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a  b  s  t  r  a  c  t

Arterial  spin  labeling  (ASL)  magnetic  resonance  imaging  uses  arterial  blood  water  as  an  endogenous
tracer  to  measure  cerebral  blood  flow  (CBF).  In this  review,  based  on  ASL  studies  in the  resting  state,
we  discuss  state-of-the-art  technical  and  data  processing  improvements  in  ASL,  and  ASL CBF  changes  in
normal  aging,  mild  cognitive  impairment  (MCI),  Alzheimer’s  disease  (AD),  and  other  types  of  dementia.
We  propose  that  vascular  and  AD  risk  factors  should  be considered  when  evaluating  CBF  changes  in  aging,
and  that  other  validated  biomarkers  should  be  used  as inclusion  criteria  or covariates  when  evaluating
eywords:
rterial spin labeling
agnetic resonance imaging

erebral blood flow
ging
ild cognitive impairment

CBF  changes  in MCI  and  AD.  With  improvements  in hardware  and  experimental  design,  ASL  is  proving  to
be  an  increasingly  promising  tool  for exploring  pathogenetic  mechanisms,  early  detection,  monitoring
disease  progression  and  pharmacological  response,  and  differential  diagnosis  of  AD.

© 2016  The  Authors.  Published  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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. Introduction
relation between CBF and local neuronal activity and metabolism,
known as neurovascular coupling, is a surrogate marker of brain
Cerebral blood flow (CBF) refers to the rate of delivery of arte-
ial blood to the capillary bed in brain tissue and is quantified in

illiliters of blood per 100 g of brain tissue per minute. The cor-
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/).
function (Vestergaard et al., 2016). Detecting CBF at resting state
without complex cognitive tasks is easier to conduct in clinical
practice, especially in older subjects and patients with cognitive
impairment. The relatively new technique of arterial spin labeling
(ASL) MRI  for CBF measurement, which uses arterial blood water
as an endogenous tracer (Grade et al., 2015), has been validated

against other perfusion methods in both younger and older adults
(Xu et al., 2010; Zhang et al., 2014). It has also been demonstrated
that using ASL to measure CBF had good inter-rater reliability and
reproducibility in normal subjects, even in the geriatric population
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Jiang et al., 2010; Petersen et al., 2010; Sigurdsson et al., 2015).
nlike other techniques, ASL does not require any expensive or

adioactive tracers. Compared with 15O-water PET, ASL does not
equire long preparation times and scan times, or arterial blood
ampling to achieve CBF quantification. Furthermore, ASL is stable
or tracking CBF changes over time due to recovery and therapy
Wintermark et al., 2005). In addition, it has been demonstrated
hat CBF measured with ASL correlated with functional connectiv-
ty measured with blood oxygen level dependent (BOLD) imaging
n several brain networks (Liang et al., 2013). However, compared
o BOLD, ASL has lower inter-subject variability and can provide
n absolutely quantitative measure of CBF which directly reflects
rain physiology and neural activity (Buxton et al., 2004; Wolk and
etre, 2012).

In this review, we describe the current technical limitations of
SL and efforts to resolve them. Given that reported changes in

esting CBF measured by ASL in aging and in patients with mild cog-
itive impairment (MCI) and Alzheimer’s disease (AD) have been

nconsistent and sometimes contradictory, we will critically review
he literature, and try to understand these discrepancies. We  also
im to provide perspective on the current findings and pending
uestions, in order to better appreciate the potential utility of ASL

n studying AD.

. Technology of ASL MRI

In ASL, arterial blood water molecules are magnetically labeled
roximal to the area of interest. Then blood flow can be mea-
ured with a standard MRI  imaging sequence and compared to
n unlabeled image as control. Based on different ways of arte-
ial water labeling, ASL methods are classified as continuous ASL
CASL), pulsed ASL (PASL) and pseudo-continuous ASL (pCASL).
ASL uses a single long pulse, PASL uses one or several short pulses,
hile pCASL applies a train of radiofrequency pulses at around one

er millisecond. pCASL has the highest signal-to-noise ratio (SNR)
nd superior labeling efficiency among the three types, and is rec-
mmended for present and future clinical applications (Alsop et al.,
015).

