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Abstract

Epidemiologic evidence and postmortem studies of cerebral amyloid angiopathy suggest that
vascular dysfunction may play an important role in the pathogenesis of Alzheimer’s Disease (AD).
However, alterations in vascular function under in vivo conditions are poorly understood. In this
study, we assessed cerebrovascular-reactivity (CVR) in AD patients and age-matched controls
using CO2-inhalation while simultaneously acquiring Blood-Oxygenation-Level-Dependent
(BOLD) MR images. Compared to controls, AD patients had widespread reduction in CVR in the
rostral brain including prefrontal, anterior cingulate, and insular cortex (p<0.01). The deficits
could not be explained by cardiovascular risk factors. The spatial distribution of the CVR deficits
differed drastically from the regions of cerebral blood flow (CBF) deficits, which were found in
temporal and parietal cortices. Individuals with greater CVR deficit tended to have a greater
volume of leukoaraiosis as seen on FLAIR MRI (p=0.004). Our data suggest that early AD
subjects have evidence of significant forebrain vascular contractility deficits. The localization,
while differing from CBF findings, appears to be spatially similar to PIB amyloid imaging
findings.
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1. Introduction

Alzheimer’s Disease (AD) is a neurodegenerative disease that affects more than four million
people in the U.S. alone. Formation and accumulation of extracellular beta-amyloid (AB)
containing plaques and intra neuronal neurofibrillary tangles consisting of
hyperphosphorylated tau are thought to be the central process in AD (Hardy and Selkoe,
2002; Small, 2005). The possibility of a vascular contribution to AD has also received
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attention (de la Torre, 2004; ladecola, 2004; Zlokovic, 2005). There is epidemiological
evidence that many risk factors for AD relate to vascular disease (e.g. hypertension,
hypercholesterolemia, diabetes) (Breteler, 2000; Meyer et al., 2000). Cerebral amyloid
angiopathy is commonly observed in postmortem AD studies (Tian et al., 2004). Several
studies have further shown that vascular dysfunction can stimulate Ap accumulation in the
brain. Sun et al. (Sun et al., 2006) and Zhang et al. (Zhang et al., 2007) have independently
reported that transient hypoxia can cause an increase in the gene expression of p-site of
amyloid precursor protein cleaving enzyme (BACEL), the main form of -secretase, and AB
production. Therefore, perfusion-induced hypoxia may have a significant impact on the
homeostasis of Ap.

While vascular abnormalities in AD have been studied in postmortem brain tissues (Chow et
al., 2007) and in animal models (Meyer et al., 2008), in vivo investigation of vascular
dysfunction in AD patients has not been systematically conducted. Measures of resting
cerebral blood flow (CBF) (Yoshikawa et al., 2003) or CBF changes during brain activation
(as used in functional MRI) (Xu et al., 2007) are not accurate indicators of vascular function,
because these measures are highly sensitive to levels of neural activity and are thus not
specific to vessel properties. In vitro studies have established that one of the best measures
of vessel function is its contractility (Chow et al., 2007). Cerebral vessel reactivity (CVR)
can be measured in vivo in humans by the use of CO2 as a vasodilatory stimulus (Rostrup et
al., 2000; Kastrup et al., 2001; Yezhuvath et al., 2009), and is the technique employed in our
study of brain vasculature in AD.

In the present study, we hypothesized that AD patients would show diminished CVR
compared to that of controls and that the degree of CVR impairment would correlate with
the degree of leukoaraiosis, a commonly accepted surrogate for microvascular disease.

2. Methods

Participants

Participants were recruited from longitudinal cohorts maintained by the Alzheimer’s Disease
Center of University of Texas Southwestern Medical Center. The Health Insurance
Portability and Accountability Act (HIPAA) compliant protocol was approved by the UT
Southwestern Institutional Review Board and written informed consent was obtained from
all participants. Inclusion/exclusion criteria for all subjects were: a) No contraindication to
MRI scanning (pacemaker, implanted metallic objects, renal/liver disease), b) general good
health, with no serious or unstable medical conditions, c¢) able and willing to provide
informed consent (caregivers co-signed consents for AD patients), d) age greater than 50, €)
no evidence of stroke in clinical MRI, f) Hachinski (Hachinski et al., 1975) score<4.
Additional criteria for the control group were normal cognition and Clinical Dementia
Rating (CDR) (Morris, 1993) score=0. For AD group, this included a diagnosis of probable
AD based on NINCDS/ADRDA criteria (McKhann et al., 1984) with CDR score = 0.5 or 1.
This is a group of mild AD group (MMSE 22.8 + 4.1) and they were able to follow
instructions for the hypercapnia task. Table 1 lists demographic information for the
participants.

