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Abstract

Background/Objective: To determine the impact of vascular burden on rates of decline in
episodic memory and executive function. We hypothesize that greater vascular burden will have an
additive negative impact on cognition after accounting for baseline cognitive impairment, positron
emission tomography (PET) amyloid burden, and magnetic resonance imaging (MRI) measures.

Methods: Individuals were followed an average of 5 years with serial cognitive assessments.
Predictor variables include vascular burden score (VBS), quantitative brain MRI assessment, and
amyloid imaging. Subjects consisted of 65 individuals, 53% of whom were male, aged 73.2 + 7.2
years on average with an average of 15.5 + 3.3 years of educational achievement.

Results: Baseline cognitive impairment was significantly associated poorer episodic memory (p
< 0.0001), smaller hippocampal volume (p < 0.0001), smaller brain volume (p = 0.0026), and
greater global Pittsburg Imaging Compound B (PiB) index (p = 0.0008). Greater amyloid burden
was associated with greater decline in episodic memory over time (B = -0.20 £ 0.07, p< 0.005).
VBS was significantly associated with the level of executive function performance (B = -0.14

+ 0.05, p< 0.005) and there was a significant negative interaction between VBS, cognitive
impairment, and PiB index (f = —0.065 + 0.03, p=0.03).
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Conclusions: Our results find a significant influence of VBS independent of standard MRI
measures and cerebral amyloid burden on executive function. In addition, VBS reduced the
amount of cerebral amyloid burden needed to result in cognitive impairment. We conclude that the
systemic effects of vascular disease as reflected by the VBS independently influence cognitive
ability.
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INTRODUCTION

Advancing age is associated with cognitive decline and dementia. While this is most
commonly due to Alzheimer’s disease (AD) pathology [1], most individuals with dementia
have mixed pathologies, particularly the mixture of cerebrovascular and AD [2, 3].

Advances in neuroimaging methods now allow for the comprehensive assessment of both
cerebral amyloid burden [4] and cerebrovascular brain injury. Current data suggest that
cerebral amyloid burden accumulates rapidly with age [5], is associated with poorer memory
performance [6], and places individuals at increased risk for incident cognitive impairment
[7] and dementia [8]. Asymptomatic cerebrovascular disease is similarly common [9] and
also associated with cognitive decline [10], incident mild cognitive impairment (MCI), and
dementia [11].

Recent studies have examined the relationship between magnetic resonance imaging (MRI)
measures of vascular brain injury (white matter hyperintensities (WMH) and infarcts),
cerebral amyloid burden, and cognition [12, 13]. These studies suggest that MRI measures
of vascular brain injury have an early and independent effect on cognition, even among those
who have associated cerebral amyloid burden. Further studies find that vascular risk factors
(VRFs) can accelerate age-related brain atrophy [14] even in cortical areas affected by AD
pathology [15]. Finally, VRFs or clinically manifest vascular disease (VDXx) negatively affect
cognition independent of WMH and cerebral infarctions [16].

These findings support the notion that VRFs and VDx are common and may have
considerable impact on cognitive function among older individuals [17], particularly when
the extent of AD is relatively modest [18]. To date, however, we are not aware of any studies
that have comprehensively examined the individual and combined impact of vascular burden
scores (VBS = VRFs + VDx), MRI measures of WMH (a recognized measure of small
vessel vascular disease [19]), infarcts, regional atrophy, and cerebral amyloid burden on the
trajectory of cognitive performance in multiple cognitive domains. Given current literature,
we hypothesized that VBS would have an additional impact on trajectories of cognitive
performance. To test this hypothesis, we studied participants of the UC Davis Alzheimer’s
Disease Center Diversity Cohort who had a spectrum of cerebral amyloid, VBS, and had
repeated cognitive assessment for approximately 5 years on average.
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MATERIALS AND METHODS

Subjects

The sample consisted of 65 participants evaluated at the UC Davis Alzheimer’s Disease
Center (ADC) [20], who had amyloid imaging utilizing Pittsburg Imaging Compound B
(PiB). All participants were evaluated approximately annually a median number of 5 times
with a maximum of 11 evaluations, performed over a median of 4.87 years. All participants
were recruited according to previously described methods [20]. Subjects included
individuals who were classified as cognitively normal, MCI, or dementia based on detailed
medical history, neurological examination, and neuropsychological testing using the
Uniform Data Set battery [21, 22]. Because of the limited number of demented individuals
with PiB imaging, subjects were dichotomized as impaired (MCI or Dementia) versus
unimpaired (cognitively normal).

