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Abstract
There is growing recognition of an interaction between cerebrovascular disease and Alzheimer’s
disease, but the mechanisms of this interaction remain poorly understood. While macroscopic
stroke can clearly produce cognitive deficits and accelerate Alzheimer’s disease, the prevalence
and implications of microvascular disease in Alzheimer’s disease pathogenesis has been harder to
define. At present, white matter (WM) lesions, primarily defined as hyperintensities seen on T2-
weighted magnetic resonance imaging (MRI), provide the best biomarker of cerebrovascular
disease at the microvascular level. However, T2 hyperintensities in WM can also be caused by
other mechanisms such as inflammation. Arterial spin labeled (ASL) perfusion MRI provides a
noninvasive approach for quantifying cerebral blood flow (CBF). We explored CBF
measurements with ASL in AD patients, mild cognitive impairment patients, and an age-matched
control group to determine if CBF in gray matter or WM could be correlated with WM lesions, or
to stratify patients by microvascular disease severity. In a retrospective sample, we were able to
obtain credible measures of WM CBF using ASL MRI and observed trends suggesting that WM
CBF may provide a useful biomarker of microvascular disease. Future prospective studies in
larger cohorts with optimized ASL MRI protocols will be needed to validate these observations.
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INTRODUCTION
Alzheimer’s disease (AD) is a neurodegenerative disorder associated with the accumulation
of amyloid-β peptide (Aβ) and hyperphosphorylated microtubule-associated protein tau [1].
Vascular cognitive impairment (VCI) is characterized by clinical evidence of stroke, or
subclinical vascular brain injury based on neuroradiological features with impairment in at
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least one cognitive domain [2]. In practice for clinicians and neuropathologists alike, most
dementias are mixed and it is often impossible to discern the relative contributions of each
type of pathology [3].

AD and VCI are thought to be together responsible for the majority of dementia. While AD
and VCI have traditionally been considered as distinct entities, there is growing evidence of
an overlap between these categories such that mixed dementia may account for up to 50% of
cases of dementia [4–6]. Currently, elucidating whether the cognitive deterioration is solely
a consequence of vascular factors or underlying AD is difficult [7]. Several studies have
found that in patients with combined AD and cerebrovascular disease, less AD pathology is
needed to express a given degree of dementia severity [8, 9], and autopsy series have
verified the high incidence of combined AD and vascular disease in patients with dementia
[9, 10]. Accordingly, it appears that an interaction exists between AD and cerebrovascular
pathologies [9], and these mixed pathologies are also common in mild cognitive impairment
(MCI) [11, 12]. This overlap of pathologies has motivated an increase in research into the
impact of vascular risk factors in dementia [3, 13].

Many of the traditional risk factors for stroke such as hypertension, hyperlipidemia, and
apolipoprotein E (APOE) genotype are also risk markers for AD and VCI [14–16]. A
convergence of pathogenic mechanisms in vascular and neurodegenerative processes
causing impairment of cognition [17, 18] has also been postulated. Both the risk [8, 9] and
pace [19] of dementia is increased in patients with acute and chronic stroke, especially
subcortical infarcts in the basal ganglia, thalamus, and deep white matter (WM) [9]. Stroke
has been found to double the risk of dementia in those above age 65 [20]. The cerebral
vasculature, including both large and small vessels, is also thought to be affected by both
vascular and neurodegenerative pathologies [5]. Large intracranial vessels exhibit
atherosclerotic plaques in both VCI and AD [21, 22]. In addition, increased Aβ deposition
[23] and tau phosphorylation have also been observed in experimental ischemia [24]. These
interactions provide a mechanistic basis for a vascular hypothesis for AD pathogenesis [25–
29].