To assess the effect of vascular factors, we made a scale by summing cardiovascular risk
factors (Breteler, 2000; de la Torre, 2004) of the participants (history of cardiovascular
disease, stroke or transient ischemic attack, hypertension, hypercholesterolemia, diabetes
mellitus and smoking status): each receiving a value of 1 or 0, with a maximum total score
of 6. In addition, medications that may affect the vascular risk factors are also listed in Table
1. These include cholesterol-lowering drugs such as statins and anti-hypertensive drugs such
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as beta blocker, calcium channel blocker, angiotensin inhibitor, angiotensin converting
enzyme inhibitor, and diuretics.

A total of 17 AD patients and 17 elderly controls were recruited. Some participants had
incomplete data because they declined the CO2 breathing task or were unable to stay still
during the MRI. As a result, the actual sample sizes for CVR, CBF and FLAIR data were
12/13 (AD/control), 15/14 and 15/15, respectively. While this caused the reported vascular
parameters to be based on different samples, no differences were seen in the severity across
the subgroups as measured by Mini-Mental State Exam (MMSE) (Folstein et al., 1975),
CDR and Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) (Morris et
al., 1989) battery tests.

MRI investigations were performed on a 3 Tesla MR system (Philips Medical System, Best,
The Netherlands). A body coil was used for radiofrequency (RF) transmission and an 8-
channel head coil with parallel imaging capability was used for signal reception. CVR
measurement followed protocols established in our previous studies (Yezhuvath et al.,
2009). Region-specific CVR was assessed using hypercapnia induced by 5% CO2-breathing
(mixed with 21% O2 and 74% N2). Hypercapnia was administered via a Douglas bag with a
valve to switch between room air and CO2 air. A mouth piece and nose clip was used to
achieve mouth-only breathing. A research assistant was inside the magnet room throughout
the experiment to switch the valve and monitor the subject. Physiologic parameters,
including end-tidal (Et) CO2, breathing rate, heart rate and arterial oxygenation (sO2), were
recorded during experiments (MEDRAD, Pittsburgh, PA; Novametrix Medical Systems,
Wallingford, CT). The type of air breathed in was switched every minute similar to a block
design fMRI experiment, while Blood-Oxygenation-Level-Dependent (BOLD) MR images
were acquired for seven minutes. Other imaging parameters were: FOV=220x220mm?,
matrix size=128x128, 25 axial slices, thickness=6mm, TR/TE/flip angle=3000ms/30ms/90°,
single-shot echo-planar-imaging (EPI).

For comparison with CVR, resting CBF was measured using Arterial-Spin-Labeling (ASL)
MRI (Garcia D.M., 2005; Wong, 2007; Wu et al., 2007). Scan parameters were:
FOV=240x240mm?, matrix=80x80, 17 axial slices, thickness=7mm, TR/TE=4000ms/14ms,
pseudo-continuous labeling with a duration of 1.6s, delay=1.5s, single-shot EPI, 30 pairs of
label and control images, duration=240 sec. For assessment of brain volume, a T1-weighted
high resolution (1x1x1mm3) anatomical image using magnetization-prepared rapid
acquisition of gradient echo (MPRAGE) sequence (Brant-Zawadzki et al., 1992) was
acquired. We also acquired Fluid-Attenuated Inversion Recovery (FLAIR) images (Essig et
al., 1998) (TR/TI/TE=11000ms/2800ms/125ms, FOV=230x230mm?,
resolution=0.45x0.45mm?, 24 slices, thickness=5mm, gap=1mm) for quantifying volume of
leukoaraiosis. The total MRI examination was approximately 30 minutes.

Neuropsychological test results including MMSE, CERAD Battery, CDR, and Boston
Naming Test (Kaplan E.F., 1978) were available for comparison with MRI data.

