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Background-—Increased aortic stiffness has been associated with cognitive decline and dementia, but the results are inconsistent. This
study investigated the longitudinal association of aortic stiffness and age with decreased cognitive performance in 3 cognitive tests.

Methods and Results-—This study included 6927 participants, with a mean age of 58.8 years at baseline (2008–2010), who
participated in the second wave (2012–2014) of the ELSA-Brasil (Brazilian Longitudinal Study of Adult Health) (interval between visits
ranging from 2–6 years). Cognitive performance was evaluated by Memory, Phonemic, and Semantic Verbal Fluency and Trail B Tests,
applied at both cohort visits. Associations with the carotid-femoral pulse wave velocity and age at baseline were investigated using
linear models with mixed effects after adjusting for confounders. After all the adjustments, including for systolic blood pressure, the
interaction term carotid-femoral pulse wave velocity9time proved to be statistically significant for Memory and Verbal Fluency Tests,
indicating that the higher carotid-femoral pulse wave velocity at baseline was associated with a faster decline in cognitive performance
in these tests between waves. The interaction term age9time was statistically significant for all cognitive tests, suggesting that
increasing age at baseline was also associated with a faster decline in cognitive performance between waves.

Conclusions-—In this relatively young cohort, and after a relatively short interval, an increased aortic stiffness at baseline was
associated with a sharper decline in cognitive performances in memory and verbal fluency, regardless of systolic blood pressure
levels. This study also showed that the decline in cognitive performance was faster among older individuals than among younger
ones at baseline. ( J Am Heart Assoc. 2019;8:e013248. DOI: 10.1161/JAHA.119.013248.)
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H ypertension is a known risk factor for cognitive decline
and dementia.1 However, recent evidence has shown

that the association between hypertension and cognitive
decline disappears or significantly fades when adjusted for
aortic stiffness, one of the earliest subclinical indicators of
changes in the structure and function of arterial walls.2 Aortic

stiffness precedes and contributes to a sizable increase in
systolic blood pressure (SBP). Likewise, a higher SBP can
interact with increased arterial stiffness, leading to earlier and
accelerated arterial stiffening.3

Three reviews, including both cross-sectional and longitu-
dinal studies, have reported associations of increased aortic
stiffness with either poorer cognitive performance or cognitive
decline.4–7 Despite such evidence, the relative contribution of
aortic stiffness to cognitive performance or decline, regard-
less of SBP, has not yet been fully established. Some
longitudinal studies, for instance, have reported the absence
of independent associations between aortic stiffness and
cognitive decline8 and dementia incidence,9 whereas others
have shown significant associations with faster cognitive
decline in specific abilities.8,10

Aortic stiffness may be useful for the early detection of
individuals with a high risk for cognitive decline.11,12 Modi-
fying risk factors that accelerate the process of arterial aging
beyond that expected for one’s age may delay the progression
of age-related cognitive impairment.13 The possibility of the
early prevention of accelerated arterial stiffening is now
increasingly under investigation.12,13
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As far as we know, few longitudinal studies have evaluated
the impact of carotid-femoral pulse wave velocity (cf-PWV) on
the cognitive decline in specific cognitive abilities.2,8–10,14

Most studies were conducted with relatively small samples
from developed countries2,8,10; targeted populations at an
advanced age9,10,15; selected participants with health condi-
tions, including those with memory loss16; or institutionalized
patients.17 In addition, although it is well known that general
cognitive function declines in old age, and that aging is
accompanied by progressive stiffening of great arteries, there
are indications that different cognitive abilities decline at
different rates over time,18,19 and this decline is dispropor-
tionately faster in elderly individuals.19 Elias and collabora-
tors, using a comprehensive test battery in a cross-sectional
analysis, showed that pulse wave velocity interacted with age
in a multiplicative way to exert a negative influence on the
cognitive performance level.7

This study aims to assess whether aortic stiffness,
measured by the cf-PWV and age at the baseline, was
associated with the rate of decline in 3 cognitive tests
performed between visits in a cohort of middle-aged and older
adults. We hypothesize that cognitive performance will decline
faster among individuals with a higher PWV and an older age
at the baseline compared with those with a lower PWV and a
younger age and that these effects are independent of SBP
and other known risk factors for the cognitive decline
measured at the beginning of the study.

