets and nonreplicable methods.

Globally, regional CBF maps depicted by ASL may show
both hypoperfusion or hyperperfusion areas at a global
or localized scale, located in brain structures involved in
different cognitive functions (Table 1).

More in detail, patients suffering from MCI depict areas
of hypoperfusion in bilateral parietal lobes [7], posterior cin-
gulate cortex (PCC) and precuneus [10, 13], left (L) occipital
lobe, and bilateral frontal and temporal lobes [14], com-
pared to healthy controls (HC). Interestingly, one study also
found an increase in perfusion in the L hippocampus, right
(R) amygdala, and basal ganglia (including rostral head of
the R caudate nucleus, ventral putamen, and globus pallidus)
(10].

Considering patients with fully developed AD, hypop-
erfusion areas are also present in the PCC and precuneus,
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bilateral parietal and temporal lobes, and bilateral superior
and middle frontal gyri [6-8, 10, 12-14]. Additionally, tem-
porooccipital and parietooccipital association cortices [5],
L limbic lobe [14], and L orbitofrontal cortex [10] also
depicted a hypoperfusion in certain studies [5-7, 9, 10, 12—
15, 28]. Similarly to MCI, an increase in perfusion has been
shown in the hippocampus [9, 11] and basal ganglia (puta-
men, caudate, lentiform, and thalamus) [14]. Additionally,
anterior cingulate cortex (ACC) [10] and R limbic lobe [14]
have also demonstrated a hyperperfusion in AD patients.
Conversely, Asllani et al. [8] and Bron et al. [15] reported
a hypoperfusion in medial temporal lobe structures [8, 15].
All abovementioned studies correspond to cross-sectional
analysis comparing a pathological condition with a cogni-
tively healthy state. Additionally, there is one longitudinal
study including two groups of healthy patients at baseline,
one of those exhibiting cognitive decline in follow-up visits.
The “converter” group depicted a hypoperfusion in the PCC
already at baseline [16], demonstrating that ASL might be a
useful tool for predicting conversion to disease in the healthy
elderly.

Additionally, nonsymptomatic high-risk groups may
depict a hyperperfusion in the hippocampus, as individuals
with a parental history of AD and at least one copy of APOE4
[11].

Finally, most of these studies have explored ASL in a rest-
ing state. Additionally, there are two studies using a memory-
encoding task during the acquisition. When comparing task
to baseline, patients with amnestic MCI [29] or at risk of
AD (due to their APOE4 genotype and family history) [11]
showed reduced activation in the parahippocampal gyrus
[29] and hippocampus [11], compared to controls. It is
relevant that these patients at risk of AD presented an elevated
perfusion in the hippocampus at baseline [11], which might
suggest that individuals with MCI or AD may lack the
dynamic capability to modulate regional CBF in response to
task demands.

From these studies we can extract that MCI and AD
depict similar regions of perfusion changes, in particular
more or less restricted areas of hypoperfusion in the PCC,
precuneus, and other parietal regions, along with areas of
hyperperfusion in the middle temporal lobe in some studies.
In particular, the identification of a hypoperfusion in the PCC
and precuneus had a sensitivity/specificity of 91%/80% [28],
whereas using a combination of different regions in subjects
with amnestic and dysexecutive MCI the accuracy was 60-
70% [30].

Otherwise, the combination of structural and functional
imaging in the same setting might contribute to the diagnosis
of AD in clinical practice, as demonstrated in a study in
which T1 weighted structural scans had 56/70% sensitiv-
ity/specificity in the detection of mild AD, while adding
qualitative analysis of ASL increased these percentages to
85/54% [4].

Overall, the most consistent finding thorough the litera-
ture is a hypoperfusion in the PCC, which has been detected
in all stages of AD (pre-MCI, MCI, and fully developed AD).
Taking into account this piece of information, this finding
might be considered as a functional biomarker of the disease.
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4. Physiological Interpretation

Considering these studies, different patterns of CBF might
coexist or evolve with the progression of AD. In early stages
of the disease, certain areas such as the prefrontal cortex [31]
or medial temporal lobe structures would eventually have the
capability for “compensating” the cognitive decline, depicting
an elevated atrophy-corrected perfusion. This compensatory
mechanism could be explained by a pathological elevation
of neural activity, release of inflammatory molecules, and/or
increased blood supply through vascular dilation or increased
vascular density [9, 32]. Simultaneously, perfusion deficits
might be also present from the very early preclinical phases
of AD, persisting into the latest stages of the disease, demon-
strating a progressive hypoperfusion with disease develop-
ment, leading to serious consequences on brain structure,
cognition, and function in advanced stages of the disease.