The arterial transit time (ATT), which means the time it takes for
abeled water to reach the tissue in a given voxel, needs to be con-
idered in the calculation of CBF measured by ASL. Because ATT may
e variable, depending on differences in the hemodynamic status of
ach individual, this may  cause inaccuracy in CBF quantification. To
ake ASL less sensitive to ATT, Alsop et al. introduced the inversion

ime or so-called post-labeling delay (PLD) between the end of the
abeling pulse and start of the image acquisition (Alsop and Detre,
996). This delay allows more time for blood to arrive and exchange
ith tissue. Other methods to correct for ATT have also been inves-

igated, such as using a transit time map  (Sugimori et al., 2015). ASL
lso requires attention to partial volume effects (PVE), especially in
lder populations due to brain atrophy. Although PVE correction
ethods can mitigate the effect on CBF calculation, the smooth-

ng effect intrinsic to these methods may  reduce the sensitivity to
etection of local CBF changes (Bruening et al., 2015). It was found
hat correction of PVE by a protocol involving a cortical surface
rojection of the native perfusion data on a 3D T1 sequence could
chieve high quality cortical segmentation and perfusion cortical
isplay as assessed by double-blinded neuroradiologists (Verclytte
t al., 2015). Moreover, in a pilot study, Bruening et al. also improved
heir previous PVE correction method by operating the correction
lgorithm in the structural space instead of functional space, which

xhibited at least 1.5 times greater sensitivity compared to the
riginal method (Bruening et al., 2015).

Currently, 2D gradient-echo planar imaging (EPI) is the most
ommon readout technique for ASL images due to its high sen-
vioral Reviews 72 (2017) 168–175 169

sitivity and rapid acquisition of volumetric data. However, there
is a trend for use of fast 3D sequences, such as 3D-gradient and
spin echo (GRASE) or 3D rapid acquisition relaxation enhanced
(RARE), to improve SNR by reducing the slice-dependent variation
in perfusion signal. 3D readouts were demonstrated to have better
test-retest repeatability and higher sensitivity compared with 2D
EPI (Kilroy et al., 2014; Vidorreta et al., 2013).

Most previous studies of ASL used univariate analysis which
is based on a region-by-region (regions-of-interest) or voxel-by-
voxel comparison. Based on the notion that small but biologically
relevant signals can be detected in functional brain images after
minimizing the substantive variability that exists across subjects
and regions, a multivariate analysis termed scaled subprofile model
(SSM) has been introduced and used in ASL data analysis. SSM is a
spatial covariance method based on principal component analysis
(PCA), which is a data-driven technique that enables the unbi-
ased detection of spatial covariance patterns, in order to assess
subject-by-region effects in functional brain images. In SSM/PCA,
data are modeled as spatially distributed networks (Eidelberg,
2009). Although Asllani et al. demonstrated that multivariate anal-
ysis based on SSM was  more sensitive than univariate analysis in
detecting subtle changes in CBF measured by ASL in early stage
AD patients (Asllani et al., 2008), this multivariate model has not
been commonly used in other ASL studies of AD patients. There
are still some drawbacks of multivariate analysis, including higher
computational and conceptual complexity, and the absence of an
easy-to-use software package.

Besides 3D readout and SSM/PCA, other novel methods of
denoising and improving the data processing of ASL have also
been investigated, such as dual-tree complex wavelet transform
combined with the nonlocal means algorithm (Liang et al., 2015),
multiphase acquisition (Fazlollahi et al., 2015), user-friendly auto-
matic software for ASL image processing (Abad et al., 2015),
multivariate machine learning-based ASL image classification
(Wang, 2014), and quantitative measures of network fluctuation
(Dai et al., 2016). Taken together, although the weak SNR and
relatively low spatial resolution limit the worldwide or multi-
center assessment and analysis of ASL (Jack et al., 2010), technical
advances in MRI  combined with the application of more powerful
statistical analysis tools will most likely increase the sensitivity of
ASL in detecting CBF changes in central nervous system conditions.

