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Abstract

Background—Cardiovascular disease (CVD) and related risk factors are associated with 

Alzheimer’s disease (AD). This association is less well-defined in normal cognition (NC) or 

prodromal AD (mild cognitive impairment (MCI)).

Objective—Cross-sectionally and longitudinally relate a vascular risk index to cognitive 

outcomes among elders free of clinical dementia.

Methods—3117 MCI (74±8 years, 56% female) and 6603 NC participants (72±8 years, 68% 

female) were drawn from the National Alzheimer’s Coordinating Center. A composite measure of 

vascular risk was defined using the Framingham Stroke Risk Profile (FSRP) score (i.e., age, 

systolic blood pressure, anti-hypertensive medication, diabetes, cigarette smoking, CVD history, 

atrial fibrillation). Ordinary linear regressions and generalized linear mixed models related 

baseline FSRP to cross-sectional and longitudinal cognitive outcomes, separately for NC and 

MCI, adjusting for age, sex, race, education, and follow-up time (in longitudinal models).
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Results—In NC participants, increasing FSRP was related to worse baseline global cognition, 

information processing speed, and sequencing abilities (p-values<0.0001) and a worse 

longitudinal trajectory on all cognitive measures (p-values<0.0001). In MCI, increasing FSRP 

correlated with worse longitudinal delayed memory (p=0.004). In secondary models using an age-

excluded FSRP score, associations persisted in NC participants for global cognition, naming, 

information processing speed, and sequencing abilities.

Conclusions—An adverse vascular risk profile is associated with worse cognitive trajectory, 

especially global cognition, naming, and information processing speed, among NC elders. Future 

studies are needed to understand how effective management of CVD and related risk factors can 

modify cognitive decline to identify the ideal timeframe for primary prevention implementation.
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Introduction

Established vascular risk factors, such as hypertension [1], diabetes mellitus [2], and 

cigarette smoking [3], are associated with increased risk for Alzheimer’s disease (AD). The 

mechanism by which poor vascular health relates to AD is likely multifactorial with 

possibilities including cerebral blood flow alterations [4], impaired clearance of 

neuropathological substrates across the blood-brain barrier [5], and neural vulnerability from 

vascular-related injury in both gray and white matter [6,7].

Vascular risk factors also relate to worse cognitive performance prior to the onset of clinical 

AD [8,9]. Among older adults free of clinical dementia and stroke, elevations in a common 

vascular risk index (i.e. the Framingham Stroke Risk Profile (FSRP)) [10] are cross-

sectionally [10] and longitudinally [11] associated with worse executive function, verbal 

fluency, abstract reasoning, attention, and visuospatial episodic memory performance. In 

contrast, for verbal episodic memory performance, some studies have reported cross-

sectional associations with FSRP [12,13], but a majority of longitudinal studies have failed 

to detect a significant association [8,11,14]. Such disparate findings highlight the need for 

additional work using more stringent longitudinal methods. For example, inconsistencies in 

the literature may be due to cohort differences in vascular risk profiles, as studies 

demonstrating no effect tend to come from younger cohorts at lower risk [9,11,14], while 

studies demonstrating an effect or mixed effect tend to have higher baseline age [13] or 

variability in FSRP [12]. Finally, a majority of studies are limited to individuals free of 

clinical dementia and stroke but fail to consider diagnostic variations within the cognitive 

aging spectrum prior to the onset of dementia (i.e., cognitively normal controls (NC) or 

individuals with mild cognitive impairment (MCI), a precursor to AD [15]). Collectively, 

existing findings have implicated FSRP in cognitive decline in NC but have not offered a 

comprehensive understanding on how such relations differ in older adults with MCI versus 

NC.

This study aims to reconcile discrepancies in the literature while expanding our current 

understanding of vascular health and cognitive performance among older adults by cross-
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sectionally and longitudinally analyzing a robust national dataset with over 9000 

participants. We consider both cross-sectional and longitudinal analyses, we include 

participants representing two key phases of the cognitive aging spectrum (i.e., normal 

cognition and MCI), and we leverage an integrative vascular risk index rather than taking a 

more traditional “silo” approach that focuses on a single risk factor, such as blood pressure. 

We hypothesized that worse vascular risk would be associated with a decline in cognitive 

performance among both groups, particularly in domains known to be affected by 

microvascular disease (i.e., episodic memory, information processing speed, and executive 

function) [16–18]. In light of our prior work highlighting the incremental value of 

examining vascular health in a categorical manner versus just as a continuous variable [19], 

we considered vascular risk both as a continuous and a categorical predictor.