Methods
The data that support the findings of this study are available
from the corresponding author on request.

Study Design
This study follows a longitudinal study design, using baseline
(2008–2010) and follow-up (wave 2: 2012–2014) data from
ELSA-Brasil (Brazilian Longitudinal Study of Adult Health), a
multicenter cohort study of 15 105 participants (aged 35–
74 years), all of whom were active or retired civil servants
from higher education or research organizations in 6 Brazilian
cities. The exclusion criteria for the ELSA-Brasil cohort were
severe cognitive or communication impairment, intention to
change jobs or quit working at the institution in the near
future, and retired participants living outside the correspond-
ing metropolitan area. Currently or recently pregnant women
were not included as such but were invited to join the study
4 months after delivery. Detailed information on the baseline
of the ELSA-Brasil was published elsewhere.20,21

Study Sample
Of the 15 105 participants at the baseline, 1091 (7.2%) did not
attend the second study visit, 223 of whom (20.4%) had died.
Thus, 94% of the eligible population completed wave 2.
Cognitive function tests were applied to the entire sample at
the baseline and only to participants aged ≥55 years at wave 2.
Thus, all participants with valid information on cognitive tests at
both assessments were eligible for the present analysis.

From this sample, participants who reported prior diagno-
sis of stroke at the baseline (n=132), with missing or invalid
cf-PWV data (n=188), and who were using anticholinesterase
drugs on entry (n=1) were excluded. Because of missing
information on the cognitive test, the final analytical sample
varied from test to test (Memory Test, N=6520; Fluency Test,
N=6674; Trail B Test, N=6493). The sample selection is
described in Figure 1.

Study Variables
The total scores for the 3 cognitive tests included in this study,
both at the baseline and at the second wave, represented the
response variables. Higher scores in Memory and Verbal
Fluency Tests indicate better cognitive function, whereas longer
execution time in the Trail B Test suggests poorer performance.
The reliability of cognitive tests at the baseline varied from
moderate to nearly perfect (intraclass correlation coefficient
included): Word Learning Test (0.56), Word Recall (0.50), Word
Recognition (0.35), Phonemic (0.61) and Semantic (0.53)
Verbal Fluency Test, and Trail B Test (0.91).22

Memory tests

Memory tests were obtained by the neuropsychological test
battery Consortium to Establish a Registry for Alzheimer’s
Disease to evaluate declarative memory.23,24 The total score
represents the total number of correct words, ranging from 0

Clinical Perspective

What Is New?

• Increased aortic stiffness is associated with poorer longi-
tudinal trajectory in different cognitive abilities, regardless
of systolic blood pressure levels and age.

• Although the effect size is somewhat small, it is remarkable
to detect a direct impact of increased aortic stiffness on
cognitive decline in a highly educated and relatively young
age population over a short time interval.

What Are the Clinical Implications?

• The findings reinforce the importance of studying cognitive
function from midlife and identifying modifiable factors that
can potentially slow the age-associated increase in aorta
stiffness and its detrimental impact on cognitive function
over time.
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to 50 words, and was obtained by the direct sum of the scores
in word learning, recall, and recognition tests.

Verbal fluency tests

In verbal fluency tests, the total score represents the total
number of correct words and was obtained by the sum of the

Semantic and Phonemic Verbal Fluency Test scores, ranging
from 0 to 68 words. These tests were used to evaluate the
executive function and explicit memory, semantics, and
language. At the baseline, the phonemic and semantic
categories used in this study were letter F and animals. At
the second wave, these categories were letter A and flora (eg,

Figure 1. Study population flowchart. cf-PWV indicates carotid-femoral pulse wave velocity.
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vegetables, flowers, and trees), respectively. The Semantic
Verbal Fluency Test is part of the Consortium to Establish a
Registry for Alzheimer’s Disease battery.23,24

Trail test (version B)

