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Abstract

Whether long-term blood pressure variability (BPV) throughout young adulthood is associated

with cognitive function in midlife remains uncertain. Using data from the Coronary Artery Risk

Development in Young Adults (CARDIA), which recruited healthy young adults ages 18 to 30

years (mean age 25 years) at baseline (Year 0), we assessed BPV by standard deviation (SD) and

average real variability (ARV) over 25 years (8 visits). Cognitive function was assessed with the

Digit Symbol Substitution Test (DSST, psychomotor speed test), the Rey Auditory Verbal

Learning Test (RAVLT, verbal memory test), and the modified Stroop test (executive function

test) at follow-up (Year 25). At the Year 25 examination, participants (n=2,326) with a mean age

of 50.4 years, 43% were men, and 40% were black. In multivariable-adjusted linear regression

models, higher ARVSBP, ARVDBP, and SDDBP were significantly associated with lower scores of

DSST (β [standard error: SE]: −.025[.006], −.029[.007], and −.029[.007] respectively; all P<.001)

and RAVLT (β [SE]: −.016[.006], −.021[.007], and −.019[.007] respectively; all P<.05) after

adjustment for demographic and clinical characteristics and with cumulative exposure to BP

through Year 0 to Year 25. Neither SDBP nor ARVBP was associated with the Stroop score. The

associations between ARVBP or SDBP and each cognitive function test were similar between

blacks and whites except for one significant interaction between race and SDSBP on the DSST

(P<.05). Long-term BPV over 25 years beginning in young adulthood was associated with worse
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psychomotor speed and verbal memory tests in midlife, independent of cumulative exposure to BP

during follow-up.
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Introduction

The association between higher blood pressure (BP) and lower cognitive function has been

well established.1–3 In addition to average BP values, BP variability (BPV) may be

associated with cognitive function.4 BPV consists of the short-term BPV (e.g., beat-to-beat

and within 24-hours) and long-term BPV (e.g., day-by-day and visit-to-visit BPV).5,6 The

implications of long-term BPV are less defined, particularly its effects on cognition.

The association between higher long-term BPV and lower cognitive function has been

recently reported.7–9 These studies were conducted on middle-aged/older persons and/or

high-risk populations, suggesting that BPV itself could be influenced substantially by

comorbidities including (silent) cerebrovascular diseases. The Coronary Artery Risk

Development in Young Adults (CARDIA) Study provides a unique opportunity to study

these issues, since CARDIA enrolled only young adults (18–30 years) with very few

comorbidities.

Using CARDIA data, we assessed whether long-term BPV throughout young adulthood is

associated with measures of cognitive function in midlife. We also examined whether

diverse domains of cognition, including psychomotor speed, verbal memory, and executive

function, are differentially associated with long-term BPV.

Methods

Study population

The CARDIA Study is a multicenter longitudinal study of 5,115 young adults ages 18 to 30

years (mean age 25 yeas) in 1985–1986 (see Supplemental Data).10 All participants

provided written informed consent at each examination, and institutional review boards from

each field center and the coordinating center approved the study annually.

Among 5,115 participants, we excluded 1,617 participants who did not attend the follow-up

examination at Year 25 (Y25), 175 participants with missing data on cognitive function at

Y25, and 997 participants with at least one missing BP measurement during follow-up or any

missing covariates. As a result, we included 2,326 participants who attended Y0 (baseline),

Y2, Y5, Y7, Y10, Y15, Y20, and Y25 examinations and completed cognitive testing at Y25

(median 24.9 years of follow-up). At baseline, the included participants were slightly older

(25.3 vs. 24.5 years), and had a lower percentage of blacks (40.2 vs. 61.1 %), higher

educational attainment (14.3 vs. 13.4 years), and lower baseline SBP (109.8 vs. 110.9
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mmHg; all P<.01) compared to those not included in this study (n=2,789), Supplementary

Table S1.