Inclusion and exclusion criteria have been previously described [20]. This study was
approved by the institutional review board at UC Davis and all study participants provided
written informed consent.

Vascular burden score

The presence and number of VRFs (e.g., hypertension, diabetes, or hyperlipidemia) for each
individual was based on thorough review of the subject’s medical history, medical records,
and medications brought into the clinic at the time of initial evaluation. VDx defined as a
history of coronary artery disease (angina, coronary stent, coronary artery bypass graph,
myocardial infarction, atrial fibrillation, pace maker, congestive heart failure) or
cerebrovascular disease (transient ischemic attack, stroke, carotid endarterectomy, or carotid
stent) also was assessed. VBS for each individual was the sum of VRFs and VVDx and could
vary from 0 to 5 (e.g., the sum of hypertension, diabetes, hyperlipidemia, coronary artery,
and cerebrovascular disease).

Neuropsychological measures

MRI

Outcome measures for this study consisted of the Spanish and English Neuropsychological
Assessment Scale (SENAS) [23, 24] subtests of episodic memory and executive function.
These measures do not have appreciable floor or ceiling effects for participants in this
sample and have linear measurement properties across a broad ability range [23, 24].

Image acquisition—Brain imaging was obtained at the University of California at Davis
MRI research center on a 1.5T GE Signa Horizon LX Echospeed system or the Veterans
Administration at Martinez on a 1.5 T Marconi system using compatible imaging parameters
described fully in the Supplementary Material. Image quantification, was performed by
raters who were blind to age, gender, race, educational achievement, ethnicity, and
diagnostic status.

MRI analysis—For this study, we quantified MR images obtained at, or near to, initial
evaluation. The mean time lag from initial assessment to MRI was 0.23 * 0.93 years.
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MRI tissue classification—MRI baseline measurements were made as part of our in-
house processing pipeline described previously [25]. Briefly, structural MRI images were
processed to remove the skull using an atlas-based method [26]. Gray, white, and
cerebrospinal fluid tissues segmentation was performed using an algorithm designed to
enhance accuracy at likely tissue boundaries [27].

Further segmentation of WMHSs utilized a Bayesian approach where the likelihood of WMH
was estimated from FLAIR signal characteristics the prior probability of WMH occurrence
was calculated from previous supervised segmentations of independent FLAIR images and
additional posterior probability constraints were applied at each image voxel.

MRI hippocampal segmentation—Hippocampal volume was computed by a multiatlas
hippocampal segmentation algorithm [26].

MRI infarction detection—The presence of MRI infarction was determined from the
size, location, and imaging characteristics of the lesion [9]. An image viewing system
allowed for superimposition of the 3DT1, FLAIR, and T2 weighted image at three times
magnified view to assist in interpretation of lesion characteristics. Signal void, best seen on
the T2 weighted image was interpreted to indicate a vessel. Only lesions 3mm or larger
qualified for consideration as cerebral infarcts.

Image acquisition—All PiB-PET images were acquired at Lawrence Berkeley National
Laboratory (LBNL) on a Siemens ECAT EXACT HR PET scanner in 3D acquisition mode.
PiB radiotracer was synthesized at this facility using a standard protocol [28] where 10 to 15
mCi of [11C] PiB was injected into an antecubital vein. Dynamic acquisition frames (34 to
35 frames total) were obtained over 90 min. Distribution volume ratio (DVR) images were
created with PiB frames corresponding to 35-90 min post-injection and a gray matter
cerebellar mask as reference region [29, 30].

PET analysis—For each subject, a DVR PiB index was derived from the native-space
image [15] after registration to MRI by averaging the weighted mean value from FreeSurfer-
derived ROIs in frontal (cortical regions anterior to the precentral gyrus), temporal (middle
and superior temporal regions), parietal (supramarginal gyrus, inferior/superior parietal
lobules and precuneus), and posterior cingulate cortex using the Desikan-Killiany atlas [31].

