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Abstract

Cardiovascular disease risk factors, including age, hypertension, and diabetes, contribute to aortic
stiffness and subclinical cardiovascular and brain disease, increasing dementia risk. Aortic
stiffness, measured by carotid-femoral pulse wave velocity (cfPWV), reduces the buffering of
pulsatile blood flow, exposing cerebral small arteries to microvascular damage. High cfPWV is
related to white matter hyperintensities and brain amyloid deposition, and to cognitive decline, but
it is unclear whether cfPWV independently predicts incident dementia. Therefore, we tested the
hypothesis that cfPWV predicts incident dementia in older adults, independent of potential
confounders. The Cardiovascular Health Study Cognition Study followed 532 non-demented older
adults with annual cognitive exams from 1998-99 through 2013. CfPWV was measured on 356
(mean age = 78, 59% women) between 1996-2000. Over 15 years, 212 (59.6%) developed
dementia (median time from cfPWV measurement = 4 years). In age and sex-adjusted Cox
models, cfPWV was significantly associated with increased risk of dementia, but systolic blood
pressure, mean arterial pressure and pulse pressure were not. CFPWV (transformed as —1/cfPWV)
remained significantly associated with dementia risk when further adjusted for education, race,
APOE4, diabetes, body mass index, mean arterial pressure, and anti-hypertensive medication
(hazard ratio = 1.60, 95%CI = 1.02, 2.51). Results were similar when further adjusted for baseline
global cognition, subclinical brain measures, and coronary artery calcification. Finally, higher
cfPWV was related to lower physical activity intensity and higher systolic blood pressure, heart
rate, and waist circumference measured 5 years prior. An important unanswered question is
whether interventions to slow arterial stiffening can reduce the risk of dementia.
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INTRODUCTION

The elasticity of the aorta allows it to cushion, or buffer, pulsatile blood flow. The stiffening
of the aorta with age and other cardiovascular risk factors allows increased transmission of
pulsatile pressures to peripheral arteries, including the vulnerable small cerebral arteries,
resulting in damage such as microvascular ischemia or hemorrhage [1, 2]. Many cross-
sectional and prospective studies have shown that higher aortic stiffness is associated with
markers of cerebral small vessel disease including white matter hyperintensities (WMH),
cerebral microbleeds, and cerebral infarcts [3].

We have previously reported that pulse wave velocity (PWV), the gold standard non-invasive
measure of arterial stiffness, predicted white matter disease and of extent of amyloid in the
brain among nondemented older adults in the Ginkgo Evaluation of Memory Study (GEMS)
[4, 5]. These subclinical brain disease markers are also risk factors for dementia [6]. Higher
aortic stiffness is also associated with poorer cognitive function among nondemented
individuals in cross-sectional [7-9] and longitudinal studies [10-12]. However, it is not clear
if aortic stiffness predicts incident dementia in older adults [7, 13]. The previous two studies
showed different results, where an association between cfPWV and dementia was found in
the Framingham Offspring Study (primarily among individuals without diabetes at baseline)
[13] but was not found in the Rotterdam Study [7].

Higher carotid-femoral pulse wave velocity (cfPWV) is also related to cardiovascular risk
factors including age, hypertension, diabetes, [14] but predicts cardiovascular disease (CVD)
events and mortality independent of CVD risk factors [15, 16]. Aortic stiffness is also
associated with measures of subclinical CVD including coronary artery calcification (CAC)
[17, 18], with arterial remodeling [19, 20], and with multiple end-organ damage [21]. Thus,
cfPWV may be an integrated measure of biological vascular aging and long-term exposure
to cardiovascular risk factors. Associations of aortic stiffness and PWV with cognitive
function and decline have also been shown to be independent of CVD risk factors [3, 22]. In
contrast, some studies suggests that WMH partially explains the PWV-cognitive function
association, [23] or show a synergistic effect of high PWV, high WMH and hypotension on
cognitive decline [24].