BP and other measurements

At each examination, research staff measured right-arm brachial artery BP 3 times after the

participant had been sitting in a quiet room for 5 minutes. Three measurements were taken at

1-minute interval, and the average of the 2nd and 3rd measurements was used for the

analysis.11 Members of the CARDIA research staff took measurements by using a Hawksley

random-zero sphygmomanometer (Hawksley, Sussex, United Kingdom) until the Y20

examination, when concerns about mercury contained in the apparatus required a switch to

an automated oscillometric BP monitor (Omron HEM-907XL; Online Fitness, Santa

Monica, CA). A calibration study was performed, and values standardized to the

sphygmomanometric measures were used for the Y20 and Y25 BP measurements, so that no

machine bias remained (see Supplemental Data).12

For the BPV index, we calculated standard deviation (SDSBP, SDDBP), coefficient of

variation (CVSBP, CVDBP), the maximum and minimum BP difference (MMDSBP,

MMDDBP), and average real variability (ARVSBP, ARVDBP) across 8 visits (Y0–25); all of

these measures have been used in prior studies of BPV.5–9,13 ARV is the average absolute

difference between successive BP measurements, and in contrast with SD and CV, it takes

the order of the BP measurements into account.13 Here we only report BPV using SD and

ARV, since CV and MMD are strongly correlated with SD (r=0.96–0.98, both P<0.001;

Supplementary Table S2). We also calculated baseline BP (Y0), change of BP from Y25 to

Y0 (Y25-Y0), average BP from Y0 to Y25 (Y0–25), and cumulative exposure to BP from Y0

to Y25 (Y0–25) (mmHg×year) to use as adjusted variables (Figure 1).

Data on other factors including education, physical activity, and laboratory values were

collected using standardized protocols and quality control across study centers and

examinations (see Supplementary Data).

Cognitive function assessment

A battery of standardized tests to measure cognitive function was performed at the Y25

examination.14 The Digit Symbol Substitution Test (DSST), a subtest of the Wechsler Adult

Intelligence Scale (third edition), assesses an array of cognitive domains, most prominently

visual motor speed, sustained attention, and working memory. The range of scores is 0 to

133, with increasing scores indicating better performance. The Rey Auditory Verbal

Learning Test (RAVLT) assesses the ability to memorize and to retrieve words (verbal

memory) after several presentations of the word list immediately one after another, and then

after a delay of 10 minutes. Results from the long-delay (10 minutes) free recall were used

in analyses. The range of scores is 0 to 15, with increasing scores indicating better

performance. The Stroop test evaluates the ability to view complex visual stimuli and to

respond to one stimulus dimension while suppressing the response to another dimension, an

executive skill largely attributed to frontal lobe function.15 The interference score provides a

measure of how much additional executive processing is needed to respond to an

incongruent trial; thus, a higher interference score indicates worse performance on the task.
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Each trial was scored by summing the number of errors and the time required to complete

each trial. An interference score was calculated by subtracting the score on the incongruent

trial from the second congruent trial.

Statistical Analysis

Statistical analyses were performed using SAS software version 9.3 (SAS Institute Inc,

Cary, NC). The associations between individual variables were calculated by Pearson’s

correlation method adjusted by age, sex, and race. To show the distribution of BPV over all

participants, the range of each BPV index was calculated by decile. Differences in cognitive

function scores among the decile groups were assessed using analysis of covariance with

adjustment for age, sex, race, educational attainment, and study site. Unadjusted and

multivariable-adjusted linear regression models were used to assess the association of BPV

with cognitive function. In the first step, we carried out unadjusted analyses (Model 1). In

the second step, we added age (Y0), sex, race, educational attainment (years), and study

center as adjustment covariates (Model 2). In the last step, we further adjusted for clinical

characteristics at Y25 (i.e., body mass index [BMI], smoking, alcohol, physical activity,

glucose and lipid parameters, use of antihypertensive drugs, and incidence of stroke) plus

BP (Y0) and change of BP (Y25-Y0) (Model 3) or cumulative exposure to BP through Y0 to

Y25 (Model 4). These covariates were selected since they have significant correlations with

BPV (Supplementary Table S4) or as relevant factors related with cognitive function, shown

in previous literature.1 As a sensitivity analysis, BPV was calculated across 6 (Y0–15) or 7

(Y0–20) visits or to assess the effects of exposure to long-term BPV through Y0 to Y15 or to

Y20 on cognitive function at Y25. Statistical significance was defined by a P value of < 0.05

on 2-sided tests.