Timing of PET to cognitive assessments—PET imaging was acquired through
ancillary research funding after the longitudinal study of cognition in a diverse sample of
older adults had commenced. At the time of this analysis, most subjects had PET imaging
near to their final observation (0.77+1.2 years prior to final cognitive testing; median
difference of 6 months).

Statistical analyses—The aim of this study was to evaluate effects of VBSon cognitive
trajectories independent of cerebral amyloid burden, brain atrophy, WMH, and infarcts
measured by MRI. We used a series of mixed-effects regression models with person specific
slopes and intercepts as random effects to evaluate how baseline cognitive performance and
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change over time were influenced by VBS, cerebral amyloid, brain volumes, WMH, and
infarcts. We chose an analytical approach similar to that described by Zheng et al. [16] using
serial regression analyses in a sequence consistent with a published biological markers
model [32], utilizing PiB imaging as the measure of amyloid burden. Consequently, the
initial model assessed fixed effects of baseline demographic variables as predictors of level
of and change in cognitive performance with the added fixed effect of global PiB burden
(PiB index). Given that the timing of PiB imaging varied in relationship to cognitive testing,
we also included a PET imaging time-lag variable computed as the difference in years
between the date of PiB imaging and the date of the first neuropsychological testing. The
second model evaluated the added fixed effects of baseline MRI variables of brain, WMH
and hippocampal volumes as well as the number of infarcts identified on MRI. The third
model included the added fixed effect of baseline level of cognitive impairment
(dichotomized as impaired versus unimpaired). The final model included the additional fixed
effect of baseline VBS. Age, education, and gender were included in each model. Only
variables that were significantly associated with cognitive level or change were carried
forward into subsequent models. In all models, the fixed effects on longitudinal change were
modeled by an interaction term with time since initial assessment. To assist in interpretation
of the results, age was centered at 70 years, and educational achievement at 12 years.
Cognitive impairment was coded to reflect differences from cognitively normal. Amyloid
burden and MRI measures were centered on the mean of cognitively normal individuals.

RESULTS

Subject demographics as well as mean VBS, cognition, MRI, and PiB measures according to
baseline clinical diagnosis are summarized in (Table 1).

At baseline, subjects were 73.2+7.2 years of age on average, 53% male, and had an average
of 15.5+3.3 years of educational achievement. The cohort had a median VBS of 2. The
prevalence of the components that made up the VVBS are described in the Supplementary
Material. The prevalence of MRI detected infarcts did not differ significantly by degree of
baseline cognitive impairment with a trend for more prevalent infarcts in the cognitively
normal group.

As expected, there were significant group differences in baseline episodic memory (p <
0.0001), hippocampal volume (p < 0.0001), brain volume (p = 0.0026), and global PiB index
(0 =10.0008) based on degree of baseline cognitive impairment. Using the previously
reported PiB cutoff of 1.08 [12], we also found that 48% of all subjects were considered to
have a high amyloid burden with a prevalence of 72% among those identified as cognitively
impaired at baseline. There was no significant association between WMH burden (o = 0.46)
or MRI Infarcts (p= 0.86) and PiB index adjusting for age and gender.

Subjects were followed 4.9+3.0 years on average, although the cognitively normal
individuals in the cohort were followed significantly longer (6.3 years) than cognitively
impaired individuals (3.1 years), p< 0.0001. Over the course of observation, there was
modest, but significant group average decline in both episodic memory (—-0.08 sd/year; p <
0.0001) and executive function (-0.04 sd/year; p< 0.01, Fig. 1).
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Separate fixed effects models that examined the impact of demographics, amyloid status,
significant MRI measures, degree of cognitive impairment, and VBS (including separate
effects of VRS and VDx) on longitudinal cognitive performance are summarized in
Supplementary Table 1, but briefly reviewed here. Impaired individuals performed worse on
both cognitive tests at baseline and rate of executive function decline over time. Global PiB
index was also significantly associated with extent of baseline memory performance and rate
of change in both memory and executive function. Baseline hippocampal volume was
significantly associated with baseline memory performance and change in executive
function. Baseline WMH volume was significantly associated with change in executive
function. Baseline brain volume was significantly associated with baseline memory
performance and change in executive function performance. There was no relationship
between the presence of infarction on MRI with baseline or change in cognition (data not
shown). VBS was significantly associated with baseline executive function. The findings
were similar when VRF or VDx scores were tested separately.