Regarding the physiological interpretation of the regional
hypoperfusion consistently found in the PCC, precuneus
and/or lateral parietal cortex, a debate exists as to whether
this is a cause or consequence of the disease [33]. It is known
that vascular factors such as ischemic stroke, atherosclerosis,
hypertension, diabetes, and cardiac disease are repeatedly
implicated in the risk of developing AD [34]. While AD
and vascular dementia have traditionally been considered
as distinct entities, there is growing evidence of an overlap
between these categories [35]. Furthermore, perfusion mea-
sures in the parietooccipital region [5] and parietal cortex
along with the precuneus/posterior cingulate [6] have been
shown to correlate with dementia severity (measured with the
Blessed Dementia Scale [5] and MMSE [6]). Hypoperfusion
may lead to changes in cortical thickness, as obtained from
structural MRI scans, in areas most vulnerable to aging
(medial prefrontal and pericentral cortices) as well as in areas
associated with amyloid-aggregation (e.g., occipitotemporal
and basal temporal cortices), especially in APOE4 carriers
[36]. Finally, evidence from aging and stroke studies suggests
that chronic brain hypoperfusion leads to neurodegeneration
and cognitive impairment [33].

A hyperperfusion in medial temporal lobe structures
has also been found with less consistency. The hypothe-
sis of an increase of neural activity in these regions has
been supported by two clinical studies [37, 38]. Choline
acetyltransferase (ChAT), the enzyme responsible for syn-
thesis of acetylcholine, was decreased in the hippocampi of
patients suffering from MCI, whereas this elevation was no
longer present in mild AD cases, and severe AD patients
had markedly depleted levels. Cholinergic system might be
capable of compensatory responses during early stages of
dementia, so memory impairment in MCI might be the result
of a progressive loss of entorhinal input to hippocampus,
rather than a loss in hippocampal neural activity.

Additionally, alterations in the blood brain barrier and
brain vasculature are known to be involved in neurode-
generation and neuroinflammation processes in AD. It has
been suggested that a dynamic cycle of angiogenic events
contributes to A accumulation and neuronal death [39], and
simultaneously amyloid-f (Af5) plaques and neurofibrillary
tangles (NFT), the pathological lesions found in the mesial

temporal and neocortex of AD brains [40], may also be
angiogenic [41, 42]. In a postmortem study comparing AD
with HC brain tissues, the hippocampus was the only brain
region exhibiting both angiogenic vessels (demonstrated
using integrin av33 immunoreactivity) and increased vascu-
lar density [32]. This is consistent with the studies performed
in APP23 transgenic animal models of AD, where (33 positive
vessels were increased in disease susceptible regions [43],
and also with studies linking AD to inflammatory mediators
(TNFa, IL1p, IL-6, and IL-8), all of them with proangiogenic
properties [44, 45], and with in vitro studies showing that
microvessels of AD brains release angiogenic mediators such
as angiopoietin-2 and vascular endothelial growth factor
(VEGF) [46]. Finally, animal models have also shown that
cognitive decline is enhanced following endothelial cell
activation, proliferation, and subsequent vascular remodeling
[43].

In conclusion, AD seems to behave as a dynamic process
mediated by aberrant angiogenesis and inflammation mech-
anisms acting in certain vulnerable areas, leading to further
neurodegeneration and progressive cognitive decline.

5. What Can ASL Add to the Standard Brain
Perfusion Imaging Techniques?

In AD, perfusion (CBF and cerebral blood volume (CBV))
has been measured using a number of different imaging
modalities, including MRI, xenon enhanced X-ray computed
tomography (XeCT), or Single Photon Emission Computed
Tomography (SPECT). Otherwise, PET studies provided the
first maps of activation patterns in the human brain with high
spatial resolution, by measuring changes energy metabolism
[47]. Since then, numerous imaging techniques have been
developed and applied to evaluate brain function [27], using
different tracers (diffusible or nondiffusible, endogenous or
exogenous), with different technical requirements. Brain per-
fusion imaging techniques also differ in terms of the duration
of data acquisition, processing, quantitative accuracy, brain
coverage, and spatial resolution, giving rise to the strengths
and weaknesses of each technique for detecting alterations
in neurodegenerative disorders (Table 2). For the past two
decades, the nuclear medicine techniques SPECT and FDG-
PET have served as the mainstream imaging techniques for
perfusion and metabolism studies in AD. SPECT, however,
has a low spatial resolution (around 1cm), whereas FDG-
PET has a 5mm resolution and a higher sensitivity in low
perfusion areas [31]. These techniques, however, require the
use of exogenous radioactive tracers and are more expensive
than the more recently developed perfusion-weighted MRI
(PW-MRI) technique. Currently, PW-MRI is the most widely
available technique for evaluating brain perfusion, by means
of the dynamic susceptibility contrast (DSC) approach, which
detects the first passage of an intravascular contrast agent
such as gadolinium chelate, and the ASL technique, which
uses magnetically labeled arterial blood water as a diffusible
endogenous tracer. These two approaches measure different
aspects of the perfusion state of the tissue. The contrast agent
techniques provide a robust measurement of CBYV, whereas
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TABLE 2: Overview of the imaging techniques dedicated to brain hemodynamics (adapted from Wintermark et al. [27]).