Methods

Participants

The National Alzheimer's Coordinating Center (NACC) maintains a database of participant 

information collected from 34 past and present National Institute on Aging-funded 

Alzheimer’s Disease Centers. In 2005, NACC implemented the Uniform Data Set (UDS), a 

standard data collection protocol, including clinical, medical history, neurological, and 

neuropsychological results [20]. Participants between 55 and 90 years of age evaluated 

between 9/01/2005 and 3/01/2014 with a diagnosis at first UDS visit of NC or MCI were 

included in the current study. Participant selection and exclusion details (n=9720) are 

provided in Figure 1. This study was approved by the local Institutional Review Board prior 

to data access or analysis.

Cognitive Diagnostic Classification

Cognitive diagnosis for each participant is based upon clinician judgment or a multi-

disciplinary consensus team using information from the comprehensive UDS work-up, 

including:

1. NC is defined by Clinical Dementia Rating (CDR) [21]=0 (no dementia), no 

deficits in activities of daily living that could be directly attributable to cognitive 

impairment, and no evidence of cognitive impairment defined as standard scores 

equal to or more than −1.5 standard deviations from age-adjusted normative mean 

[22].

2. MCI determinations are based upon Peterson et al. criteria [23] and defined as a 

CDR score 0.0 to 1.0 (reflecting mild severity of impairment), relatively spared 

activities of daily living, objective cognitive impairment in at least one cognitive 

domain (i.e., performances equal to or more than −1.5 standard deviations from the 

age-adjusted normative mean) or a significant decline over time on the 

neuropsychological evaluation, and absence of a dementing syndrome.

Framingham Stroke Risk Profile (FSRP)

To assess systemic vascular health, we calculated a FSRP at baseline [12,24], which assigns 

points for age, systolic blood pressure (accounting for anti-hypertensive treatment), history 
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of diabetes, current cigarette smoking, prevalent cardiovascular disease (defined as history 

of myocardial infarction, angina pectoris, coronary insufficiency, intermittent claudication, 

or congestive heart failure), history of atrial fibrillation, and left ventricular hypertrophy. 

FSRP values range from 0 to 38 with higher values indicating worse vascular health risk 

(e.g., increased stroke risk). Note that the FSRP calculation is modified here because ECG 

measures (i.e., identifying left ventricular hypertrophy) are not available for NACC 

participants. In light of our prior work highlighting the incremental value of examining 

vascular health in a categorical manner versus just as a continuous variable [19], we 

considered FSRP both as a continuous and a categorical predictor.

Neuropsychological Assessment

Participants completed a protocol assessing multiple cognitive systems [22]. 

Neuropsychological performance, neurological examination results, and medical history 

details were used to diagnose participants at baseline. See Table 1 for more details on the 

neuropsychological protocol.

Statistical Analyses

Descriptive statistics for baseline clinical, baseline cognitive, and last visit cognitive 

variables were calculated for each diagnostic group (NC, MCI) and compared between 

groups using Kruskal-Wallis (for continuous variables) and Pearson’s chi-square tests (for 

categorical variables). For descriptive purposes only, the difference between last visit and 

baseline cognitive variables was compared to illustrate whether cognitive performance 

worsened over time in either group. Within each group, baseline clinical and cognitive 

variables were compared across FSRP quartile subgroups obtained from the combined 

population. Significance was set a priori at 0.05.

Prior to analyses, based on histogram evidence of a skewed distribution, logarithm 

transformations were taken for Trail Making Test Part A plus 1 and Trail Making Test Part 

B plus 1 to give each variable a more symmetrical distribution. Ordinary least squares 

regressions were used to relate FSRP first as a continuous variable and then as a categorical 

variable (i.e., FSRP Quartile group 1 (referent): 0–8, Quartile group 2: >8–11, Quartile 

group 3: >11–14, and Quartile group 4: >14–29) to cross-sectional cognitive variables. 

Generalized linear mixed models (GLMM) were used to model FSRP effects on longitudinal 

neuropsychological trajectories using neuropsychological data available across all visits 

between the first and most recent (last) UDS visit. Fixed effects for all models included 

baseline clinical characteristics (i.e., age, sex, education, race). For longitudinal models, 

follow-up period (i.e., time from first to most recent UDS visit) was also included as a fixed 

effect, and random effects included subject-specific intercept and slope for follow-up time. 