Data Processing

CVR data was processed using a general linear model (SPM, University College London,
UK) similar to a typical fMRI scan, except that the regressor was the EtCO2 time-course
rather than the “fMRI paradigm”. In-house MATLAB scripts were used to obtain EtCO2
time-courses that were synchronized with MRI acquisitions. Since the hypercapnia-induced
vasodilatation is mediated through CO2 level changes, EtCO2 time-course provides an input
function to the vascular system. The BOLD time-course is the output signal and, by
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comparing the input and output signals, the vascular system property was determined
(Yezhuvath et al., 2009). Absolute CVR is in units of %BOLD signal change per mmHg of
Et-CO2 change (%BOLD/mmHg CO2). In addition, relative CVR map was calculated by
normalizing the absolute CVR map against the CVR of a reference tissue, which was chosen
to be cerebellum (Soonawala et al., 2002) because it is reasonably well established that
cerebellum is minimally affected in AD. The conversion of absolute CVR to relative CVR
was useful in removing global intersubject variability and facilitates the detection of
regional deficits (Yezhuvath et al., 2009).

ASL MR images were used to calculate CBF by subtraction of the control and label image
sets following procedures established previously (Lia et al., 2000). The 30 repeated scans
were averaged to improve SNR. Relative CBF maps were obtained for each subject.

The CVR and CBF maps were further processed with Statistical Parametric Mapping (SPM,
University College London, UK) and Hierarchical Attribute Matching Mechanism for
Elastic Registration (HAMMER, University of Pennsylvania, PA) software packages. The
maps were normalized to the Montreal Neurological Institute (MNI) template space using
the high-resolution T1w image as an intermediate and were smoothed using a filter with
full-width-half-maximum 12mm. We used a HAMMER algorithm for the spatial
normalization process because it was shown to be capable of correcting brain atrophy effects
(Shen and Davatzikos, 2002). This was important to make sure the comparison truly
reflected vascular parameters rather than being affected by brain volume reduction,
especially for AD patients who often have brain atrophy (Buckner et al., 2005).

For voxel-by-voxel analysis of CVR and CBF maps, we conducted a multiple regression
analysis with subject group, age and vascular risk factor as the regressors. Student t tests
were conducted to identify significant clusters using criteria established in literature (Xu et
al., 2007). We also performed a region-of-interest (ROI) analysis on the normalized images.
ROI corresponding to different brain lobes was automatically determined using the pre-
parcellated MNI brain template (Tzourio-Mazoyer et al., 2002). Six ROIs were investigated:
occipital lobe, temporal lobe, frontal lobe, parietal lobe, insular cortex and sub-cortical gray
matter. The vessel reactivity within the ROI was averaged. To account for gray/white matter
reactivity differences and correct for residual atrophy at the intravoxel level, the ROI value
was corrected for gray matter volume following procedures used previously (Johnson et al.,
2005). A multi-comparison-corrected p value of 0.05 or less is considered significant.

The leukoaraiosis regions were identified with a semi-automatic method (Marquez de la
Plata et al., 2007; Uh et al., 2009). Briefly, FLAIR images were skull-stripped and voxels
with signal intensity greater than 2 standard deviations above average were delineated as a
preliminary mask. This preliminary mask was manually edited to remove spurious voxels
due to fat signal, motion effect, edge effect, or coil sensitivity inhomogeneity. The total
volume within the final mask was quantified for each subject. The procedure was highly
reliable (r2=0.99) (data not shown). For correlation analysis, Pearson correlation coefficients
were calculated. We also calculated Spearman rank correlation to assess the possible
influence of outliers. A p value of 0.05 or less is considered statistically significant.

AD subjects and controls performed the CO2 task comfortably and no adverse effect was
observed. Table 2 shows the vital sign values for each group. As expected, Et-CO2
increased during CO2 inhalation. Breathing rate, heart rate and arterial oxygen saturation did
not differ significantly between normocapnic and hypercapnic conditions. No group
differences in vital signs were observed. Figure 1A shows the relative CVR maps for AD
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(left) and control (right) groups. Reduced CVR is evident in rostral brain regions of AD
subjects. Quantitative analysis showed that significant CVR deficits were present in
prefrontal, anterior cingulate, and insular cortices in AD patients compared to control
subjects (Fig. 1B). ROI analysis revealed similar results, identifying frontal lobe (corrected
p=0.047) and insula (corrected p=0.037) having reduced CVR. On the other hand, CBF
deficit patterns (see CBF maps in Fig. 2A and voxel-based results in Fig. 2B) included
predominantly posterior regions. These CBF deficits in temporal and parietal lobes agree
with previous CBF studies in AD using SPECT, PET and MRI (Alsop et al.,
2000;Johannsen et al., 2000;Y oshikawa et al., 2003;Johnson et al., 2005).

The AD group had slightly higher vascular risk factor scores than controls (Table 1),
although the difference did not reach statistical significance (p=0.17). When we defined the
statistical contrast in the voxel-based analysis to be vascular risk factors, no significant
clusters were identified for either a positive effect or a negative effect and for either CVR or
CBF data. Consistent with this finding, when we omitted the risk factors from the multi-
regression analysis, the AD/Control group difference was not affected.