PET SPECT DSC ASL fMRI
Age range Adults (agd children Adults (and children) Adults (and children)  Adults + children ~ Adults (and children)
for static exams)
99
Tc-HMPAO, ..
Contrast material 1502, C 15OZ, HZISO 99Tc—ECD, 133Xe, Ga&?:g;;gsicaeel)a te Nonecf)e;ﬁcrissgsnous None
' I-IMP (diffusible)
Radiation/study 0.5-2mSv 3.5-12mSv None None None
Data acquisition 5-9 min 10-15 min 1min 5-10 min
Data processing 5-10 min 5min 5min 5min
Assessed parameters CBV, CBE, rOEF, CBF CBE CBY, MTT’ TTh CBF BOLD signal
glucose metabolism permeability map
133

Quantitative accuracy Yes Yes {% I—II\)/I(; and Not in daily practice Yes
Including for low . . Not below
perfused areas Yes Not applicable Not applicable 10 mL/min/100 g Yes
Reproducibility 5% 10% 10-15% 10%
Spatial resolution 4-6 mm lcm 2mm 2 mm
Minimal time interval
between 2 successive 10 min 10 min 25 min 0 min
exams
Applications in
neurodegenerative Yes Yes No Yes Yes
disorders

the ASL techniques measure CBE, with the advantage of
not requiring contrast injection. Many researchers are now
migrating towards the use of ASL, since it poses less risk for
the patients than DSC and nuclear medicine techniques.

A variety of studies in both animal models and human
subjects have demonstrated that regional CBF maps can be
accurately depicted by ASL [48-50], and the results obtained
with ASL are consistent with those obtained from PET studies
[51], since CBF and metabolic consumption are markers of
cerebral dysfunction [50].

In clinical studies of AD and MCI, metabolic imaging
with FDG-PET [52, 53] and SPECT [54, 55] have highlighted
loss of activity in temporal, parietal, and frontal association
cortex, along with PCC and precuneus. Additionally, a study
using a covariance O-PET pattern [56] acquired during
rest showed increased flow in the insula, cuneus, pulvinar,
lingual, fusiform, superior occipital, and parahippocampal
gyri, whereas decreased flow was found in cingulate, inferior
parietal lobe, middle and inferior frontal, and supramarginal
and precentral gyri. These results are in agreement with the
findings reported in ASL studies.

In AD, medial temporal lobe is characterized by severe
atrophy, so the detection of metabolism changes or sub-
tle flow disturbances are difficult to evaluate with nuclear
medicine techniques [57-59], since PET or SPECT studies
do not correct for atrophy. Thus, one important advantage
of combining ASL with structural MRI is the possibility of
quantifying perfusion changes per cc of tissue in the same
setting, allowing structure-function correlations within a

single modality. Additionally, PET studies are prone to under-
estimate flow in regions with high blood flow, whereas ASL
is less affected by water permeability due to the timescales of
imaging and tracers decay [60]. Finally, SPECT can also suffer
from saturation effects in the uptake of the tracer [61], and it
has a low spatial resolution.

6. What Can ASL Add to the Diagnosis Flow of
Patients with AD in the Amyloid-PET Era?

CSF studies and amyloid-PET imaging are considered molec-
ular biomarkers of the disease, demonstrating the presence
of the pathogenic protein “in vivo.” Its detection, in one
way or another, is becoming increasingly important for
establishing the diagnosis of probable AD [62]. However,
recent evidence shows “positive” amyloid-PET studies in
cognitively healthy individuals; thus these findings should
be interpreted with caution [63]. Furthermore, it involves
significant costs beyond the reach of most centers. On
the other hand, ASL should be considered as functional
or indirect biomarker, such as FDG-PET, showing focal
abnormalities in perfusion within specific brain areas due
to an underlying neurodegenerative process disrupting the
neurovascular coupling [24]. Thus, amyloid-PET and ASL
provide different but complementary information, which
ideally might be integrated together in the diagnosis process
of patients with cognitive decline. However, amyloid-PET
requires great economic investment, which cannot often be
carried out.