Histograms and residual plots were used to determine appropriate link function for GLMM. 

For modeling longitudinal trajectories, the identity link function was used for all outcomes.

Because age and sex are included in the FSRP calculation and age and sex were included as 

model covariates given their potential to independently confound neuropsychological 

performance, we assessed the impact of multicollinearity on results. First, we generated 

Spearman correlation coefficients between age (years) and FSRP score separately by 
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diagnosis. Because results suggested potential multicollinearity (NC r=0.74; MCI r=0.63), 

we applied a more formal method of detection for multicollinearity using variance inflation 

factor (VIF). Results by diagnosis yielded a VIF<2.2 for all three variables, well below the 

suggested VIF>5 for defining multicollinearity [25]. Though multicollinearity was not 

detected, in post-hoc analyses, models were re-calculated using an age-excluded FSRP score 

to assess the effect of the remaining stroke risk factors on neuropsychological performance 

independent of age.

Significance was set a priori using a strict Bonferroni correction factor for each set of 

analyses (i.e., 0.0045 for 0.05/11 models per group). Analyses were conducted using R 

2.14.1 (www.r-project.org). Note, for all results, a negative beta coefficient reflects worse 

cross-sectional performance or trajectory over time except for Trail Making Test Parts A and 

B, where positive beta coefficients reflect worse outcomes (i.e., both measures are speeded 

tasks).

Results

Participant Characteristics

At baseline, participants in the NC and MCI groups differed on all clinical characteristics, 

including age (F(1 ,9718)=145, p<0.001), sex (χ2=150, p<0.001), race (χ2=5.3, p=0.02), 

education (F(1,9718)=59, p<0.001), follow-up period (F(1,9718)=221, p<0.001) and number 

of observations (F(1,9718)=217, p<0.001). See Table 2. In addition, the NC and MCI groups 

differed on all cognitive variables at baseline, last visit, and changes over follow-up (all p-

values<0.001). See Table 1 for baseline and longitudinal descriptive statistics for each 

diagnostic group.

Within each diagnostic group, participants differed on certain clinical characteristics when 

broken down into FSRP quartiles (see Table 3). Within the NC group, differences included 

baseline age (F(3,6599)=2333, p<0.001), race (χ2=28, p<0.001), education (F(3,6599)=74, 

p<0.001), follow-up period (F(3,6599)=7.6, p<0.001), and number of observations 

(F(3,6599)=11, p<0.001). Within MCI, differences included baseline age (F(3,3113)=664, 

p<0.001), race (χ2=17, p=0.001), education (F(3,3113)=11, p<0.001), and number of follow-

up visits (F(3,3113)=2.6, p=0.048). Within each diagnostic category, participants differed on 

virtually all neuropsychological tests when examining across or between FSRP quartiles (see 

Table 3).

FSRP & Cognition in NC

Among NC participants, elevated FSRP was cross-sectionally related to worse performance 

on a number of cognitive measures when correcting for multiple comparisons, including 

Mini-Mental State Examination (MMSE; β=−0.02, p<0.0001), Digit Symbol Coding (β=

−0.39, p<0.001), log Trail Making Test Part A (β=0.01, p<0.0001), log Trail Making Test 

Part B (β=0.01, p<0.0001), Animal Naming (β=−0.06, p=0.004), and Vegetable Naming (β=

−0.04, p=0.003). See Table 4. All associations persisted when using an age-excluded FSRP 

score. See Supplementary Table 1.
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When analyzing FSRP quartiles in relation to cross-sectional outcomes, the highest (or 

worse vascular health) quartile as compared to the referent (i.e., healthiest quartile) was 

associated with worse performance on MMSE (β=−0.26, p<0.001), Digit Symbol Coding 

(β=−4.30, p<0.001), log Trail Making Test Part A (β=0.08, p<0.001), log Trail Making Test 

Part B (β=0.09, p<0.001), Animal Naming (β=−0.71, p=0.004), and Vegetable Naming (β=

−0.58, p=0.002). The highest quartile compared to the lowest quartile differed for Digit 

Span Backward (β=−0.26, p=0.02), but this observation did not sustain correction for 

multiple comparison. See Table 5. A majority of associations persisted when using an age-

excluded FSRP score, with the exception of Animal Naming (p=0.01) and Vegetable 

Naming (p=0.01), which did not survive correction for multiple comparisons. See 

Supplementary Table 2.