Sequential modeling is summarized in (Table 2). The results essentially recapitulated the
previous independent analyses with the exception that WMH and brain volume did not
significantly associate with cognitive performance when combined with amyloid and
hippocampal measures. For memory performance, amyloid burden remained a significant
effect on rate of change across all models. As expected, hippocampal volume was
significantly associated with baseline memory performance initially, but the impact was
attenuated when cognitive ability was added at a subsequent model. VBS were not
associated with memory performance, either individually or in the full model. Predictors of
executive performance (Table 3), however, were slightly different. For example, education
had a substantial and sustained effect on baseline level of executive function performance
across all models, whereas baseline hippocampal volume and degree of cognitive
impairment contributed no significant explanatory variance to the trajectories of executive
function performance in the final model. This difference could reflect the overall mild
degree of cognitive impairment in this community based group. VBS, however, was
significantly associated with the level of executive function performance. Moreover, level of
performance and the strength of this effect (as measured by the beta coefficient) was
essentially unchanged in comparison with the model where this variable was entered
individually (see Supplementary Table 1).

Post-hoc analyses that included individual components of the VBS (e.g., VRFs alone and
VDx alone), found a significant negative effect of extent of baseline vascular disease on
level of executive function (f = —1.71, p=0.0006). There was no significant negative
association between level of executive function and number of baseline VRFs. VDX,
therefore, appears to have a more substantial impact on cognition in this cohort.

Finally, given recent evidence suggesting a relationship between VRFs and amyloid status
[33-35], we performed additional post-hoc analysis to investigate this phenomenon. There
was a weak negative relationship between VBS and PiB index (f = —0.05+0.03, p=0.07)
when adjusting for age and gender. Further analysis, however, found that this effect differed
by baseline level of cognitive impairment. We found a significant interaction between
baseline degree of cognitive impairment (impaired versus unimpaired) and VBS on amyloid
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level (B =-0.065+0.03, p = 0.03) indicating that, among impaired individuals, VBS was
negatively associated with amyloid level, whereas for unimpaired individuals there was no
relationship between VBS and amyloid levels (Fig. 2). Sub-analysis of VBS found that the
extent of baseline VVDx drove this interaction (B =-0.70 x 0.27, p=0.02).

DISCUSSION

Results of this longitudinal study confirm prior cross-sectional studies [12, 13] suggesting
that WMH have an effect independent of cerebral amyloid burden on cognition, specifically
executive function. Our results, however, also extend these studies by showing that VBS has
an effect on the level of executive function performance even after accounting for all other
measured factors (Table 3). Moreover, analysis of the relationship between VBS and
cerebral amyloid burden showed that increasing levels of VBS (particularly due to VDXx)
result in similar degrees of cognitive impairment at lower levels of cerebral amyloid burden
(Fig. 2) confirming the additive negative effect of cerebrovascular disease on cognition [18,
36], particularly when individuals are mildly impaired [12, 13]. Our results also confirm
recent published evidence that shows that coronary artery disease negatively affects
cognition independent of WMH and cerebral infarction [16]. In summary, our results find
that VBS influences baseline executive function and that this effect is present, and not at all
diminished, after accounting for the effects of a comprehensive set of measures.

The observed adverse effect of VBS was significant only for baseline executive function and
not baseline episodic memory. We also found no significant associations between VBS and
change in either cognitive domain studied. There is a substantial body of literature showing
that executive function is especially sensitive to effects of VRF, VDx, WMH, and infarcts
[17]. Finding an effect of vascular burden on baseline executive function but not change in
executive function most likely reflects that vascular risk factors likely promote vascular
disease over a timespan of decades starting in middle adulthood [37, 38] and that the
proximate effects of VRFs may be diminished amongst older individuals [39]. Follow-up
over 5 years, therefore, may not be sufficient to detect effects of a slow but insidious disease
process. Some support for this hypothesis can be derived from our analysis of the
relationship between PiB index and VBS for the impaired individuals in our study as
summarized in Fig. 2. Individuals with high VBS (significantly associated with worse
executive function at baseline) required less amyloid burden to develop cognitive
impairment at baseline evaluation. Given that the VBS is the sum of both vascular risk
factors and clinically evident vascular disease, this measure likely represents the results of
lifetime vascular health. The relatively mild degree of cognitive impairment in this group,
however, could also have influenced these results. That is, VBS may only have an
independent impact on executive function for those in whom AD pathology is relatively mild
(i.e., non-demented) [12]. Further work that includes a larger group of demented individuals
is necessary to test this hypothesis.