Despite the well-recognized reciprocal interactions between cerebrovascular disease and
dementia, clinical trials of vascular prophylaxis strategies have thus far failed to slow the
progression of dementia due to AD, at least once it is established [5]. Furthermore, it
remains difficult to effectively stratify patients with dementia according to the presence of
AD, VCI, and particularly the extent of mixed dementia. Clinical features differentiating AD
from VCI apply mainly to the most extreme cases. While significant progress has been made
in the development of biomarkers that measure neurodegenerative change in AD such as
structural magnetic resonance imaging (MRI), fluorodeoxyglucose positron emission
tomography (FDG-PET), and, over the past decade, molecular markers of AD
neuropathology [30–32], one of the limitations in advancing current understanding of the
interactions between VCI and AD is the lack of reliable methods for quantifying VCI
pathophysiology in vivo. Although computed tomography (CT) and particularly MRI
scanning are highly effective in identifying macroscopic strokes, microvascular dysfunction
has been particularly difficult to assess [33]. The presence of white matter lesions (WML)
on CT and MRI, thought to be the result of hyaline fibrosis of small vessels, currently
provides the most commonly accepted measure of microvacular ischemia, but the clinical
relevance of WML remains ambiguous, as they are not specific to ischemic neuropathology
and can also reflect inflammatory processes or gliosis [6]. WML are also found in healthy
elderly patients [34], and are therefore not specific to patients with VCI, MCI, or AD.
Dysfunction of the blood brain barrier (BBB) is an early finding in WML associated with
VCI and AD [35]. BBB deficits can produce vascular inflammation and demyelination
which might also contribute to the neural dysfunction that underlies cognitive impairment
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[36]. A potentially more specific marker of vascular amyloid is the presence of multifocal
hemorrhage or microhemorrhage on susceptibility weighted MRI [37–39].

One potential means for more specifically characterizing vascular dysfunction in dementia is
to quantify tissue-specific perfusion, or quantitative cerebral blood flow (qCBF). Arterial
spin labeled (ASL) perfusion MRI provides a means for noninvasive quantification of CBF
as part of a multimodal MRI examination. ASL MRI is a less invasive, less costly, and more
widely available approach for qCBF imaging than prior radionuclide methods such as
Xe-133 clearance or O-15 PET. In ASL MRI, ‘labeling’ or ‘tagging’ is achieved by
manipulating the magnetic properties of in-flowing arterial blood proximal to the stationary
tissues of interest [40]. This magnetically labeled arterial blood behaves as an endogenous
contrast agent that produces transient signal changes as water, oxygen, and nutrients
permeate the tissue at the capillary bed. The perfusion contrast in ASL is generated by
subtracting images collected with arterial blood labeling from control images collected in
the absence of labeling, and modeling this difference to derive CBF in classical units of ml/
g/min [41] along with assumed or measured values for additional parameter such as the T1
relaxation rates of blood and brain and the blood:brain partition coefficient for water.
Quantitative perfusion maps can be calculated from these difference images since the signal
intensity is directly proportional to the movement of water molecules into the tissue, and the
resulting CBF maps are in close agreement with PET measures [42, 43].

A recent review by Alsop et al. summarized several ASL studies that have been carried out
in AD patients [44], and have yielded patterns of hypoperfusion that are consistent with
patterns of hypometabolism previously identified in FDG- PET studies. ASL has also been
used to differentiate AD and MCI from healthy controls [45, 46]. However, most ASL
studies in AD and MCI to date have focused on reductions in gray matter (GM) perfusion
indicative of neural dysfunction, rather than on hypoperfusion as a measure of primary
vascular dysfunction. While a few studies have attempted to associate qCBF changes with
WML [47], these have not been considered in the setting of dementia.

A challenge in applying ASL to the investigation of microvascular dysfunction in dementia
is the relatively poor sensitivity of ASL in WM, which has lower CBF and longer arterial
transit times than GM [48]. While it was difficult to obtain any credible WM CBF
measurements in early ASL studies of human brain, several methodological advances
including higher field strength [49, 50] and more efficient labeling strategies such as pulsed
continuous ASL [51] have greatly improved the sensitivity of ASL, and it is now possible to
obtain qCBF measures in WM regions of interest (ROI) that are reproducible [52] and in
agreement with PET values [43]. Van Osch et al. [53] argue that the combination of the
labeling duration and use of a sufficient post-label delay in pulsed continuous ASL (pCASL)
allows for adequate transit time of the spin label to most WM regions. This approach
overcomes some of the limitations of early ASL techniques, such as pulsed ASL, that were
not sensitive to long transit times associated with WM [48]. High-resolution anatomical
segmentation can also reduce partial volume effects by excluding voxels that contain a mix
of GM, WM, and cerebrospinal fluid (CSF) to provide a more specific measure of WM CBF
[53].