Results

Table 1 provides the demographic and clinical characteristics at Y0 and Y25 of the included

participants. For the 2,326 participants, mean SBP and DBP across 8 visits were 110.8±9.7

mmHg (range=86.1–157.0) and 70.5±7.3 mmHg (range=50.5–99.5), respectively. The mean

and range of each BPV index stratified by deciles is shown in Supplementary Table S3.

Table S4 shows the associations between each BPV index and clinical characteristics

adjusted for age, sex, and race.

Among participants, mean scores on the DSST, RAVLT, and Stroop test were 71.4±15.7

symbols (range=8–125), 8.6±3.2 words (range=0–15), and 22.1±10.1 sec+errors (range=−2

to 127), respectively. Figure 2 shows mean (95% confidence intervals) scores of cognitive

function test with adjustment for age, sex, race, education, and study site in deciles of SDBP

and ARVBP. Higher SDBP and ARVBP were associated with lower scores of DSST and

RAVLT but not with Stroop test (Figure 2A and 2B).

Table 2 shows linear regression models to examine the associations of SDBP and ARVBP

with cognitive function. Higher SDBP and ARVBP were associated with lower DSST and

RAVLT scores, and with higher Stroop score (Model 1 in Table 2). Adjustment for the

demographic variables attenuated the associations (Model 2), but SDDBP, ARVSBP, and

ARVDBP remained significantly associated with DSST and RAVLT scores, with adjustment
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also for clinical characteristics at Y25, and BP (Y0) and change of BP (Y25-Y0) (Model 3) or

cumulative exposure to BP (Y0–25) (Model 4). When we used average BP (Y0–25) instead of

cumulative exposure to BP (Y0–25) as adjustment factors, results were similar (data not

shown). When we used pulse pressure, defined as SBP minus DBP at baseline or Y25, and

clinical characteristics at Y0 instead of those at Y25 as adjusted factors, results were

unchanged (Supplementary Table S5 and S6). Neither SDBP nor ARVBP was associated

with the Stroop score in adjusted models. In Model 4, the standardized β values for age

ranged between −0.033 and −0.038 for the DSST (all P<.001) and between −0.007 and

−0.009 for the RAVLT (P=NS). When we used CVBP and MMDBP instead of SDBP as

primary exposures, results were similar (Supplementary Table S7).

Overall patterns of the associations between measures of BPV and cognitive function were

similar between blacks and whites (Supplementary Table S8). There was one significant

interaction between race and SDSBP in the model for DSST (P<.05); the association was

moderately stronger in blacks than whites, but the direction of the association was the same.

When participants who had antihypertensive drugs at Y25 or incident stroke during follow-

up (n=595) were excluded, the significant association of SDBP and ARVBP with cognitive

function remained similar (Supplementary Table S9). There were no significant interactions

between SDBP or ARVBP and antihypertensive medication use in association with cognitive

function (all P=NS). When BPV was calculated across 6 (Y0–15) or 7 (Y0–20) visits, the

results were mostly similar (Supplementary Table S10 and S11).

Discussion

The main findings here are that higher long-term BPV from young adulthood to midlife

(from 25 to 50 years old) was associated with worse psychomotor speed (as measured by the

DSST) and verbal memory (as measured by the RAVLT) in midlife, independent of

cumulative exposure to BP during follow-up.

At least three studies show longitudinal associations between long-term BPV and cognitive

function.7–9 Sabayan et al. reported that, among 5,461 elderly (mean age 75 years and 44%

had vascular disease at baseline), higher SDSBP and SDDBP over 3 years of follow-up (13

visits) were associated with poor performance in selective attention, processing speed,

immediate verbal memory, and delayed memory.7 Alpérovitch et al. showed that, among

6,506 elderly (mean age 74 years and 80 % were hypertensive patients), higher CVSBP and

CVDBP over 3 years of follow-up (3 visits) were associated with higher risk for dementia.8