Among the NC participants, baseline FSRP was related to decline on all longitudinal 

cognitive outcomes over the follow-up period (all p-values<0.0001). See Table 4. When 

using an age-excluded FSRP score, associations with MMSE (p=0.001), Digit Symbol 

Coding (p<0.001), and Boston Naming (p<0.001) were retained, while associations for Digit 

Span Forward (p=0.03), Digit Span Backward (p=0.01), log Trail Making Test Part A 

(p=0.01), and Animal Naming (p=0.02) did not survive multiple correction comparison. See 

Supplementary Table 1.

Similarly, when examining FSRP effects categorically on trajectories, the highest quartile 

(or worse vascular health) was associated with longitudinal decline in all variables of 

interest as compared to the referent, including MMSE (β=−0.19, p<0.0001), Digit Span 

Forward (β=−0.05, p=0.001), Digit Span Backward (β=−0.09, p<0.0001), Digit Symbol 

Coding (β=−0.85, p<0.0001), log Trail Making Test Part A (β=0.02, p<0.0001), log Trail 

Making Test Part B (β=0.02, p<0.0001), Animal Naming (β=−0.30, p<0.0001), Vegetable 

Naming (β=−0.22, p<0.0001), Boston Naming Test (β=−0.23, p<0.0001), Logical Memory 

Immediate Recall (β=−0.29, p<0.0001), and Logical Memory Delayed Recall (β=−0.36, 

p<0.0001). The second and third quartile also differed from the referent with respect to 

decline on a subset of cognitive outcomes. See Table 6 for details. When using an age-

excluded FSRP score, associations with MMSE (p=0.001), Digit Symbol Coding (p<0.001), 

and Boston Naming Test (p<0.001) persisted, while associations with Digit Span Backward 

(p=0.02), log Trail Making Test A (p=0.01), and Animal Naming (p=0.01) did not survive 

multiple comparison correction. See Supplementary Table 3.

FSRP & Cognition in MCI

Among MCI participants, FSRP associations with worse Digit Span Backward (p=0.02) 

Digit Symbol Coding (p=0.05), and log Trail Making Test B performance (p=0.04) did not 

persist following correction for multiple comparisons. See Table 4 for details. Interestingly, 

an elevated FSRP was cross-sectionally related to better performance on Boston Naming 

Test (β=0.07, p=0.002), an association that persisted when using the age-excluded FSRP 

score (p=0.003). See Supplementary Table 1. Given this counterintuitive finding, post-hoc 

analyses explored potential interactions and yielded mostly null results, including age-

excluded FSRP × education (p=0.41), age-excluded FSRP × sex (p=0.41), and age-excluded 

FSRP × race (p=0.96). There was a nominal age-excluded FSRP × age interaction (p=0.03). 
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Follow-up analyses examining age by quartile suggest an inverted association between 

FSRP and Boston Naming Test 30-item performance for the oldest participants (age 75–80 

quartile: β=0.13, p=0.01; age 80–90 quartile: β=0.12, p=0.01), compared to the youngest 

participants (age 55–69 quartile: β=−0.13, p=0.78).

When treating FSRP as a categorical variable in the regression models, the highest quartile 

compared to the referent was cross-sectionally associated with slower log Trail Making Test 

Part B performance (β=0.10, p=0.004). Cross-sectional associations which did not survive 

multiple comparison correction were noted between the highest quartile and the referent for 

Digit Span Forward (p=0.03), Digit Span Backward (p=0.01), and Digit Symbol Coding 

(p=0.02). See Table 5. When using an age-excluded FSRP score, the association with log 

Trail Making Test Part B did not survive multiple correction comparison (p=0.04). See 

Supplementary Table 2.

Baseline FSRP was associated with worse trajectory among the MCI participants on Logical 

Memory Delayed Recall (β=−0.02, p=0.004). See Table 4. When using an age-excluded 

FSRP score, this finding did not persist (p=0.51). See Supplementary Table 1.

When analyzing FSRP as a categorical variable, the highest (worse vascular health) quartile 

was associated with longitudinal decline in Logical Memory Delayed Recall (β=−0.26, 

p=0.003). See Table 6. When using an age-excluded FSRP score, this observation did not 

persist (p=0.19). See Supplementary Table 3.

Discussion

This study provides a comprehensive analysis of the association between an index for stroke 

risk (FSRP) and cognitive abilities in older adults with a cognitive diagnosis of either NC or 

MCI. Among the NC participants, higher stroke risk (especially the highest FSRP quartile) 

was related to worse cross-sectional performances on a subset of variables, including global 

cognition, information processing speed, working memory, and sequencing abilities. 