Therefore, in this paper, we evaluated whether baseline cfPWV among non-demented older
adults (mean age = 78) predicted incident dementia over 15-year follow-up in a longitudinal
cohort, the Cardiovascular Health Study Cognition Study (CHSCS). The primary study aim
was to evaluate whether cfPWV predicted incident dementia, independent of potential
confounders including age, hypertension, and diabetes. Second, we evaluated whether the
association of cfPWV with incident dementia was explained or modified by diabetes, or by
existing subclinical brain or CVD including MRI-measured WMH, ventricular atrophy,
brain infarcts, or CAC score.
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MATERIALS AND METHODS

Participants

The data that support the findings of this study are available at the National Heart, Lung, and
Blood Institute-CHS website (https://chs-nhlbi.org/) and would be made available by the
corresponding author on reasonable request.

The CHS-CS has been previously described. [25-28] Briefly, starting in 1998-99, CHS-CS
performed annual cognitive evaluations on 532 participants in the longitudinal
Cardiovascular Health Study (CHS) in Pittsburgh, who were not demented at baseline. As
previously described, from 924 participants who had a brain MRI in 1992-1994, 199 (22%)
were deceased, 116 (16%) were demented by 1998-1999, and 77 (13%) did not have
detailed cognitive evaluation in 1998-1999, leaving 532 Pittsburgh CHS-CS participants
free from dementia at baseline (1998-1999) (Supplementary Figure 1). During 1996-2000,
an ancillary study measured cfPWV on 356 of the CHS-CS participants [29]. Compared
with participants with cfPWV measurements, the 176 who did not participate in the cfPWV
ancillary study (n=176) had similar risk factor levels but were older, less educated, had
lower Modified Mini-Mental State Examination (3MSE) and higher prevalence of mild
cognitive impairment (MCI) and brain infarcts (data not shown). This study was approved
by the University of Pittsburgh Institutional Review Board, and informed consent was
obtained from all participants in the study.

Assessment of dementia, cfPWV, and risk factors

The annual cognitive assessments of CHS-CS participants have been previously described
[27]. Briefly, dementia diagnosis was based on a progressive or static cognitive deficit of
sufficient severity to affect the subjects’ activities of daily living, and a history of normal
intellectual function before the onset of cognitive abnormalities. Patients were required to
have impairments in two cognitive domains (e.g., language, visuoconstructional/
visuospatial, executive functions), which did not necessarily include memory [26]. The
classification of dementia was conducted by an experienced neurologist or psychiatrist with
extensive experience in dementia diagnosis. For CHS-CS participants who died between
annual evaluations during follow-up, the status of dementia prior to death was carefully
evaluated [27].

CfPWV (m/s) measurements were performed according to best practices, [30] as previously
described [29, 31]. Trained sonographers recorded PWV waveforms simultaneously at the
right carotid and femoral arteries using Pencil-type Doppler probes (model 810-a, 10 MHz,

Parks Medical Electronics, Aloha, OR). PWV is _distance  nyistance traveled by the pulse

transit time
waveform was estimated by measurement between the two waveform sites, subtracting the
carotid-aorta distance from the aortic-femoral distance, to adjust for the opposite direction of
blood flow in that arterial branch. Time is the difference (delay) between the upstroke “foot”
of the carotid and femoral waveforms, which was calculated from averaged results from
three 20-second data files, scored by a single reader, resulting in excellent reproducibility,
with intraclass correlation coefficients = 0.86 for between-sonographer variability [31].
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As previously described, risk factors were assessed by standardized protocols during the
1998-1999 examination [28]. Lipid and glucose assays were performed on fasted blood (12-
hfast) [32]. Hypertension was defined as SBP =140 or DBP =90 or self-reported history of
hypertension and antihypertensive medication use. PP was calculated as SBP - DBPand
mean arterial pressure (MAP) was calculated as DBP + 1/3PP. Diabetes was defined by
fasting blood glucose =7.0mmol/L or self-reported use of oral hypoglycemic agents or
insulin. CAC was measured in 1998-2000 by electron beam tomography scanning, and
quantified as Agatston score [33]. Brain MRI scanning was completed in 1998-99 using a
1.5-T scanner, as described [34]. White matter lesions and ventricular size were graded on
an ordinal scale of 0 to 9 [35]. As in prior reports, subclinical brain MRI abnormalities were
defined as =5 for ventricular grade, =3 for white matter grade, or presence of =1 infarct
(>3mm) [27, 35].