To test the hypothesis that CVR may be related to high risk for vascular damage, we used
relative CVR of 0.1 as a threshold and identified all voxels with a CVR value equal to or
less than the threshold. We presumed that these voxels reflect brain regions with minimal
vascular reserve and diminished ability to dilate with CO2 stimulation. We quantified the
total volume of these “high-risk” regions and calculated its correlation with the volume of
leukoaraiosis (Fig. 3A). A strong positive correlation was found between these measures
(Pearson r2=0.67, p=0.004, Spearman rank p=0.014, N=10) (Fig. 3B). We also tested
relative CVR thresholds of 0, 0.05 and 0.15, and found similar results (Table 3). On the
other hand, when applying similar criteria to the CBF measures, the correlation between
leukoaraiosis volume and CBF deficit volume was much weaker (Pearson r?=0.32, p=0.043,
Spearman rank p=0.189, N=13) (Fig. 3C, Table 3).

Given the pronounced CVR deficits in AD patients, we hypothesized that patients with
lower CVR would have more severe cognitive impairment. We conducted correlation
analysis between the CVR value in frontal lobe and insula (the primary CVR deficit regions)
and each of the cognitive score. We did not find a relationship between CVR and measures
of global cognitive function (MMSE, CERAD Battery, CDR), but found a significant
correlation between CVR and Boston Naming Test score (Pearson r2=0.43, p=0.021,
Spearman Rank p=0.002, N=12).

4. Discussion

This study employed an in vivo imaging technique to assess cerebrovascular endothelial and
smooth muscle function independent of neuronal metabolism or activity. To our knowledge,
this is the first in vivo study of regional CVR in AD patients. Using a novel CO2-inhalation
MRI technique, we were able to non-invasively measure CVR. We found widespread CVR
deficits in the rostral brain of persons with early AD, highly suggestive of vascular
dysfunction in AD uninfluenced by the number of cardiovascular risk factors such as
hypertension, hypercholesterolemia and diabetes mellitus.

Our findings of vascular dysfunction in the frontal regions coincide with in vivo amyloid
mapping results using Pittsburgh Compound B (PiB) (Klunk et al., 2004; Buckner et al.,
2005; Buckner et al., 2009), and suggest that vascular damage and amyloid deposition (in
particular in the form of vascular amyloid) may have a potential link. This notion is
consistent with postmortem studies showing that Ap can have a detrimental effect on brain
vasculature via cerebral amyloid angiopathy (Beckmann et al., 2003; Tian et al., 2004).
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Conversely, a disturbed vascular system can cause over-expression of APP and (-secretase
in animal models of AD (Sun et al., 2006; Zhang et al., 2007), which may result in Ap
formation. A multi-modal study combining PET amyloid and MRI vascular reactivity
measures in the same patient group would be useful in further elucidating the relationship
between A and vascular function in AD.

It is well known that patients with AD have reduced CBF in parietal and temporal regions
(Alsop et al., 2000; Yoshikawa et al., 2003; Johnson et al., 2005). However, the
interpretation of these findings is not straightforward. There are at least two possible causes
for the CBF reduction: 1) vascular dysfunction (similar to ischemia) or 2) lower metabolism
of the tissue (i.e. lower demand causing lower supply). Based on current evidence, it appears
that the reduced CBF observed in AD patients is mainly due to the latter mechanism, with
minimal implication of vascular health. This is supported by our findings of drastically
different spatial locations of CVR and CBF deficits. Furthermore, when we averaged the
CVR values in CBF deficit regions (i.e. colored areas in Fig. 2B), we found that the CVR
values were 0.25+0.10 %BOLD/mmHg and 0.22+0.05 %BOLD/mmHg for AD and
controls, respectively. There was not even a trend of CVR reduction in the CBF deficit
regions (p=0.269). If anything, CVR in temporoparietal areas was slightly higher in AD than
in controls. By contrast, the CBF deficit pattern is very similar to deficits of glucose
metabolism in AD patients as demonstrated with fluorodeoxyglucose (FDG) PET (Small et
al., 2000; Reiman et al., 2005). These findings suggest that previous CBF studies mainly
reflect tissue metabolic dysfunction, and for assessment of vascular health a more direct
index such as vascular reactivity needs to be employed (Terborg et al., 2000; Hund-
Georgiadis et al., 2003; Schroeter et al., 2007; Schroeter et al., 2009).