Here we aimed to begin to explore the utility of microvascular perfusion measurements
using previously acquired ASL perfusion MRI from control, MCI, and AD patients to
specifically determine whether qCBF data from GM and particularly deep WM ROI could
be reliably obtained and used to further stratify patients according to the likelihood of
vascular dysfunction. We carried out an analysis combining existing MRI datasets that
included both ASL MRI obtained at 3 T using pCASL and fluid attenuated inversion
recovery (FLAIR) images.
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MATERIALS AND METHODS
Subjects

Data from 120 subjects were included, comprising 30 probable AD, 26 MCI, and 64 age-
matched healthy control subjects. Available data from 2 AD patients, 1 MCI patient, and 11
controls were discarded due to image artifacts on ASL MRI or non-physiological CBF
values within segmented regions. Diagnosis of probable AD was made according to the
criteria of National Institute of Neurological and Communicative Disorders and Stroke–
Alzheimer’s Disease and Related Disorders Association [54]. MCI was diagnosed according
to the criteria proposed by Petersen [55] and Winblad [56]. Controls were recruited either
from the healthy Control cohort of the Penn Alzheimer’s Disease Center, or by
advertisement. The institutional review board of University of Pennsylvania approved the
study protocols and informed written consent was obtained from all subjects or their legally
designated representatives prior to participation in the study.

MR imaging protocol
MRI scans were acquired on a 3T whole-body Siemens TIM Trio scanner (Erlangen,
Germany) with an 8-channel receive-only head coil and body coil transmission. High-
resolution whole brain anatomic images were collected using 3-dimensional magnetization-
prepared rapid gradient echo (MPRAGE) with the following parameters: TR/TE/TI =
1620/3.87/950 ms, 160 axial slices, and 1 mm isotropic resolution. FLAIR images were
acquired with the following parameters: TR/TE/TI = 9190/103/2200 ms, FOV=18×24cm2,
acquisition matrix = 320×144, slice thickness = 3 mm, slice gap = 1 mm, number of slices =
40. Resting CBF measurements were acquired using pCASL [51] with gradient-echo echo-
planar imaging (EPI). TR/TE = 4000/17 ms, slice thickness = 6 mm, slice gap = 1.2 mm,
voxel resolution = 3.5× 3.5 × 6 mm3, and the labeling duration is 1.5 s. Due to differences in
acquisition protocols, the post-labeling delay time was 1.2 s for 29 of 64 controls and MCI
patients and 1.5 s for the remainder of the controls and the AD patients. The labeling plane
was positioned 90 mm below the center of the imaging slab composed of 18 axial slices.
Fifty-nine pairs of interleaved control and tag images were acquired for 13 AD patients, 44
normal subjects, and all MCI patients; 45 pairs were obtained for other 17 AD patients and
20 normal subjects. The data from 44 normal subjects, 21 AD, and all MCI patients who had
FLAIR images were used to analyze correlation between CBF and WMLs. Twenty four AD
patients and 20 normal subjects were rescanned approximately 1 week to 1 month after the
initial scan to assess the reproducibility of ASL MRI for measuring WM CBF (the data from
these 20 normal subjects were not used for other analyses because their age were not
matched with patients groups).

Image processing
ASL data preprocessing and CBF calculation were performed by fMRI Grocer 2.09, which
is a homebrewed SPM toolbox (http://www.fil.ion.ucl.ac.uk/spm/ext/#Grocer).

Each subject’s MPRAGE dataset was segmented into probabilistic GM, WM, and CSF
maps. Probabilistic GM and WM maps were converted to binary masks with a threshold
>0.8, and then were subsampled to the resolution of the raw ASL images.

Raw ASL images were first coregistered to the MPRAGE images and motion-corrected
using a 6-parameter rigid body spatial transformation. After motion correction, the ASL
images were multiplied by the GM and WM masks; global cortical GM images and global
WM images were then generated. Pairwise subtraction images were generated after
smoothing by an 8 mm full-width half maximum (FWHM) kernel. Averaged difference
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images were converted to ml/100g/min GM and WM CBF maps using a single-compartment
model [57].