Statistical analysis

All analyses were performed using SAS version 9.4, Cary, NC, USA, with statistical
significance set at p < 0.05. Depending on distribution, continuous participant characteristics
were summarized as mean £ SD or median (interquartile range) and categorical
characteristics as n(%). Cross-sectional associations of baseline characteristics with cfPWV
quartiles (defined using all the participants in this analysis) were tested for trend using
spearman rank-order test or Cochran-Armitage trend test.

Time-to-event (person-years) was defined from date of cfPWV measurement to onset of
dementia, or end of follow-up (i.e., end of study or death). We used age-adjusted survival
curves [36] to graphically evaluate the association of cfPWV quartiles with dementia risk.
Next, multivariable-adjusted hazard ratios (HR) and 95% confidence intervals (95%CI) for
cfPWYV (continuous and quartiles) predicting incident dementia were evaluated using Cox
proportional hazard regression. Exact method was used to handle tied events. Continuous
cfPWV was transformed as —1/cfPWYV to reduce heteroscedasticity and maintain
directionality, as previously described [7, 13]. For cfPWV quartiles (reference = lowest), p-
for-trend was determined using ordinal values of the quartiles (0, 1, 2, 3). The proportional
hazards assumption was tested in all models. Models were sequentially-adjusted using
covariates selected based on previous studies [7, 13, 27, 37]. The minimal model adjusted
for age and sex; the base model further adjusted for education, race, APOE e4 carriage,
diabetes, BMI, and MAP; and the full model further adjusted for anti-hypertensive
medication. Based on prior studies [7, 13, 26, 28, 38], we performed sensitivity analyses to
evaluate potential confounding and/or effect modification on the cfPWV-dementia
association by subclinical disease measures or risk factors, including risk factors measured
~5 years prior [30]. In sensitivity analyses, subgroup differences (i.e., those with and without
baseline diabetes) were tested by including interaction terms (¢cfPWV x Subgroup) in the
each model, as well as evaluating models stratified by subgroups.

For comparison, associations of SBP, DBP, MAP, and PP (continuous and quartiles) with
dementia were also evaluated using the minimal model, and the base and full model (without
MAP). Finally, we evaluated associations of cfPWV and brain MRI measures with incident
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dementia before and after adjusting for PWV, in models that also adjusted for full model
covariates.

RESULTS

Among the 356 participants, mean (SD) age was 77.8 (3.8), 41.0% were men, 22.2% were
APOE e4 carriers, 45.8% had hypertension, 11.2% had diabetes, and 18.3% had MCI at
baseline (Table 1). During the follow-up period, 212 (59.6%) cases of dementia occurred,
with mean and median time to diagnosis of dementia = 4 years, and 215 deaths (60.4%)
occurred.

We also evaluated correlations of PWV with risk factors measured approximately 5 years
prior to cfPWV measurement in addition to concurrent risk factors and to brain MRI
measures (Table 2). Higher cfPWV was significantly correlated with lower physical activity
intensity and higher SBP, PP, MAP, heart rate, and waist circumference at both timepoints,
but for all except heart rate, correlations were slightly weaker for risk factors measured 5
years prior than with risk factors measured concurrently with PWV. CfPWV with subclinical
MRI brain measures were not significant (Table 2) Results were similar for linear trends
across quartiles of PWV (Supplementary Table 1) Individuals in higher cfPWV quartiles
also had fewer years of education and higher prevalence of hypertension (p < 0.05 for both.)
Higher cfPWV was also weakly associated with lower prevalence of APOE &4, and higher
prevalence of diabetes, MCI, brain infarcts, and high WMG, but not to high VG, which was
lowest in the highest PWV quartile (Supplementary Table 1).