3. ASL in normal aging

Aging is the main risk factor for sporadic AD. It is critical to know
the patterns and degrees of age-related CBF reduction for distin-
guishing disease-related changes from normal degeneration. The
decrease in parenchymal CBF of the whole brain in older individu-
als in comparison to younger individuals has been demonstrated in
several ASL studies (Ambarki et al., 2015; Amiri et al., 2014; Wagner
et al., 2012). Fig. 1 shows representative CBF images measured
with ASL of a young and an old healthy subject from our database.
Aging may  account for an approximately 0.38%–0.45% reduction in
CBF measured by ASL per year, especially in the frontal, temporal
and parietal lobes (Chen et al., 2011; Parkes et al., 2004). It was
demonstrated that regional CBF reduction was widely associated
with age throughout the cortex, such as bilateral medial tempo-
ral lobes (MTL), and subcortical regions, even after adjusting for
brain atrophy with PVE-correction or by using tissue volume as
a co-variate (Asllani et al., 2009; Bangen et al., 2009; Chen et al.,
2011). Compared to the averaged regional CBF, precuneus, superior

temporal and orbitofrontal regions showed decreased perfusion,
and caudate, posterior cingulate, anterior cingulate and amygdala
showed increased perfusion in the elderly (Lee et al., 2009). It has
also been observed that regional CBF measured with ASL in left
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ig. 1. Processed CBF images measured with ASL of a young and an old healthy cont
ow  images are from an 80 year-old man. The reduction of CBF can be readily obser

uperior temporal gyrus correlated with global cognitive function
n normal elderly subjects (Mak  et al., 2012). Furthermore, global
nd regional CBF could be increased by either aerobic exercise or
ognitive training and the increased CBF was associated with cog-
itive improvement in cognitively normal adults (Chapman et al.,
013; Chapman et al., 2015).

The cause of age-related reduction of CBF is still unclear. It may
esult from reduction in neuronal number, neuronal size, synap-
ic density, and/or neuronal activity. CBF changes with age are also
ssociated with physiological variations in arterial carbon dioxide
ension (De Vis et al., 2015). As mentioned above, PVE are increased
y brain atrophy and cortical thinning, and ATT is increased dur-

ng aging. Therefore, apparent age-related reduction of CBF might
artly be due to factors confounding the measurement of ASL per
e, although these could be remedied to some extent by increasing
he PLD for elderly participants and correcting for PVE.

The observations of CBF change by age are not totally consistent
n ASL studies. First, during development, CBF undergoes a rapid
rop in the second decade, then stays at a plateau for a long time in
dulthood (Biagi et al., 2007). Thus, the age-related changes in CBF
re not linear across the whole lifespan. This might be the main
eason that no significant correlation between age and CBF was
ound in some studies (Xu et al., 2010). Moreover, besides decreased
lobal and regional CBF, increases in regional CBF, such as lateral
nd medial temporal lobe, have also been observed in elderly com-
ared to young subjects (Lee et al., 2009; Preibisch et al., 2011). The
egional increases in CBF were speculated to be a compensatory
esponse in aging.

In ASL studies, the differences in CBF change in the aging popula-
ion were mainly thought to be associated with distinct degrees of
ascular risk factors and AD risk factors. First, it was observed that
dvancing age was correlated with the reduction of CBF in several
ortical regions in older individuals with high vascular risk bur-
ens, but not in those with low risk (Bangen et al., 2014). In late
iddle-aged subjects (mean age 60.4 years) with normal cognition,

lobal CBF was 15% lower in subjects with high metabolic syn-
rome factors compared to subjects with low factors (Birdsill et al.,
013). It was also found that the reduced CBF correlated with evi-
ence of cerebrovascular disease on structural MRI  in the elderly,
uch as the volume of white matter hyperintensities (Crane et al.,
015) and cortical microbleeds (Gregg et al., 2015). Moreover, a
ingle nucleotide polymorphism located in ATP-binding cassette
ub-family C member 9 (ABCC9), which is associated with hip-
ocampal sclerosis of aging, has been observed to be related to brain

rteriolosclerosis and global CBF in elderly individuals (Ighodaro
t al., 2016).