To minimize the contamination of WM CBF measurements with GM, WM ROIs were
established with the following methods: the probabilistic WM map was smoothed with a 4
mm FWHM kernel, binarized with a threshold >0.8, and then eroded with a threshold 2, and
finally subsampled to the resolution of the CBF images. The final WM ROI mainly
consisted of periventricular WM regions, and was used to extract CBF value for WM from
individual global WM CBF map. The binarized (threshold>0.8) and subsampled
probabilistic GM map was used as ROI to extract CBF for GM from individual global GM
CBF map. Representative CBF maps from ASL MRI and GM and WM masks are shown in
Fig. 1. CBF was also calculated for a composite ROI developed by Landau et al. [58]
consisting of regions in bilateral angular gyri, bilateral posterior cingulate, and left middle/
inferior temporal gyrus previously shown to be sensitive to AD and MCI in FDG-PET
studies. The composite ROI was spatially normalized to individual subject space using the
normalization parameters calculated in the segmentation, and then subsampled to the
resolution of the CBF map. The GM mask was also applied since the composite ROI
consists of GM regions.

FLAIR images of each subject were assessed by an experienced rater (QZ), blind to the
diagnosis, using the White Matter Lesions Semiquantitive Rating Scale [59]. The scale
provides a semiquantitive measurement of the amount, size and location of WMLs. In the
present study, a score of deep WM hyperintensities (dWMH) was computed from the sum of
WMLs in frontal, parietal, temporal, and occipital lobes. A score of periventricular WM
hyperintensities (PVH) was the sum of bands, frontal and occipital caps.

Statistical analysis
All data were analyzed using Statistical Package for Social Sciences for Windows (release
16.0; SPSS, Chicago, IL, USA). Group differences were analyzed using analysis of variance
(ANOVA) together with least significant difference post hoc comparisons, to evaluate
possible group differences in CBF value for composite ROI, GM, and WM, and clinical
variables. A chi-squared (χ2) test was used to assess differences in gender and the number
of APOE ε4 carriers. Group differences in dWMH and PVH were examined using a
Kruskal-Wallis test and post hoc Mann-Whitney U test. The correlation between age and
scores of WMLs were examined using Spearman rank correlation analysis. Partial
correlation analysis with gender correction was applied to examine the relationship between
CBF value and dWMH and PVH. Reproducibility of the ASL was assessed using Intraclass
Correlation Coefficient (ICC) test and within-subject coefficient of variation (wsCV) [60].
The independent sample student’s t-test was used to detect the difference of time signal
noise ratio (tSNR, defined as mean CBF divided by standard deviation of CBF) of WM CBF
in subjects with test-retest data. All statistical tests were regarded as significant at p<0.05.

RESULTS
Demographics and clinical information of subjects are summarized in Table 1. There were
no significant differences in age and gender between groups. Years of education in AD
group was lower than in the MCI and control groups (p<0.05). The number of APOE ε4
carriers was significantly higher in AD group than MCI and control group (p<0.05). Group
differences in Mini Mental State Examination, Animal Fluency, Boston Naming Test, Digit
Span Backward, and 10-item Delayed Word-List Recall from the Consortium to Establish a
Registry for AD battery were significant (p<0.001); post hoc tests revealed that patients with
AD had lower scores than MCI patients and control group (both p<0.001), and MCI patients
had lower scores than control group (p<0.05). There were also significant group differences
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in Digit Span Forward (p<0.05); post hoc tests show that the control group had higher scores
than AD and MCI patients (both p<0.05), but there was no significant difference between
AD and MCI groups (p=0.438).

The mean CBF values for composite ROI, GM, and WM in control, MCI, and AD groups
are presented in Table 2. There was a significant group difference in mean CBF value for
composite ROI between groups ((F(2, 97)=12.076, p=0.000). Post hoc tests revealed
significant differences between control and MCI (p=0.020), control and AD (p=0.000), and
MCI and AD groups (p=0.036). The difference in mean CBF value for GM between groups
was also significant (F(2, 97)=4.443, p=0.014). Post hoc tests revealed that MCI patients had
lower mean CBF value for GM than controls (p=0.005), but differences between MCI and
AD groups (p=0.260) or between controls and AD groups (p=0.083) within the entire GM
segment were not significant. Although there were no significant differences in the mean
CBF value for WM between groups (F(2, 97)=2.816, p=0.065), group effects approached
significance and the MCI group had lowest CBF value.