Figure 1 shows that the age-adjusted probability of dementia-free survival was highest for
those in the lowest quartile of cfPWV and lowest for those in the highest cfPWV quartile. In
Cox regression models (Table 3), risk of incident dementia was significantly related to
higher cfPWV (continuous, transformed as —1/cfPWV), with HR (95%Cl)) = 1.52 (1.04,
2.24) adjusted for age and sex (Minimal model), and 1.60 (1.02, 2.51) additionally adjusted
for education, race, APOE &4, diabetes, BMI, MAP (Base model), and anti-hypertensive
medication (Full model.) Results were similar for cfPWV quartiles, with HR(95% ClI) =
1.57 (1.01, 2.42) for highest versus lowest cfPWV quartile (Full model in Table 3). For
continuous and quartiles of cfPWV, results were also similar adjusted for waist
circumference instead of BMI (not shown), or when further adjusted for heart rate and
physical activity measured concurrent with cfPWV measurement or five years earlier, and
with MAP measured five years earlier. For example, adjusted for heart rate, physical activity,
and MAP from year 5 instead of year 10, the risk of dementia for continuous cfPWV was
(HR (95%CI) = 1.64 (1.04, 2.57).

Primary results were similar when we excluded dementia cases that occurred within 1 year
of baseline (data not shown). Results were also similar with hypertension defined as “SBP
>130 or DBP >80 or use of anti-hypertensive medications” according to the 2017
Hypertension Clinical Guidelines [39] (data not shown). In sensitivity analyses, we stratified
the results by baseline diabetes, age group, APOE e4, and MCI. There was no evidence that
the association of cfPWV with dementia differed by these factors (p >0.10 for all interaction
terms; data not shown).

J Alzheimers Dis. Author manuscript; available in PMC 2019 January 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cuietal.

Page 6

In contrast to cfPWV results, SBP, DBP, MAP and PP were not significantly associated with
incident dementia, when adjusted for age and sex, or further adjusted for base, or full model
covariates of education, race, APOE &4, and diabetes, and antihypertensive medication, but
not MAP (Supplementary Table 2).

Finally, we evaluated effects of subclinical cardiovascular and brain disease measures on
associations of cfPWV with dementia, adjusted for full model covariates (Table4). The risk
of dementia with higher cfPWV was not attenuated when adjusted for CAC and was only
minimally attenuated when adjusted for high matter grade, high ventricular grade, and
presence of infarcts in the same model, although losing statistical significance. Similarly, the
cfPWYV association with incident dementia was minimally attenuated when adjusted for each
brain MRI measure, separately, or for the combined presence of any of them (=1 of high
WMG, high VG or infarcts). Of note, adjusting for cfPWV also minimally attenuated the
risk of dementia for each of the subclinical brain measures or the combined measure.
Finally, there was no evidence that the association of cfPWV with dementia differed by
white matter grade, ventricular grade, or MRI brain infarcts (v >0.10 for all interaction
terms), and associations persisted when restricted to individuals with no brain abnormalities
(data not shown).

DISCUSSION

This longitudinal study found that higher cfPWV at mean (SD) age of 78 (4) years was
significantly associated with higher risk of incident dementia over 15 years of follow-up,
with multivariable-adjusted dementia risk ~60% higher with higher cfPWV (both for
continuous (transformed) cfPWV or for highest versus lowest cfPWV quartile.) In contrast,
SBP, MAP, and PP were not significantly associated with incident dementia, in minimal or
fully adjusted models. Furthermore, the risk of dementia with higher cfPWV was also
unchanged by adjusting for risk factors measured ~5 years prior, or CAC and was minimally
attenuated in models that further adjusted for high white matter grade, high ventricular
grade, presence of large brain infarcts, separately or combined. Finally, the association of
cfPWV with dementia and showed no significant differences by diabetes, baseline MClI, age,
APOE e4, or subclinical brain disease measures.