Finally, there is extensive evidence of apolipoprotein E (APOE)
enotype and AD family history contributing to age-related
m our database. The top row images are from a 32 year-old woman, and the bottom
 widespread brain areas of the older subject compared with the younger subject.

changes in CBF measured with ASL. Wierenga et al. observed that
although global CBF was decreased by aging, CBF in anterior cingu-
late cortex was  increased in young APOE �4 healthy carriers, and
decreased in older APOE �4 healthy carriers (Wierenga et al., 2013).
They also found that increased hippocampal blood flow was associ-
ated with more sedentary behavior in APOE �4 carrier older adults
(Zlatar et al., 2014). Similarly, in another study, hyperperfusion of
right hippocampus, which was associated with poor performance
in verbal memory, was observed in APOE �4 carrier older adults
(Rane et al., 2013). However, the differences in global and regional
CBF were not demonstrated in another study focusing on cogni-
tively intact young people (ages 18–35 years) with different APOE
genotypes (Su et al., 2015). APOE is the most important suscepti-
bility gene for sporadic AD, which is associated with parenchymal
amyloid-� accumulation (Corder et al., 1993). Therefore, these find-
ings of no CBF changes before middle age, early increased CBF and
later decreased CBF after middle age in APOE �4 carriers, have
been postulated to represent compensatory responses to APOE �4
related brain injury starting from middle age until decompensation.
A schematic of CBF changes during aging in different population is
presented in Fig. 2.

One study focused on the combined effect of APOE and AD family
history found that CBF in MTL  was increased in cognitively normal,
middle-aged subjects with both a family history of AD and at least
one copy of the APOE �4 allele (Fleisher et al., 2009). However, a
large sample study found normal middle-aged adults with mater-
nal history of AD had a similar pattern of hypoperfusion in MTL  as
patients with AD, and failed to demonstrate an independent rela-
tionship between APOE �4 and regional CBF reduction, although
subjects with both family history and APOE �4 showed hypoper-
fusion in some regions compared with subjects with neither risk
factor (Okonkwo et al., 2014).

A limitation of studies in normal aging is that it is impossible
to recruit definitively healthy participants, since it is not clear if
those subjects might already have preclinical AD, cerebrovascu-
lar disease or other neurodegenerative diseases. Risk factors for
cerebrovascular and neurodegenerative diseases should be consid-
ered as potential confounders in studies focusing on CBF changes in
aging. Moreover, a longitudinal study design is helpful to exclude
some confounders, because conversion to clinical condition occurs
in a sufficiently long time period.

4. ASL in AD spectrum
AD is the most common cause of dementia in the elderly. Hypop-
erfusion and neurovascular uncoupling have been demonstrated
to contribute to the pathogenesis of AD. The key pathways of
vascular dysfunction that are linked to AD include blood-brain
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Fig. 2. The patterns of regional CBF change measured with ASL over time in different “healthy” individuals. CBF stays at a relatively stable level for a long period after
a nal CB
r nd co
(

b
m
t
h
s
i
i
o
h
s
v
d
t
o
f
b
r
w
(
A
n

4

n
m
2
A
t
w
p
s
e
(
s
2

dolescence, and then steadily declines after middle age. In APOE �4 carriers, regio
isk  factors may accelerate the reduction of CBF at any time during aging. Exercise a
APOE,  apolipoprotein E; CBF, cerebral blood flow).

arrier (BBB) breakdown, hypoperfusion-hypoxia and endothelial
etabolic dysfunction. CBF reduction can lead to the accumula-

ion of proteinaceous toxins in the brain, including amyloid-� and
yperphosphorylated tau, which are the major pathological sub-
trates of AD (Moskowitz et al., 2010). Conversely, amyloid-� could
nduce cerebrovascular dysfunction (Park et al., 2005). However, it
s still debatable whether reduced CBF is the cause or consequence
f AD (Mazza et al., 2011). Zlokovic suggested the two-hit vascular
ypothesis of AD (Zlokovic, 2011). According to this hypothe-
is, primary damage to brain microcirculation (hit one) initiates
ascular-mediated neuronal dysfunction and injury, including BBB
ysfunction, neurotoxic molecules leakage and secretion, and mul-
iple focal ischemic or hypoxic micro-injuries. Then, accumulation
f amyloid-� (hit two), due to impairment of clearance (BBB dys-
unction) and increased generation (ischemia), further injures the
rain. It was observed that CBF measured with ASL positively cor-
elated with normalized brain volume and negatively correlated
ith white matter hyperintensity in patents with MCI  and AD

Benedictus et al., 2014; Zhang et al., 2012), which suggested that
SL might be useful as a measure of microvascular dysfunction and
euronal degeneration in AD.