There are at least two reasons for the apparent discrepancy between MRI evidence of
vascular brain injury (i.e., WMH and infarcts) and the influence of VBS on cognition. First
are the limitations to our measures of vascular brain injury. Our analysis focused on the
commonly used MRI measures of WMH and MR infarction [40]. Conventional MRI does
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not detect microinfarcts [41]. Cortical microinfarcts are recognized as important contributors
to dementia risk, particularly among those with relatively low AD pathological burden [42].
Microinfarcts also are significantly associated with underlying athero- and arteriosclerosis,
which are both likely to be present in this study [43]. Microinfarcts, therefore, may be an
additional pathology not identified by the MRI technology used in this study.

In addition, significant reductions in cerebral blood flow (CBF) surrounding areas of WMH
[44] have been identified, suggesting that CBF also may be a more sensitive measure of
vascular brain injury than WMH. Individuals with vascular cognitive impairment have lower
CBF measures in cortical and subcortical gray matter without differences in gray matter
density [45]. Regional CBF measures also correlated with cognitive performance.
Alterations in regional CBF, therefore, may have cognitive consequences in the absence of
structural brain injury measures. Coincident Alzheimer’s disease, however, may also
influence CBF measures thereby limiting the conclusions that can be rendered from this
work. Future studies that combine cerebral blood flow and amyloid measures may clarify
this issue.

The systemic effects of vascular disease, however, is a second consideration that could
explain cognitive effects of VBS in the absence of visible brain injury. It is now recognized
that atherosclerosis leads to increased systemic inflammation [46]. Whether this is a
consequence of VRFs on endothelial function or vice versa, there is substantial evidence the
microvascular dysfunction occurs in association with subcortical ischemic vascular disease
that may consequently influence cognition [47]. A variety of systemic inflammatory factors
are associated with brain injury [48] and cognitive impairment [49]. Further studies that
include measures of inflammation in addition to those done here may further advance our
understanding of this phenomenon.

Our study has a number of additional limitations beyond measurement of vascular brain
injury. The sample size of this study was relatively small and did not ascertain all causes of
cardiovascular disease such as elevated serum homocysteine or sleep disordered breathing.
As such, it may not fully exemplify the general community. Secondly, amyloid PET was
obtained later in the course of follow-up, thereby reducing the ability of PET to estimate
level of cognitive performance at baseline. We believe, however, that both of these
limitations are mitigated by the comprehensive baseline clinical and MRI evaluation as well
as yearly longitudinal cognitive assessments over approximately 5 years of observation,
during which time amyloid accumulation is likely to be relatively modest given the generally
mild degree of cognitive impairment among the cohort [50].

Our results extend previous findings confirming the independent influence of VBS on
cognition¥aspecifically executive function. These independent effects additionally reduce the
amount of cerebral amyloid burden needed to result in clinically relevant cognitive
impairment (Fig. 2). Limitations to our study include the lack of highly sophisticated
measures of subtle vascular brain injury that may or may not explain further variance in
cognitive ability. Alternatively, our study may point to the possibility that the systemic
effects of vascular disease independently influence cognitive ability [47] emphasizing
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possible alternative pathways for treatment. The addition of amyloid imaging was a
necessary requirement to draw such conclusions and will likely serve as an important
covariate for further studies of VRF, VDX, and cognitive impairment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Graphic depiction of cognitive trajectories based on mixed effects models adjusting for age,

gender and education. Episodic memory performance declined 0.08 sd per year (p < 0.001)
whereas executive function performance declined 0.04 sd per year (p< 0.01).
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Fig. 2.

G?aphic depiction of the relationship between vascular burden and cerebral amyloid burden
for cognitively impaired versus cognitively normal individuals. For cognitively normal
individuals, there was not significant relationship. For cognitively impaired individuals,
however, there was a significant inverse relationship, signifying that less amyloid was
required to achieve a state of impairment amongst individuals with higher levels of vascular
burden (i.e., an additive effect of vascular disease and cerebral amyloid burden).
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