Our parametric comparison of CVR and CBF accounted for brain volume differences
between the subject groups, and thus contains minimal partial volume effect. This was
achieved by first conducting an elastic brain registration and then comparing CVR and CBF
per unit volume of parenchyma. A by-product of the elastic registration is the parenchyma
density map which confirmed the well known brain atrophy in AD patients (Buckner et al.,
2005).

The findings from the present study are limited in a number of respects. Our sample size was
modest. While the number of subjects in this study was sufficient to identify CVR
differences in both voxel-based and ROI-based analyses, it would be useful to confirm these
findings with a larger study. In particular, not all participants yielded complete data sets.
Thus the comparison of CVR, CBF and FLAIR results was obtained from slightly different
samples. In addition, a small sample size may result in potential sampling bias due to
heterogeneities in subject characteristics in terms of genetic and environmental factors as
well as effects of medications. Our failure to find a correlation between our summation of
cardiovascular risk factors and brain vascular parameters as has been reported in many other
studies (Jennings et al., 2008; ladecola et al., 2009) may be due to the insensitivity of our
measure, which did not include severity of hypertension or diabetes. Additionally, the effect
of cardiovascular medications may be another confounding factor in our assessment of
vascular risks.

5. Conclusion

Significant deficits in vessel reactivity are present in early AD patients. These deficits are
most pronounced in rostral brain regions including prefrontal, anterior cingulate and insular
cortices, and coincide with PIB rather than CBF findings, raising the possibility of an
interaction between AP and vascular reactivity.
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Control
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Fig. 1.

Comparison of relative CVR maps in AD and controls. (A) Averaged CVR maps in the
patient (left panel, N=12) and control (right panel, N=13) groups. Warmer color indicates a
higher CVR value. Color bar shows the range of 0 to 0.75 times the cerebellar CVR. (B)
Voxel-based maps of age-corrected and vascular risk factor-corrected CVR differences
between AD and controls. The top panel shows the glass brain overlay and the bottom panel
shows the rendering on the MNI brain template. Colored voxels indicate brain regions with
low CVR. These include prefrontal cortex, anterior cingulate cortex and insular cortex.
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Fig. 2.

Comparison of relative CBF maps in AD and controls. (A) Averaged CBF maps in the
patient (left panel, N=15) and control (right panel, N=14) groups. Warmer color indicates a
higher CBF value. Color bar shows the range of 0 to 1.3 times the whole-brain CBF. (B)
Voxel-based maps of age-corrected and vascular risk factor-corrected CBF differences
between AD and controls. The top panel shows the glass brain overlay and the bottom panel
shows the rendering on the MNI brain template. Colored voxels indicate brain regions with
CBF deficits. The deficits are most pronounced in temporoparietal cortex.
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Fig. 3.

Relationship between FLAIR lesion volume and CVR/CBF deficit volumes in AD patients.
(A) Tissue lesions were delineated based on the FLAIR MR images using a semi-automatic
method reported previously. (B) Scatter plot between FLAIR lesion volume and CVR high-
risk volume across patients. Each dot represents data from one patient. The volumes are
written in term of fractions of the whole brain white matter volume. A strong positive
correlation (p=0.004) is seen between these two parameters. (C) Scatter plot between FLAIR
lesion volume and CBF high-risk volume across patients. A weak correlation is observed
(p=0.043).
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Table 1

Characteristics of AD subjects and controls.

Characteristic AD Group | Control Group
Number of subjects 17 17
Mean age + std 705+8.3 68.7+8.4
Gender

Male 13 7

Female 4 10
Education (years) * std 159+25 165+25
MMSE® score + std 228+4.1 29.6+0.7
ApoE4 carrier 10/17 6/17
Cardiovascular risk factors? + std | 2.2%0.9 16+£13
Cholesterol lowering medications 14/17 8/17

14/17 7117

Antihypertensive medications®

aMini-mental State Exam

bSee text for definition of the risk factor score.

Includes beta blocker, calcium channel blocker, angiotensin inhibitor, angiotensin converting enzyme inhibitor, and diuretics.
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Pearson Correlation (r2 value) between leukoaraiosis volume and high-risk tissue volume using different

Table 3

vascular parameters and thresholds.

Threshold 0 005 | 0.1 | 0.15
FLAIRvs.CVR | 051 | 0.63 | 0.67 | 0.52
FLAIRvs.CBF | 0.29 | 0.31 | 0.32 | 0.32
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