First, Trail A Test was applied, and only the participants who
were able to complete it performed Trail B test. This test
evaluates the executive function, attention span, concentra-
tion, and psychomotor speed.25 The score consisted of the
time (in seconds) spent by participants to complete Trail B
Test (ranging from 34 to 1853 seconds), as the time spent
on the Trail A Test was not recorded. This analysis assumed
that individuals who failed to complete Trail B Test (n=472)
took longer than those in the same sex, age, and schooling
group who were able to complete the test, and assigned
them the maximum time taken plus one in that specific
subgroup, as these variables were all strong predictors of
completing the test. Because the final score was not
normally distributed, it was log transformed for the statis-
tical analysis.

Age and aortic stiffness were the explanatory variables of
interest. Age at the baseline was analyzed as a continuous
variable, and specific ages are used to show the results in
graphic analyses.

Aortic stiffness was determined at the baseline by the cf-
PWV with participants in the supine position, using a validated
automated device (Complior, Artech Medicale, France),26 as
described elsewhere.27 The cf-PWV was analyzed as a
continuous variable and was subsequently grouped into
percentiles to facilitate the viewing of results in graphic
analyses.

Covariates were obtained at the baseline through stan-
dardized face-to-face interviews and clinical and laboratory
procedures. Participants were fasting and were instructed to
avoid drinking alcoholic beverages and caffeine and to avoid
exercising within 12 hours before the examination. Blood
samples were collected after 10 to 14 hours of fasting and
stored, using standardized protocol.20

Sociodemographic data included age (in years), sex, and
schooling in complete years of formal education. Health-
related behaviors included smoking, leisure-time physical
activity, and consumption of alcoholic beverages (in g/d).
Smoking was classified as never, ex-smoker, and current
smoker. Physical activity was assessed by the International
Physical Activity Questionnaire28 and classified as light,
moderate, and vigorous.29 The clinical measures were SBP,
mean heart rate, weight (in kilograms), height (in centimeters),
and total cholesterol/high-density lipoprotein cholesterol
ratio.

The main analysis of this study considered the SBP
obtained immediately before assessing cf-PWV, after a 5-
minute rest, with the subject in the supine position, and using

an oscillometric device (Omron HEM 705 CP) on the subject’s
right arm.27 In addition, the analysis was conducted by
adjusting for mean arterial pressure, where mean arterial
pressure=diastolic blood pressure+(SBP�diastolic blood
pressure)/3, using blood pressure levels obtained before
the cf-PWV measurement.

The mean heart rate was assessed with participants sitting
up, using the same oscillometric device and at a different time
than the cf-PWV measurement.27 Three recordings were
performed, and the mean of the second and third measure-
ments was used.

The statistical analysis was also adjusted for self-reported
cardiovascular disease (acute myocardial infarction, unstable
angina, congestive heart failure, or coronary artery bypass
graft), diabetes mellitus, and the use of lipid-lowering and
antihypertensive drugs at the baseline. Diabetes mellitus was
defined as the prior diagnosis of diabetes mellitus or any of
the following criteria: the use of antidiabetic drugs, fasting
glucose ≥126 mg/dL, the glucose tolerance test ≥200 mg/
dL, or hemoglobin A1c ≥6.5%. Covariates were described in
more detail elsewhere20,27 (Table S1).

Finally, a time variable (in years) was created. It was
assigned a zero value for all individuals at the baseline visit,
whereas at the second wave it corresponded to the interval (in
years) between the baseline and the second wave for each
individual (date of second wave visit�date of baseline visit)/
365.25).

Statistical Analysis
Categorical variables were described as proportions, and
continuous variables were described as medians and ranges
or as means and SDs, when appropriate.