.1. ASL in MCI

MCI  is thought to be a transitional stage between cognitively
ormal aging and dementia. The rate of conversion from MCI  to AD
ay  range from 10% to 20% per year (Aisen et al., 2011; Landau et al.,

010). Johnson et al. first observed reduced CBF measured with
SL in inferior right parietal lobe in patients with MCI, although

he extent and degree were not as striking as those in patients
ith AD (Johnson et al., 2005). Several further ASL studies com-

ared CBF directly between patients with MCI  and AD, and healthy
ubjects. It was found that individuals with MCI  exhibited hypop-

rfusion in parietal cortex, precuneus, posterior cingulate cortex
PCC) and MTL, compared with adults with normal cognition or
ubjective complaints (Alexopoulos et al., 2012; Bangen et al.,
012; Binnewijzend et al., 2013; Okonkwo et al., 2014). In a multi-
F increases after middle age, and may decrease if they develop AD. Cardiovascular
gnitive training have been demonstrated to contribute to increases in regional CBF.

site analysis from ADNI-2, CBF of patients with late MCI and AD
was reduced compared with normal subjects, and lower CBF was
associated with disease severity in these patients (Wang et al.,
2013). Besides decreased CBF, regional variations in CBF were also
observed between MCI  and healthy subjects (Dai et al., 2009; Ding
et al., 2014).

In addition, the relationship between CBF measured with ASL
and cognition has been examined in MCI  individuals. It was
observed that global CBF and hippocampal perfusion positively
correlated with performance in recall and recognition of episodic
memory in MCI  (Bangen et al., 2012; Westerberg et al., 2013).
Regional CBF in PCC and frontal cortex correlated with recogni-
tion and executive function respectively, in healthy subjects and
MCI  patients (Chao et al., 2009). Furthermore, regional CBF in
precuneus, parietal and temporal lobes correlated with disease
severity measured by Clinical Dementia Rating scale (CDR) and
memory performance in MCI  and early AD patients, independent
of hippocampal atrophy (Wang et al., 2013).

However, regardless of brain amyloid-�  deposition, no signifi-
cant changes were found in early and late MCI  patients compared
to normal controls in a recent study. Interestingly, when com-
pared with amyloid-� negative normal adults, amyloid-� positive
patients with MCI  and AD showed decreased CBF in several regions,
and the reduction of CBF in temporo-parietal regions was asso-
ciated with whole brain amyloid-� load, which suggests a tight
relationship between amyloid-� and vascular dysfunction in the
pathogenesis of AD (Mattsson et al., 2014).

Moreover, the effect of APOE �4 on CBF has been demonstrated
to be greater than that of amyloid-� and independent of amyloid-�
in normal elderly and amnestic MCI  (aMCI) patients (Michels et al.,
2016). It was  found that CBF in posterior regions was decreased
and in frontal regions was increased in APOE �4 carriers with
MCI, which was opposite to cognitively normal APOE �4 carriers
(Wierenga et al., 2012). Another study found that although CBF

was reduced in several regions in normal elderly and AD APOE �4
allele carriers, CBF in right parahippocampal gyrus, bilateral cin-
gulate gyri and right PCC was increased in APOE �4 carriers with
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MCI (Kim et al., 2013). It was also observed that CBF in MTL  was
ncreased in APOE �4 carriers including both normal controls and

CI  patients (Bangen et al., 2012; Fleisher et al., 2009).