Our primary results agree with the Framingham Offspring Study (FOS, n= 1,101, mean age
= 69) [13] which found a significant association of higher cfPWV with dementia risk with
over 10-year follow-up [13]. In FOS, the cfPWV-dementia association was not observed
among individuals with baseline diabetes, which did not replicate in our smaller, older
cohort. In contrast, the Rotterdam Study (n7= 2,767, meanage = 71) [7] found no association
of cfPWV, or carotid distensibility, with incident dementia or with cognitive decline over
4.4-year follow-up, before or after risk factor adjustment. These null findings in Rotterdam
may be related to the ~25% loss of participants to death or non-participation between
baseline and the follow-up visit approximately 5 years later. In contrast, our smaller study
had essentially complete follow-up for dementia, whereas and FOS was missing dementia or
MCI status on only ~16.5% ((92+108)/1206). As noted, our primary results also agree with
prior studies showing significant associations of cfPWV with cognitive decline in older
adults [9, 10, 40]. The present study extends previous research by showing that among these
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older adults, the association of cfPWV with long-term risk of dementia was not accounted
for by baseline levels of subclinical cardiovascular disease, i.e., CAC, or brain disease, i.e.,
WMH, ventricular grade or subclinical brain infarcts.

There are several mechanisms that may explain the increased risk of dementia due to arterial
stiffness. First, as noted, arterial stiffness and dementia share risk factors including age,
hypertension and diabetes. Higher cfPWV is also associated with CAC, [17, 18] which we
have previously reported predicts dementia risk in this cohort [27] and with adverse arterial
remodeling [19, 20] and systemic end-organ damage [21]. However, in our study higher
dementia risk with higher cfPWV was not explained by shared CVD risk factors, or by
CAC. Additional studies are needed to test whether genetic or other shared risk factors for
more rapid biological aging may contribute to both risk of dementia and vascular stiffness.

Avrterial stiffness may also increase dementia risk by contributing to subclinical brain disease
and neurodegeneration, including white matter hyperintensities, ventricular enlargement,
presence of cerebral infarcts, and brain amyloid-p deposition and progression, which are risk
factors for incident dementia [12, 41]. A stiffer aorta is less able to buffer pulsatile pressure,
exposing cerebral arteries to higher pulsatile pressure. In addition to causing ischemia and
microhemorrhage, increased transmission of pulsatile pressure may reduce the exit of
amyloid from brain into spinal fluid and blood, resulting in increased deposition in the brain,
causing the association of PWV with extent and progression of brain amyloid as we reported
in the GEMS [4, 5]. One large cross-sectional study of older elderly adults (r7= 1,820, mean
age = 80) estimated that white matter hyperintensities explained 41% of the association
between cfPWV and memory [23]. However, in the current study, the association of cfPWV
with incident dementia was minimally attenuated and was not modified by baseline high
white matter grade, high ventricular grade, or brain infarcts. Notably, adjusting for cfPWV
also had minimal effect on associations of subclinical brain disease measures with dementia
risk. One explanation for the relative independence of cfPWV and the subclinical brain
measures on dementia risk is additional contribution of other subclinical brain disease
markers, e.g., brain amyloid or newer MRI measures, which were not measured in this study.
However, previous studies have shown that white matter hyperintensities and hypotension
may exacerbate the adverse effects of cfPWV on decline in cognitive function [24] and
WMG and CAC are important risk factors for mortality as well as dementia [25]. Therefore,
independent effects in our study may be partly due to survival bias, where individuals with
high levels of both cfPWV and brain subclinical disease may be underrepresented in this
elderly cohort due to higher rates of dementia and death prior to study participation.
Regardless, this study also showed that the risk of dementia with higher cfPWV was not
significantly modified by the presence of subclinical brain disease and persisted even when
individuals with subclinical brain disease were excluded.