Increased FSRP was also associated with cognitive decline among the NC participants for 

all outcomes examined, including global cognition, working memory, information 

processing speed, sequencing, verbal fluency, and episodic memory abilities. These results, 

which cannot be explained by age, suggest that adverse vascular health risk is associated 

with modest declines in cognitive health among cognitively normal older adults. In contrast, 

among the MCI participants, higher stroke risk (especially the highest FSRP quartile) was 

modestly related only to sequencing abilities at baseline and delayed episodic memory 

decline over the follow-up, observations that appear to be associated in part by advancing 

age. That is, age appears to strengthen the stroke risk estimate even when controlling for the 

association between age and neuropsychological performance or change over time.

Collectively, results suggest increased vascular risk is associated with poorer cross-sectional 

and longitudinal neuropsychological health, which is consistent with evidence that 

concomitant cerebrovascular disease accelerates the clinical manifestation of AD pathology 

[26–28]. The present findings are particularly relevant to the current dominating theoretical 

model of AD pathophysiology, which puts forth a temporal ordering of dynamic biomarkers 
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seen in “pure” AD [29]. Despite mounting neuropathological evidence that AD rarely exists 

without concomitant cerebrovascular disease among older adults [30–32], the model does 

not incorporate the contribution of cerebrovascular health. Given the current results 

implicate vascular risk factors as a correlate of neuropsychological decline in the earliest 

portion of the cognitive aging spectrum, theoretical models of AD pathophysiology would 

benefit from a more inclusive representation of mechanisms contributing to AD 

neuropathology, clinical manifestation of neuropsychological symptoms, and progression 

over time.

It also appears that worse systemic vascular health may has the greatest effect on cognitive 

decline among elders with normal cognition as compared to individuals who are already 

clinically manifesting AD pathology (i.e., diagnosed with MCI). There are several plausible 

explanations accounting for the disparity of findings between groups. First, the follow-up 

interval among the MCI cohort was approximately seven months shorter than that of the NC 

cohort, possibly contributing to a shorter window for cognitive decline among the MCI 

group. However, the difference between baseline and last visit outcomes suggests the MCI 

group declined significantly faster on all outcomes compared to the NC group (data not 

shown). Second, a floor effect in the MCI cohort might contribute to the absence of findings, 

yet visual inspection of the data confirmed a wide range of performance across the MCI 

participants. A more plausible explanation is that an adverse vascular risk profile has a 

greater effect on brain aging for individuals with normal cognition compared to MCI. That 

is, worse systemic vascular health may have circumscribed effects on cognitive trajectory 

(i.e., limited to worsening episodic memory performance) among elders with prodromal AD 

who are thought to have extensive amyloid accumulation and tau aggregation (rather than 

cerebrovascular disease) accounting for their cognitive changes [29]. Finally, the source and 

type of MCI cohort we studied may also account for the disparate findings between the MCI 

and NC cohorts. That is, we relied on a cohort of MCI participants with a predominant 

amnestic profile (i.e., Petersen criteria), which may contribute to differences in how vascular 

health affects brain health [33]. Plus, utilization of MCI participants from an Alzheimer’s 

Disease Center network likely yields a referral bias where individuals with cognitive 

complaints or early objective cognitive changes are less likely to have vascular mechanisms 

underlying such changes than if participants were identified through a community-based 

cohort [34]. Future work should more precisely characterize the role of vascular risk factors 

on cognitive decline across strictly controlled MCI subtypes.

The mechanism(s) underlying our observed associations between elevated FSRP and worse 

cognitive outcomes are likely multifactorial and may include the clinical manifestations of 

unrecognized cerebrovascular disease. For example, systemic vascular disease is associated 

with reductions in cerebral blood flow [35], silent cortical infarcts [36,37], white matter 

hyperintensities [38], and microbleeds [39]. Such structural changes related to 

cerebrovascular disease likely contributed to the observed variation across all cognitive 

variables among the NC participants. Unfortunately, neuroimaging data that might confirm 

this hypothesis are not readily available for this dataset.