Excellent reproducibility for WM CBF was observed for the 20 normal subjects (ICC=
0.736, p=0.000 and wsCV±95% confidence interval (CI) was14.98%±1.39%) and
reasonable reproducibility was also observed for 24 AD patients (ICC=0.529, p=0.004 and
wsCV±95% CI was 20.37%±2.39%). The tSNR values for WM CBF was significantly
higher in normal subjects than in AD patients were (2.7±0.6 versus 2.1±0.5, t=−5.332,
p=0.000).

There were no significant differences between groups in dWMH scores (χ2=0.646,
p=0.724), but differences in PVH scores between groups were significant (χ2=7.391,
p=0.025). Mann Whitney U-testing revealed that PVH scores were higher in AD group than
that in control (p=0.008) or MCI groups (p=0.044), but there was no significant difference
between control and MCI groups (p=0.680). Details of the dWMH and PVH analyses are
presented in Table 3.

Significant correlations were observed between age and dWMH and PVH scores in control
(dWMH: r=0.493, p=0.001; PVH: r=0.531, p=0.000) and MCI groups (dWMH: r=0.397, p
=0.044; PVH: r=0.410, p=0.038), but not in the AD group (dWMH: r=0.345, p=0.125; PVH:
r=0.367, p=0.102). Partial correlation analysis showed no significant correlations between
mean CBF values for GM and WM and WML scores in all three groups. However, as
illustrated in Fig. 2, a negative trend approaching significance in control group (GM and
PVH: r=−0.274, p=0.075; WM and PVH: r=−0.244, p=0.115) and a weaker trend in MCI
group (GM and PVH: r=−0.286, p=0.166; WM and PVH: r=−0.191, p=0.361) were
observed, but not in the AD group (GM and PVH: r= 0.018, p=0.939; WM and PVH:
r=0.091, p=0.703).

DISCUSSION
In present study, we carried out a retrospective analysis of ASL perfusion MRI data from
patients with AD, MCI, and age-matched controls and then compared these data to structural
MRI measures of WMH. We found that CBF within a composite ROI sensitive to regional
brain dysfunction in AD and MCI [58] also showed significant differences by diagnostic
group when applied to ASL MRI data. This result supports the notion that CBF
measurement with ASL MRI is sensitive to AD neuropathology, though the mechanism for
focal CBF reductions within the composite ROI is not likely to be primarily vascular.
Instead, it most likely reflects a reduction in neural activity within these brain regions since
similar patterns are also seen for FDG-PET hypometabolism. We also found much less
significant group effects in GM CBF, which are consistent with prior reports of ASL MRI in
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these populations [45, 61, 62]. The observed CBF differences across GM are also likely
dominated by changes in regional neural activity.

The main aim of present study was to explore the potential of ASL perfusion MRI as a
measure of microvascular perfusion deficits in AD neuropathology. Microvascular effects
might be expected to be more widespread in the brain, and may be most notable within deep
WM, which is the location where structural changes associated with WM disease are
typically observed. To that end, one of the main goals of this study was to assess whether
WM CBF could be reliably measured with ASL MRI using currently available 3T pCASL
data. To try to obtain reliable CBF values for WM, the ROI for WM was restricted to
periventricular WM by using a high threshold (probability >80%) for segmentation and then
eroding the resulting ROI to further limit it to subcortical WM, and minimize the potential
for contamination from GM. The qCBF values obtained from WM in 20 normal subjects
showed excellent reproducibility and were in agreement with published values [43, 47]. No
significant differences in WM CBF were observed between controls, MCI patients, and AD
patients. There was a trend toward lower CBF in MCI patients than in either AD patients or
controls, but additional data will be required to determine whether this trend becomes
significant.