International Journal of Alzheimer’s Disease

7. Limitations of the ASL Technique in
Patients with MCI/Dementia

Discrepancies observed in different studies might be attrib-
utable to a large number of factors. First of all, there are
significant differences in patients selection criteria, demo-
graphics, inclusion of other dementia syndromes, severity
of the disease, neuropsychological tests used, and so forth.
That is, the first study showing a hyperperfusion in the
hippocampus included AD patients with unspecified severity
and a mean age of 75.6 + 9.2 years [9], whereas Asllani
et al. study involved mild AD subjects with a mean age of
70.7+8.7 years and Bron et al. subjects with different dementia
syndromes, AD and frontotemporal lobe dementia, in prese-
nile stages [15]. Secondly, methodological approaches are far
from being standardized yet. Small differences between the
commercial implementation of software or hardware from
major MRI vendors may lead to a larger effect on the repro-
ducibility of ASL [64]. Also, the different ASL techniques
(continuous, pulsed, and pseudocontinuous), the wide range
of acquisition parameters, and the different methodologies
for data processing have led to an overabundance of options
that has been translated in a lack of uniformity in results.
Regarding acquisition parameters, most studies have used
single postlabeling delay (PLD), whereas currently multiple-
PLD is strongly recommended for AD [65]. Whereas a
large proportion apply whole brain analysis (with or without
atrophy correction), some works applied regions of interest
(ROI) analysis [8, 15].

Finally, all these studies were interpreted using visual
analysis; thus the subjective component is also a potential
bias. This might be overcome in the future through different
techniques of CBF quantification [23]. As mentioned before,
a consensus statement on recommended implementation has
been recently published for helping the clinical community
to adopt a standardized approach on this technique, encour-
aging the use of pseudocontinuous labeling, background
suppression, a segmented three-dimensional readout without
vascular crushing gradients, and calculation and presentation
of both label/control difference images and cerebral blood
flow in absolute units using a simplified model [25].

Other potential drawbacks of ASL are the relatively low
SNR, a problem which can be amplified in the clinical
population because of lack of cooperation, vascular disease,
and artifacts. Otherwise, assumptions regarding tagging effi-
ciency, delay time to imaging, and flow quantification are
based on predominantly normal populations in the research
setting, and their translation to disease states has not been
rigorously tested. Additional investigations are needed to
define the impact of heart rate and cardiac output variations
on image quality as well as how factors such as anemia,
arterial stenosis, neurofibrillary tangles, vascular amyloid
deposits, and atrophy may affect well-accepted parameters
such as the T1 of blood used to quantify CBE Coincidentally,
some of the regions with the slowest arrival are those that
also show flow decreases in AD, such as parietal and frontal
association cortex. In third place, it can be challenging to
obtain a good image quality in key regions for dementia
research, characterized by strong magnetic susceptibility

gradients (such as the inferior temporal lobes, the orbit-
ofrontal cortex, and even the anterior medial temporal
lobes), due to the proximity of these regions to air-tissue
or bone-tissue interfaces [3]. Spin echo based sequences
are particularly nonsensitive to these nonuniform magnetic
fields [9, 66]. Finally, because of obstacles related to licensing
as well as analysis of the ASL data, it has seen little in the
way of routine application in clinical populations [67]. For
these reasons, large clinical cohorts are needed to define the
ranges of tissue-specific perfusion, researchers should strive
to employ identical parameters, and quantification methods
should be implemented to avoid bias of individual visual
interpretations.

8. Conclusions

Brain perfusion measurement is a powerful neuroimaging
tool for characterizing functional brain changes that occur
early in the course of AD. The detection of a hypoperfusion
in the PCC and precuneus seems to be the most consistent
finding through different stages of the disease (and could
potentially been used as a functional biomarker of AD),
whereas a hyperperfusion depicted by mesial temporal lobe
structures is more controversial. Current findings may pro-
vide new insights into AD pathophysiology, since these areas
of hypo or hyperperfusion are promising regions for an early
detection of this devastating disorder. Additionally, the ability
to obtain regional CBF maps using a noninvasive and widely
available modality such as ASL should greatly enhance the
utility of blood flow measures as a means of gaining further
knowledge into the broad range of hemodynamically related
changes taking place during the cognitive decline process in
AD.
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