While the observed effects for the NC group are statistically significant, it is noteworthy that 

some of these effects are relatively small in magnitude. For example, in mixed model 

Jefferson et al. Page 8

J Alzheimers Dis. Author manuscript; available in PMC 2015 February 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



analysis the beta coefficient for FSRP and Logical Memory Immediate Recall is −0.02 while 

the beta coefficient for age and Logical Memory Immediate Recall is −0.07 (data not 

shown). By comparison, the effect of FSRP on Logical Memory Immediate Recall 

performance is equivalent to more than 3 months of advanced cognitive aging. A similar 

effect is present for FSRP and Logical Memory Delayed Recall (i.e., more than 4 months of 

advanced cognitive aging). In contrast, the beta coefficient for FSRP and Digit Symbol 

Coding is −0.07 while the beta coefficient for age and Digit Symbol Coding is −0.47 (data 

not shown). A comparison of these results suggests the effect of FSRP on Digit Symbol 

Coding performance is equivalent to approximately 2 months of advanced cognitive aging. 

The small effects observed in the current study may be secondary to the late life nature of 

the cohort, such that the window of vascular injury on brain health occurs earlier in mid-life 

[40,41]. Furthermore, the modest effect we observed might be compounded over several 

decades of aging given life expectancy in the United States extends late into the eighth 

decade. Future work with extensive follow-up intervals will provide clarity on the long-term 

cognitive implications of effects reported in the current study. The small effects observed 

may also be due to a restriction of range of vascular risk or disease in our sample due to our 

exclusion of clinical stroke and transient ischemic attack and the Alzheimer’s Disease 

Center network referral bias mentioned above [34]. Effects of vascular health on cognitive 

outcomes may be larger when studying a more representative sample.

It is notable that demographic factors differed by FSRP categorical values. That is, 

participants with higher (worse) FSRP values were more likely to be older (which was 

expected given increasing age earns more points in the stroke risk profile), non-white, and 

have lower education levels at baseline as compared to the healthier FSRP values. These 

findings align with previous studies reporting a higher prevalence of cardiovascular 

comorbidities in minority elders in comparison to whites [42]. Socio-economic factors 

contributing to such health disparities may include an earlier age of onset or treatment 

differences for chronic health conditions among minorities [43,44]. Also, education 

attainment is often used as a proxy measure for socioeconomic status or health literacy and 

has been linked to cardiovascular health [45]. Given the higher burden of CVD among 

minorities and the established link between impaired cardiovascular health and dementia 

risk, additional research is needed to examine how multiple cardiovascular comorbities 

influence cognitive trajectories in these populations.

One observation from the current study that warrants brief discussion is the cross-sectional 

association between FSRP and Boston Naming Test 30-item performance in MCI. While 

inspection of the raw-unadjusted mean Boston Naming Test 30-item performance by FSRP 

quartile suggests more adverse vascular risk corresponds to poorer naming performance, the 

fully adjusted models suggest it is associated with better naming performance. To 

understand this counterintuitive finding, we examined interaction terms between age-

excluded FSRP and age, sex, education, and race, but only age emerged as a significant 

(albeit weak) interaction term. Follow-up analyses suggest the counterintuitive effect was 

present in participants age 75 and older. It is plausible that the ambiguous FSRP and naming 

observation may be due to a more complex multi-variable interaction or confound not 

captured with our available methods. Replication is needed to better understand this finding.
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The current study enhances the existing literature in several important ways. First, much of 

the existing literature has not considered the differential impact of diagnostic status (i.e., 

brains at risk in the normal cognition or MCI phase of cognitive aging). Second, inclusion of 

both cross-sectional and longitudinal analyses offers an opportunity to reconcile prior 

inconsistencies in the literature. Third, most prior work examining vascular health in relation 

to brain aging has emphasized a “silo” approach by focusing on one single risk factor, such 

as blood pressure [46]. However, vascular health is a complex construct, which is supported 

by formal guidelines for managing cardiovascular and cerebrovascular disease suggesting 

more emphasis on risk prediction models incorporating multiple vascular factors. Finally, 

continuous FSRP models suggest increasing adverse vascular risk is associated with worse 

cognitive trajectory across all neuropsychological measures of interest among cognitively 

normal elders. Examination of the categorical FSRP models illustrates there is an 

incremental effect of adverse vascular risk on certain cognitive outcomes like global 

cognition, information processing speed, and fluency production over time. By contrast, 

only the most adverse vascular risk category (i.e., Quartile 4 in comparison to Quartile 1) 

relates to attention decrements over time among cognitively normal elders. Thus, as we have 

previously shown [19], examining systemic vascular health as both a continuous and 

categorical variable provides rich information to better understand associations between 

vascular health and brain aging.