Matsumoto et al. suggested that, among 485 participants (mean age 63 years; 31% on

antihypertensive medications), higher SDSBP in day-to-day BP measured at home over 8

years of follow-up was associated with higher risk for cognitive decline. All studies were

conducted among middle-aged/older persons and/or high-risk populations,7–9 raising a

possibility that BPV might be affected by comorbidities. For example, even in studies of the

stroke-free elderly, silent cerebral infarction has been identified in 20–30% and white matter

disease in 80%,16 which could cause both higher BPV and cognitive dysfunction.17,18 Since

CARDIA enrolled healthy young adults with very few comorbidities, our findings

complement and strengthen the longitudinal association of long-term BPV with cognitive
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function. When we focused on the effects of exposure to long-term BPV through Y0 to Y20

on cognitive function at Y25, avoiding the inclusion of late assessments of BP at the end of

follow-up that already might have been affected by atherosclerotic changes, the conclusions

were similar (Supplementary Table S10).

The contributors to short-term BPV include baroreflex and autonomic function as well as

responses to environmental and behavioral stimuli, whereas the factors contributing to long-

term BPV, particularly in younger adults, remain uncertain.5,6 Chen et al. suggested that

lower birth weight was related to higher long-term BPV from childhood to adulthoods;

higher sympathetic nervous activity could in part account for the phenomenon.19,20

Behavioral factors and large and small artery stiffening associated with aging may also

contribute to long-term BPV.5,6 We found that less educational attainment, higher BMI, and

less physical activity were associated with higher long-term BPV. Further clinical

implications depend on whether lifestyle interventions in young adults can stabilize long-

term BPV throughout young adulthood, and whether such interventions can prevent age-

related cognitive decline. Inconsistent BP control by non-adherence and insufficient efficacy

of antihypertensive medications are other important contributors to long-term BPV.5

Exclusion of those who used antihypertensive medications at follow-up did not change the

association between long-term BPV and cognition (Supplementary Table S9).

We found significant associations of BPV with RAVLT and DSST scores but not with

Stroop test scores. The RAVLT and DSST reflect functions of hippocampal neurons.21

Hippocampal neurons are highly vulnerable to disturbances of the cerebral circulation by

systemic vascular disease.22 Higher long-term BPV with chronic occurrence of periods of

higher and lower BP levels could enhance cerebrovascular damage and/or cerebral

hypoperfusion,23 which may result in neuronal injury particularly at the vulnerable area.7 It

remains unclear, however, whether such BP fluctuations can overcome the cerebrovascular

autoregulation in younger adults. Another explanation is that there may be a common

etiology between higher BPV and lower cognitive function. Both BPV and hippocampal

neurons are susceptible to hyperactivation of the hypothalamic-pituitary-adrenal axis or

hypoxia.5,6,22 Adverse stressors (e.g., psychosocial stress, sleep deprivation, and minor

illness) and sleep-disordered breathing are uncontrolled confounders in this study.

Apparent differences in the clinical implications of ARVBP and SDBP were not found, but

we noted that ARVBP was more consistently associated than SDBP with RAVLT and DSST

scores (Table 2). ARVBP was shown to be a better predictor of cardiovascular outcomes

than SDBP and CVBP,5,6,13 while the differences in relation to cognitive function have been

less frequently examined.7–9 To identify which BPV indices best identify those with a

potential risk of lower cognitive function, further investigations comparing the effects of

different BPV indices on cognitive function are warranted.

The associations of BPV with cognitive function were similar between blacks and whites,

but one significant interaction of SDSBP with DSST was observed (Supplementary Table

S8). No studies have assessed the influence of BPV on cognitive function in racially diverse

populations. Blacks show higher BPV compared to whites,24 and therefore it is worthwhile

to further examine whether the impact of BPV on cognitive function differs by race.
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The major strengths of this study include the study cohort of healthy young adults,

application of a comprehensive standardized cognitive test battery, and identical numbers

and equal interval of BP measurements by individual. However, there are limitations. First,

we could not assess changes in cognitive function from baseline to follow-up, and we cannot

conclude whether the low cognitive function scores reflect cognitive decline. Further