While Van Gelderen et al. [48] have argued that ASL MRI at 3T is not capable of obtaining
reliable measures of WM CBF, our data suggest that WM CBF measurements from ASL
MRI at 3T are reliable. The improved reliability we observed can be explained by the
methodical use of pCASL, high-resolution segmentation, and ROI analysis. Van Gelderen et
al. [48] make the assumption that the transit delays expected in ASL are equivalent to the
delay in contrast bolus arrival from a Gd-based contrast agent injected into the antecubital
vein. A difference in bolus arrival time between GM and WM was estimated to be ~0.65
seconds [48], which is compensated for in that our effective post-label delays were 2.7
seconds for the MCI cohort and 3.0 seconds for the AD cohort in our study. The T1
relaxation time of arterial blood at 3T is on the order of 1600 ms [63], which suggests that
the ASL is still viable at these longer effective post-labeling delays. Also of note, contrast
bolus arrival times are inherently affected by bolus dispersion and arrival time heterogeneity
[64] that are not truly representative of an ASL label bolus arriving at a voxel. Perhaps a
more representative measure of ASL transit delay times could be measured either by
generating a low-resolution transit delay map [65], or Hadamard encoded ASL methods [66,
67]. Another key criticism of WM CBF measurements discussed by van Gelderen et al. [48]
is the potential for measurement bias due to partial volume effects in voxels that include a
mix of tissues. By employing MP-RAGE segmentation with a high threshold and by further
eroding the mask, we were able to exclude voxels with mixed GM and WM from our
analysis. Furthermore, by using a large ROI analysis instead of evaluating the CBF on a
voxel-by-voxel basis, we were able to spatially signal average CBF values from voxels with
a similar arterial transit delay time [65]. Although van Osch et al. [53] recently estimated
that 75 measurements were required to determine CBF in ~70% of the WM voxels and that
150 measurements were required to obtain significant ASL effects in deep WM, by
averaging ASL effect from approximately 1000 voxels we are able to obtain meaningful
measurements with a fewer number of averages.

The reproducibility of WM CBF observed in AD patients in our data was slightly lower than
that in normal subjects. The tSNR was also significantly lower in AD patients than controls,
suggesting increased physiological noise in AD ASL data. For future work, physiological
noise can be reduced through the use of background suppressed ASL [68].

Additional methodological developments are also capable of further improving the qCBF
measurements in both GM and WM. MRI scanners with ultra-high magnetic field strengths
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are now becoming more widely available. Although there are challenges to ultra-high field
ASL, by moving to higher field strengths (e.g., 7 Tesla) ASL benefits from both an
increased SNR owing to the increased spin polarity and the prolongation of the T1 of arterial
blood [63]. This increased SNR and prolonged T1 will produce a greater signal difference
between label and control images, allowing for more accurate qCBF measurements in
weakly perfused tissue. Furthermore, the increased SNR could be converted into increased
spatial resolution, allowing for better differentiation between GM and WM by reducing
partial volume effects [48]. The longer arterial T1 at higher field strength also increases the
time window during which the magnetic label is viable, allowing for better qCBF
measurements in tissues with a long transit time, particularly deep WM [6, 69].

In this study, the prevalence of total WML (combined deep and periventricular WML) on
structural MRI was more than 92% in all groups. WML were mainly distributed in the
frontal and parietal lobes and were correlated with age in control and MCI groups. These
results are consistent with previous reports [70, 71]. WML are almost universally observed
on brain MRI in elderly subjects, and are attributed to age-related arteriovascular disease
[71, 72]. The periventricular WM is primarily supplied by lenticulostriate and long
medullary vessels, which converge toward the periventricular region [73]. This structural
characteristic results in an arterial border zone that makes the periventricular areas prone to
ischemia [69]. The correlation between age and WMH did not reach significance in the AD
group, though the PVH score was significantly higher in AD group than in control and MCI
groups. This may simply reflect a lack of power in our AD data, but alternatively could
suggest that WML in AD are multifactorial in etiology. Supporting this notion are the group
trends observed in the correlation between CBF and WMH. While there were inverse trends
between CBF values and PVH scores in control and MCI groups, consistent with an
ischemic etiology, this trend was not observed in the AD data (Fig. 2). Furthermore, while
we found significant correlations between age and scores for dWMH and PVH in control
and MCI groups, we did not observe these correlations in AD group. An inflammatory
mechanism due to BBB damage [36], demyelination [35], or the accumulation of effects of
Aβ accumulation in AD patients [36, 74, 75] may lead to greater heterogeneity in WML
etiology in patients with advanced AD. Amyloid angiopathy or Wallerian degeneration
secondary to cortical atrophy could also contribute to WMLs in AD patients [76].