Additional strengths of the current study include our leveraging of the extensive NACC 

UDS dataset which included standard cognitive diagnostic criteria applied across 

participating sites and enabled assessment of vascular health in relation to both general 

cognition and specific cognitive systems. Finally, the study’s longitudinal follow-up 

permitted analysis of FSRP in relation to cognitive trajectory, providing power to identify 

novel effects and reconciling ambiguous results from prior longitudinal work [11,47].

There are some methodological limitations to the current manuscript that warrant discussion. 

First, participants comprising the NACC dataset are predominantly White and well-educated 

and reflect a convenience sample, which limits generalizability. The use of a highly 

educated population is noteworthy because participants’ FSRP values may be lower given 

the well-educated cohort, reflecting better vascular health [48–50]. There was a relatively 

short mean follow-up time (2 to 3 years), but we believe the large sample size (n=9720) 

offers sufficient power to detect valid changes in cognition and function within this time 

period. Reliance on a modified version of the FSRP may have underestimated vascular 

health issues in the current sample given that LVH prevalence among adults age 50 and 

older ranges from 14% to 48% [51]. Similarly, the reliance on self-report for some elements 

of the FSRP may have contributed unwanted variance in the dataset. Finally, assessment of 

episodic memory in NACC is restricted to immediate and delayed story paragraph recall. 

The inability to assess associations between vascular risk and learning or recognition poses a 

methodological limitation.

In summary, our findings suggest that underlying vascular health (as measured by a risk 

factor score) is associated with cognitive decline in cognitively normal elders. Inexpensive 

and easily determined vascular risk health information may serve as an informative and cost-

effective risk stratification tool for more detailed and costly assessments and interventions. 
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Future studies should incorporate subtypes of cognitive impairment to better understand 

associations between adverse vascular health and cognitive outcomes. Integration of 

neuroimaging and other biomarkers in future work will provide key information regarding 

mechanisms underlying the associations observed here. Longitudinal research will also 

determine whether favorable modification of a patient’s vascular risk profile modifies 

cognitive trajectory.
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Figure 1. Participant Inclusion & Exclusion Details
The exclusion numbers are not mutually exclusive. Missing data includes baseline 

demographic variables (i.e., education, race), FSRP values, and outcomes. Within the 

missing data category (n=1399), the majority of individuals were excluded due to missing 

outcomes (n=1043).

Jefferson et al. Page 15

J Alzheimers Dis. Author manuscript; available in PMC 2015 February 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Jefferson et al. Page 16

T
ab

le
 1

N
eu

ro
ps

yc
ho

lo
gi

ca
l P

ro
to

co
l

D
om

ai
n

T
es

t
R

an
ge

N
C

**
M

C
I*

*

B
as

el
in

e
L

as
t 

V
is

it
†

p-
va

lu
e

B
as

el
in

e
L

as
t 

V
is

it
†

p-
va

lu
e

G
lo

ba
l

C
og

ni
tio

n
M

in
i-

M
en

ta
l S

ta
te

 E
xa

m
in

at
io

n 
(M

M
SE

)
[5

2]
0–

30
28

.9
±

1.
4

28
.5

±
2.

2
<0

.0
01

26
.9

±
2.

6
24

.3
±

5.
3

<0
.0

01

A
tte

nt
io

n
D

ig
it 

Sp
an

 F
or

w
ar

d 
[5

3]
0–

12
8.

5±
2.

1
8.

4±
2.

0
<0

.0
01

7.
7±

2.
1

7.
5±

2.
2

<0
.0

01

In
fo

rm
at

io
n

Pr
oc

es
si

ng
Sp

ee
d

D
ig

it 
Sy

m
bo

l [
53

]
0–

93
47

.4
±

12
.5

46
.0

±
14

.0
<0

.0
01

37
.2

±
12

.3
32

.5
±

14
.4

<0
.0

01

T
ra

il 
M

ak
in

g 
T

es
t P

ar
t A

*  
[5

4]
0–

15
0

34
.8

±
16

.3
36

.6
±

20
.1

<0
.0

01
45

.3
±

23
.5

55
.7

±
35

.0
<0

.0
01

E
xe

cu
tiv

e
Fu

nc
tio

ni
ng

T
ra

il 
M

ak
in

g 
T

es
t P

ar
t B

*  
[5

4]
0–

30
0

91
.4

±
50

.9
10

2±
64

.2
<0

.0
01

14
2.