CARDIA examinations including cognitive function would enable us to explore the time

course of cognitive function in participants with higher long-term BPV. Second, a number of

people from the original cohort were not included in the present analysis (55%). There is a

potential bias in the study participants included for the analysis; less educational attainment

and higher SBP at baseline were observed in those not included in this study, suggesting that

the included participants might have a lower risk of cognitive dysfunction than those not

included. This might have led us to underestimate the true association between BPV and

cognitive function. Third, the shift from auscultatory to oscillometric BP readings might

affect and bias the assessment of BPV over time. A calibration study was performed, which

showed no machine bias, and a sensitivity analysis by BPV across 6 visits (Y0–15) showed

similar results (Supplementary Table S11). Fourth, the associations between BPV and

cognitive function were significant, but the effect sizes were small. The effect sizes were

relatively similar to those associated with age, however. Last, our sample consists of blacks

and whites, thus our findings cannot be generalized to other race/ethnic group.

Perspective

The present study provided a clinical implication of BPV throughout young adulthood on

cognitive function in midlife. Our results emphasize the importance of focusing not only on

BP values alone but also on visit-to-visit BPV to identify younger adults who may be at risk

for developing lower cognitive function later. Replication in different studies/cohorts is

warranted. Additional follow-up in CARDIA will help to determine the influence of BPV

beginning in young adulthood on aging-related cognitive decline and dementia through older

age. Such evidence may help to direct potential strategies for preventing lower cognitive

function in those middle-aged or over.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New

Higher long-term BP variability throughout young adulthood is associated with lower

cognitive function in midlife.

What Is Relevant?

Longitudinal associations between long-term BP variability and cognitive function have

been reported in the elderly and/or high-risk populations.

The effects of long-term BPV throughout young adulthood on cognition function in

midlife remain uncertain.

Summary

Long-term BPV over 25 years beginning in young adulthood was associated with worse

psychomotor speed and verbal memory tests in midlife, independent of cumulative

exposure to BP during follow-up.
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Figure 1. The formula of BP index
The figure shows one example of individual follow-up data of BP across 8 visits (Y0–25).

The absolute differences of BP between successive BP measurements are shown as Δ1−Δ7.

For example, Δ1 represents the difference in SBP between the Y0 and Y2 values. Average

real variability (ARV) is calculated as (Δ1+Δ2+Δ3+Δ4+Δ5+Δ6+Δ7)/7. The mean BP

between successive BP measurements is shown as M1−M7. Cumulative exposure to BP was

calculated as (M1×2year+M2×3year+M3×2year+M4×3year+M5×5year+M6×5year

+M7×5year), and is shown by the dotted area, representing in mmHg×years. Maximum and

minimum BP difference (MMD) was calculated as maximum BP minus minimum BP over

the entire follow-up. Average BP and standard deviation (SD) were calculated from all 8 BP

values from Y0 to Y25 for each individual, and coefficient of variation was calculated as SD/

average BP.
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Figure 2. Scores of cognitive function test in deciles of SDBP (
Figure 2A) and ARVBP (Figure 2B)

Bars represent means (95% confidence intervals) with adjustment for age, sex, race,

education, and study site. P values were calculated by analysis of covariance.
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Table 1

Clinical characteristics of study cohort (n=2,326)

Descriptive variable Baseline (Y0) Follow-up time (Y25)

Age, years 25.3±3.5 50.4±3.6

Men, % 43.3 -

Blacks, % 40.2 -

Education, years 14.3±2.2 -

Body mass index, kg/m2 24.4±4.7 29.9±7.1

Current smoker, % 5.7 1.8

Current drinker, % 61.5 56.3

Physical activity, exercise units 424.7±296.9 345.5±274.4

Antihypertensive medication, % 1.9 25.4

SBP, mmHg 109.8±10.8 118.8±15.8

DBP, mmHg 68.5±9.2 74.1±11.1

Fasting glucose, mg/dL 82.1±11.4 99.3±28.7

Total cholesterol, mg/dL 177.7±32.8 192.4±36.2

High-density lipoprotein, mg/dL 53.3±12.6 58.1±17.5

Data are expressed as the means ± SD or percentage. SBP indicates systolic blood pressure; DBP, diastolic blood pressure.
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