.2. ASL in AD

Since Alsop et al. observed decreased CBF in widespread brain
reas in AD patients using multi-slice ASL technique (Alsop et al.,
000), subsequent studies have focused on this measure in explor-

ng the pathogenesis and early diagnosis of AD. Declines in global
nd regional CBF, mainly including cingulate, precuneus, parietal
obes and inferior frontal regions among others, in patients with
D were demonstrated in several studies (Asllani et al., 2008; Mak
t al., 2012; Okonkwo et al., 2014; Yoshiura et al., 2009b), and were
ound to be related to global cognition measured with Mini-Mental
tatus Examination (MMSE) and Alzheimer’s disease Assessment
cale-Cognitive subscale (ADAS-cog) in AD (Binnewijzend et al.,
013; Mak  et al., 2012). Moreover, the decreases in some areas
ould be increased by treatment with cholinesterase inhibitors
Chaudhary et al., 2013; Li et al., 2012), and increased CBF in
he middle and posterior cingulate cortex was associated with
mprovement in ADAS-cog scores after treatment in mild AD (Li
t al., 2012). The cortical hypoperfusion detected by ASL was  also
erified in an amyloid precursor protein transgenic mouse model
f AD, and regional CBF could be variably decreased or increased
y aging in this model (Hebert et al., 2013). However, other stud-

es observed increases of CBF in some regions, especially in the
ippocampus in patients with mild AD (Alsop et al., 2008).

It was found that ASL had similar sensitivity and specificity as
8F-fluorodeoxyglucose (FDG) PET in distinguishing AD patients
rom healthy controls (Musiek et al., 2012; Tosun et al., 2016). Both
ensitivity and specificity for detecting AD were 80%–90%, based
n the CBF in PCC and precuneus (Yoshiura et al., 2009a). Another
tudy found the sensitivity, specificity and accuracy could be fur-
her increased to 88%, 68% and 79%, respectively, when focusing
n the reduced CBF in frontal lobes (Raji et al., 2010). One study
bserved that adding CBF measured by ASL to a structural MRI
ssessment improved the diagnostic accuracy of discriminating
atients with AD from normal elderly (Mak  et al., 2014), although
nother study did not find a significant added value of the combi-
ation over single structural MRI  markers (Bron et al., 2014).

Moreover, it was also found that the changes in CBF and
unctional connectivity in elderly subjects at high risk for AD
ccurred even before cognitive decline, brain atrophy and amyloid-

 accumulation (Ruitenberg et al., 2005; Sheline et al., 2010). In
ongitudinal ASL studies, CBF changes were able to predict cog-
itive decline and conversion to dementia. It was observed that
educed CBF in PCC was associated with the deterioration of cogni-
ion in healthy elderly, and might predict the development of MCI
r dementia (Xekardaki et al., 2015). In another study, not only did
educed CBF in the right middle frontal cortex correlate with mem-
ry decline, and in the right precuneus and inferior parietal region
ith executive function decline, respectively, but also hypoperfu-

ion in some regions was found to be a predictor of conversion to
ementia in MCI  patients (Chao et al., 2010). These studies suggest
hat abnormal resting state CBF measured with ASL may  be an early
ndicator of brain dysfunction in individuals at risk for developing
D. Since CBF changes measured with ASL occur at very early stages
f AD, are correlated with disease conversion and progression, and
re sensitive to pharmacological intervention, ASL may  be a valu-
ble tool for identifying at risk individuals, monitoring changes
n neural activity due to developing neuropathology, tracking dis-

ase progression and assessing effectiveness of disease-modifying
reatments in AD.

Discrepancies in regional CBF changes described in previous
CI  and AD studies may  be related to relatively small sample
vioral Reviews 72 (2017) 168–175

sizes and heterogeneity of the participants. Most studies did not
mention pharmacological treatment of subjects. As CBF may be
affected by several medications, including cholinesterase inhibitors
(Chaudhary et al., 2013; Li et al., 2012), therapeutic interventions
should be recorded in detail and analyzed as a covariate in future
studies. Moreover, patients were in different stages of disease in
previous studies. Even in MCI  individuals, CBF variation has been
supported by the observation of early MCI  and late MCI  from the
ADNI database (Wang et al., 2013). Finally, differences in the under-
lying pathology of the participants may  be an important source
of variance. Except for specific biomarkers utilized in a few stud-
ies (Hu et al., 2010; Mattsson et al., 2014; Michels et al., 2016),
most studies utilized clinical criteria for inclusion of AD patients,
which might lead to a certain proportion of patients with non-AD
dementia among the participants (Cummings, 2012). In terms of
MCI, the heterogeneity in etiology is more prominent than that in
AD studies. It is conceivable that different patterns of hypoperfu-
sion between aMCI patients and dysexecutive MCI  patients may
have been found in an ASL study (Chao et al., 2009). Taken together,
future studies should incorporate large sample sizes with careful
attention to potential confounding factors, and should use current
gold standard biomarkers (amyloid-�  and/or tau in cerebrospinal
fluid (CSF) or PET) as inclusion criteria or covariates.