This study was limited by its use of retrospective data that were not obtained for the
purposes of assessing microvascular perfusion per se. Future work employing ASL MRI
protocols specifically optimized for WM CBF in larger cohorts will be needed to confirm
these preliminary findings. Another limitation of this work is the lack of assessment for
microhemorrhage, which is thought to be an important structural correlate of vascular
amyloid. Future studies should also include gradient-echo or susceptibility weighted
imaging to specifically assess for the burden of microhemorrhage and its associations with
microvascular perfusion.

CONCLUSION
A growing literature suggests an interaction between vascular disease and AD pathogenesis,
but the precise nature of this interaction has yet to be established, in part because it has been
difficult to assess the pathophysiology of small vessel ischemic disease. ASL MRI is
capable of quantifying microvascular CBF, including CBF in deep WM regions affected by
small vessel disease. The reliability of these measures can be increased by using ASL MRI
protocols optimized for quantifying WM CBF, and this could be an important application of
ASL MRI at ultra-high field strengths. Future studies correlating qCBF by ASL MRI with
structural, molecular, and behavioral indices of AD should be useful in better characterizing
the nature of the interaction between vascular dysfunction and dementia.
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Fig. 1.
Sample axial FLAIR, MPRAGE, gray matter (GM) CBF map, and white matter (WM) CBF
maps in a (A) control, (B) MCI patient, and (C) AD patient. The red regions represent the
overlap between the GM and WM masks used to extract CBF within these segments and the
GM and WM segmentations derived from anatomical data.
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Fig. 2.
The relationship between scores of periventricular white matter hyperintensities (PVH) and
CBF values for (A) gray matter (GM) and (B) white matter (WM). A negative trend was
found between scores of PVH and CBF values in control (GM, p=0.075; WM, p=0.115) and
MCI (GM, p=0.166; WM, p=0.361) groups.
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Table 1

Demographic and neuropsychological summary of subjects.

Control (n=44) MCI (n=26) AD (n=30) p

Age (years) 69.8±8.5 71.6±6.7 72.9±7.4 0.228 a

Gender (male/female) 15/29 12/14 13/17 0.552 b

Education (years) 16.5±2.9 17.0±2.5 15.0±3.0 0.019 a

MMSE 29.4±1.1 27.3±1.6 19.8±5.9 0.000 a

APOE ε4 Carrier (%) 35 59 69 0.051 b

Animal Fluency 23.5±5.3 16.1±4.9 9.1±4.2 0.000 a

Boston Naming Test 29.0±1.3 27.1±3.3 19.4±6.6 0.000 a

Digit Span Forward 9.0±1.9 8.0±1.9 7.4±2.3 0.014 a

Digit Span Backward 7.5±2.8 6.0±1.3 4.3±1.6 0.000 a

Delayed Word-List Recall 8.8±1.4 3.1±2.0 0.9±1.4 0.000 a

MMSE, Mini-Mental State Examination score.

a
p value from ANOVA test.

b
p value from chi-squared (χ2) test
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Table 2

Cerebral blood flow (mean±sd) for composite ROI, gray matter, and white matter in Alzheimer’s disease, mild
cognitive impairment, and control groups.

Control (n=44) MCI (n=26) AD (n=30) p

Composite ROI 49.8±12.4 43.7±7.9 37.8±8.9 0.000

Gray matter 39.4±9.2 33.5±7.0 36.0±7.5 0.014

White matter 19.2±5.7 16.4±3.8 19.2±5.5 0.065

CBF in ml/100g/min

p values are from ANOVA test
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Table 3

Periventricular white matter hyperintensities (PVH) and deep white matter hyperintensities (dWMH) in 3
groups.

Control (n=44) MCI (n=26) AD (n=21)

PVH

 Prevalence 35 (77.8%) 21 (80.8%) 18 (85.7%)

 Median 1 1.5 3

dWMH

 Prevalence 42 (93.3%) 23 (88.5%) 18 (85.7%)

 Median 6.5 7.5 7
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