5±
77

.6
16

8.
7±

89
.4

<0
.0

01

D
ig

it 
Sp

an
 B

ac
kw

ar
d 

[5
3]

0–
12

6.
8+

2.
3

6.
7+

2.
3

<0
.0

01
5.

7+
2.

1
5.

2+
2.

2
<0

.0
01

L
an

gu
ag

e
B

os
to

n 
N

am
in

g 
T

es
t-

30
 I

te
m

 (
B

N
T

-3
0)

 [
55

]
0–

30
26

.9
±

3.
4

26
.9

±
4.

0
0.

07
3

24
.1

±
5.

1
22

.5
±

6.
6

<0
.0

01

A
ni

m
al

 N
am

in
g 

(A
ni

m
al

s)
 [

56
]

n/
a

20
.0

±
5.

7
19

.3
±

6.
1

<0
.0

01
15

.5
±

4.
9

13
.4

±
5.

7
<0

.0
01

V
eg

et
ab

le
 N

am
in

g 
(V

eg
et

ab
le

s)
 [

57
]

n/
a

14
.8

±
4.

2
14

.1
±

4.
7

<0
.0

01
11

.0
±

3.
9

9.
3±

4.
6

<0
.0

01

E
pi

so
di

c
M

em
or

y
L

og
ic

al
 M

em
or

y 
Im

m
ed

ia
te

 R
ec

al
l [

53
]

0–
25

13
.5

±
3.

9
14

.1
±

4.
5

<0
.0

01
8.

9±
4.

2
7.

7±
5.

1
<0

.0
01

L
og

ic
al

 M
em

or
y 

D
el

ay
ed

 R
ec

al
l [

53
]

0–
25

12
.2

±
4.

2
13

.1
±

5.
0

<0
.0

01
6.

4±
4.

6
5.

7±
5.

4
<0

.0
01

N
ot

e.

* lo
w

er
 s

co
re

s 
de

no
te

 b
et

te
r 

pe
rf

or
m

an
ce

;

**
N

C
 a

nd
 M

C
I 

gr
ou

ps
 d

if
fe

r 
on

 a
ll 

m
ea

su
re

s 
at

 b
as

el
in

e 
an

d 
la

st
 v

is
it;

 p
-v

al
ue

s 
re

fl
ec

t w
ith

in
 g

ro
up

 c
ha

ng
es

 f
ro

m
 b

as
el

in
e 

to
 la

st
 v

is
it;

† fo
r 

de
sc

ri
pt

iv
e 

pu
rp

os
es

 o
nl

y,
 th

e 
di

ff
er

en
ce

 b
et

w
ee

n 
la

st
 v

is
it 

an
d 

ba
se

lin
e 

vi
si

t c
og

ni
tiv

e 
pe

rf
or

m
an

ce
 w

as
 c

om
pa

re
d;

 f
or

 h
yp

ot
he

si
s 

te
st

in
g,

 g
en

er
al

iz
ed

 li
ne

ar
 m

ix
ed

 m
od

el
s 

in
cl

ud
ed

 n
eu

ro
ps

yc
ho

lo
gi

ca
l 

da
ta

 a
cr

os
s 

al
l v

is
its

 b
et

w
ee

n 
th

e 
fi

rs
t a

nd
 m

os
t r

ec
en

t (
la

st
) 

vi
si

t

J Alzheimers Dis. Author manuscript; available in PMC 2015 February 21.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Jefferson et al. Page 17

Table 2

Sample Characteristics

NC
n=6603

MCI
n=3117

p-value

Age, years 72±8 74±8 <0.001

Sex, % Female 68 56 <0.001

Race, % White 80 77 0.021

Education, years 15.6±3 15±4 <0.001

Neuropsychological observations, total 3.6±2.3 2.9±2.0 <0.001

Follow-up time,* years 3.0±2.5 2.2±2.2 <0.001

FSRP, total risk points 11.5±4.8 12.6±4.5 <0.001

    Systolic blood pressure, mmHg 133±18 136±19 <0.001

    Antihypertensive medications, % 41 45 <0.001

    Diabetes, % 11 15 <0.001

    Current smoker, % 4 4 0.31

    History of CVD, % 10 14 <0.001

    Atrial fibrillation, % 6 6 0.21

Age-excluded FSRP, total risk points 5.7±3.3 6.2±3.4 <0.001

Note.

*
defined as time between first and last UDS visit
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