5. ASL in other types of dementia

It was observed that patients with frontotemporal dementia
(FTD) exhibited changes in CBF, including decreased CBF in bilat-
eral frontal lobes and increased CBF in PCC, precuneus and parietal
compared to normal subjects (Hu et al., 2010), and hypoperfusion in
frontal lobes correlated with impairment in judgment and problem
solving as scored by CDR (Du et al., 2006). These CBF changes were
different from those observed in AD patients who were diagnosed
with histopathology or validated CSF biomarkers (Hu et al., 2010). In
another study, it was suggested that the combination of structural
and functional MRI  (including ASL) was helpful for the differen-
tial diagnosis between FTD and AD, although differences in CBF
were not obvious between patients with these two  neurodegener-
ative diseases (Zhang et al., 2011). Compared with FTD patients, AD
patients showed obvious hypoperfusion in the PCC, and both sensi-
tivity and specificity in differentiating presenile AD from FTD based
on CBF in PCC approached 70% (Steketee et al., 2016). Adding frontal
and parietal lobe perfusion to structural markers further improved
sensitivity and specificity to 87% and 83% for the classification of
FTD versus AD (Du et al., 2006).

The hypoperfusion regions of patients with Parkinson’s dis-
ease dementia (PDD) were quite similar as those of AD patients,
including PCC, precuneus and occipital. Although no significant
differences in regional CBF were observed between PDD and AD
using univariate analysis, a perfusion network established with
PCA might facilitate identification of these two  diseases (Le Heron
et al., 2014). Decreased CBF in occipital and parietal regions corre-
lated with worse performance on visuospatial and attention tests in
patients with Lewy body associated cognitive impairment, includ-
ing dementia with Lewy bodies, PDD and Parkinson’s disease-MCI
(Robertson et al., 2016).

Patients with subcortical ischemic vascular dementia (SIVD)
exhibited obvious CBF decreases in frontal and parietal cortex,
which was  associated with white matter lesions. However, global
CBF in patients with SIVD and AD was  similar (Schuff et al., 2009).
In patients with post-stroke dementia, global CBF and regional

parietal CBF were reduced compared with healthy controls, and
central gyrus perfusion was decreased compared with AD patients.
Moreover, CBF not only correlated with global cognition, but also
predicted dementia in patients with stroke (Firbank et al., 2011).
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Fig. 3. The neuropathological features of four major types of dementia. The main
neuropathology of AD includes plaques (A�)  and neurofibrillary tangles (Tau), which
are  also observed in Lewy body associated dementia and FTD, respectively. There
are several overlapping pathogeneses between AD and VaD. (A�,  � amyloid; AD,
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lzheimer’s disease; BBB, blood-brain barrier; DLB: dementia with Lewy body; ET,
ndothelial; FTD, frontotemporal dementia; PDD, Parkinson’s disease dementia;
aD, vascular dementia.)

Taken together, increasing evidence indicates that using ASL
o distinguish AD from other types of dementia, particularly FTD,
s promising, although differences may  not be restricted to pre-
rontal cortex. In addition, ASL is useful to explore overlapping
athogenetic mechanisms in AD, vascular dementia and other neu-
odegenerative diseases, such as Lewy body associated dementia.

 schematic of the pathologic overlapping in four major types of
ementia is presented in Fig. 3.

. Conclusion

In conclusion, although some limitations such as sensitivity to
TT and head motion delayed the clinical application of ASL, grow-

ng evidence supports the utility of this non-invasive technique to
easure CBF in aging and in patients with neurodegenerative dis-

ases, such as AD. Multi-center and longitudinal studies are worth
onducting with optimized and standardized ASL to elucidate the
athogenesis, and facilitate the early diagnosis of AD.
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