Our results have implications for prevention of dementia that should be tested in future
studies. First, as previously reported, [29] higher cfPWV was related to modifiable risk
factors measured approximately 5 years earlier including higher blood pressure (SBP, PP,
and MAP), heart rate, BMI, and waist circumference and lower physical activity levels.
These results agree with evidence that interventions to control hypertension, decrease
obesity, and increase physical activity may reduce dementia by preventing arterial stiffening
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[42]. Furthermore, although SBP, DBP, MAP, and PP were not significantly associated with
incident dementia among the older adults in our study, other studies have shown significant
associations of mid-life blood pressure with late-life dementia [43]. In the FOS, PP was
modestly associated with all-cause dementia, [44] and in the Hypertension in the Very
Elderly Trial (HYVET) higher baseline and on-trial PP predicted 2-year dementia risk for
both the placebo p=0.032 and active treatment p = 0.0046 groups [45].Other studies have
found that higher PP is associated with arterial stiffness, [3] tau-mediated
neurodegeneration, [46, 47] and amyloid-f deposition [47]. Future studies should test
whether interventions to reduce arterial stiffness slow dementia onset.

Our results should be interpreted in light of study strengths and weaknesses. Study strengths
include high PWV reproducibility, annual highly detailed assessment of cognitive status,
essentially complete follow-up of participants over ~15 years, and measurement of many
potential confounders including subclinical MRI brain disease measures. Study limitations
include a relatively small sample size and are a selected sample of individuals who had
survived dementia free to a mean age of 78. The older age of our study cohort may have
strengthened associations between cfPWV and dementia because dementia incidence
sharply increases with age and because age was only weakly associated with PWV among
these elderly adults. Potential effects of survivor bias must also be carefully considered in
interpreting our results, particularly the relative independence of cfPWYV and brain
subclinical measures for dementia risk. However, as noted, results persisted when restricted
to individuals without baseline subclinical brain disease. Another limitation is that
subclinical brain MRI measures were performed at baseline only, using older technology,
and brain amyloid measures were not performed. Therefore, we cannot determine the role of
newer measures including brain amyloid or of progression of subclinical brain abnormalities
in the cfPWV-dementia association.

Our study shows that among elderly adults, 15-year risk of incident dementia was
significantly related to higher baseline aortic stiffness measured by cfPWYV, but not to blood
pressure measures including PP. These results raise important questions about whether
physical activity or other lifestyle interventions or anti-hypertensive medications can be used
to prevent or treat arterial stiffness and whether reducing arterial stiffness may prevent or
delay the onset of dementia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Baseline characteristics of participants in the CHS-CS (1998-99)

All participants (n = 356)

cfPWV, m/s’t

Age,y
Men (n, %)
Black (n, %)

Education, y’t

Diabetes mellitus (7, %)
Hypertension (n, %)
Anti-hypertensive (7, %)
SBP, mmHg

DBP, mmHg

PP, mmHg

MAP, mmHg

Heart rate, beats/min
BMI, kg/m2

APOEA4 carriers (11, %)

3MSE¢

MCI at baseline (7, %)

8.2 (6.7, 10.0)

77.8+38
146(41.0)
78 (22.0)
17.0 (12.0, 20.0)

40(11.2)
233 (66.4)
195 (54.8)

129.7 £19.5
66.6+11.1
62.7+£17.2
87.8+11.3
625+10.8
27.0+43
79 (22.2)
97.0 (93.0, 99.0)

65 (18.3)

Table 1

Page 13

3MSE, Modified Mini-Mental State Examination; BMI, body mass index; cfPWYV, carotid-femoral pulse wave velocity; CHS-CS, Cardiovascular

Health Study Cognition Study; DBP, diastolic blood pressure; HDLc, high density lipoprotein cholesterol; LDLc, low density lipoprotein

cholesterol; MCI, mild cognitive impairment; SBP, systolic blood pressure.

*
Results are mean + SD unless oth- erwiseindicated.

’tindicates median (IQR),p-valuefromWilcoxon rank test.
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