Linear mixed-effect regression models were used to assess
longitudinal changes in cognitive performance between the
baseline and second wave visits because these models are
particularly adequate for unbalanced data and/or data
unevenly spaced over time.30 In addition, these models easily
accommodate the hierarchical structure of data,31 allowing
for the description of time trends, considering the correlation
between successive measures, as expected for cognitive tests
in a cohort. They are, therefore, especially appropriate for
data in which intersubject variability is higher than intrasub-
ject variability.32

In mixed-effect regression models, the regression coeffi-
cients of the exposure indicate the mean variation in the
outcome at the baseline and at each time point (second wave
in this work). The interaction terms between a fixed-effect
variable (cf-PWV or age in this work) and time determine
whether this variable predicts longitudinal changes in the
dependent variable over time. Therefore, the interaction terms
between time and the explanatory variables of interest were
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evaluated, but only the statistically significant (P<0.05) terms
were retained in the models.

The cf-PWV, age, and all covariates assessed at the
baseline were included in all models as fixed effects, and
time (interval between visits) was modeled as a random
effect. All models included random effects at the intercept
and time slope. Random effects at the intercept and time
slope allow both the initial value and the subject’s longitu-
dinal trajectory to vary in relation to the mean and the
population trajectory.30 The estimation of the fixed effects
(b) and the components of the variance (a) of the mixed
linear model was performed using the methods of maximum
likelihood restricted, as it showed a better adjustment when
compared with the model using only the f maximum
likelihood method.33

For each cognitive function test, the analysis was first
conducted with the explanatory variables of interest (cf-PWV
and age). Next, the covariables (sex, schooling level, smoking,
consumption of alcoholic beverages, physical activity, dia-
betes mellitus, cardiovascular disease, total cholesterol/high-
density lipoprotein cholesterol ratio, use of lipid-lowering
drugs, use of antihypertensive drugs, weight, height, and
mean heart rate) were entered into the models step by step
with forward elimination. All variables associated with the
response variables at P<0.05 were retained in the final model,
except for the variables of sex, age, schooling, and use of
antihypertensive medication, which we decided, on a priori
basis, to maintain in the analysis, regardless of statistical
significance. Finally, the interaction terms cf-PWV9time and
age9time were added and adjusted for SBP, and the final
results are reported.

Models were also adjusted for mean arterial pressure
instead of SBP. The results remained virtually unchanged, as
shown in Tables S2 and S3.

Analyses were conducted using Stata 14.0 (Stata Corpo-
ration, College Station, TX), whereas graphic analyses were
performed using R statistical software, version 3.5.3 (R Core
Team, Vienna, Austria).

ELSA-Brasil was approved by the Research Ethics Com-
mittees of the participating institutions and by the National
Committee for Research Ethics (CONEP 976/2006) of the
Ministry of Health. All study participants signed an informed
consent form.

Results
Participants’ characteristics at the baseline and second wave
are presented in Table 1. At the baseline, 55.0% were women,
with a mean age of 58.8 (SD=5.9) years; 53.6% had ≥14 years
of schooling, and the mean cf-PWV was 9.9 (SD=1.9) m/s.
The median interval between visits was 3.8 years (range,

Table 1. Characteristics of the Study Population at the
Baseline (2008–2010) and Wave 2 (2012–2014):
ELSA-Brasil

Characteristics Wave 1 Wave 2

Age, y 58.8 (5.9) 62.7 (5.9)

Sex, women 55.0 . . .

Schooling (time of study), y

≥14 53.5 55.4

11–13 29.9 28.2

8–10 8.6 8.6

<8 8.0 7.8

Smoking

Never smoker 50.5 51.7

Former smoker 37.0 38.2

Current smoker 12.5 10.1

Consumption
of alcoholic
beverages, g/d

6.5 (11.0) . . .

Leisure-time physical activity

Mild 75.3 72.9

Moderate 18.5 20.3

Vigorous 6.2 6.8

Weight, kg 73.0 (14.3) 73.3 (14.5)

Height, cm 163.6 (9.3) 163.1 (9.3)

Cardiovascular disease 8.0 . . .

Diabetes mellitus 22.9 25.9

Systolic blood pressure,
mm Hg

130.2 (18.9) . . .

Mean heart rate, bpm 69.3 (10.4) 68.7 (10.4)

Total cholesterol/HDL
cholesterol ratio

4.0 (1.0) 3.8 (1.1)

Use of lipid-lowering drugs 20.0 32.4

Use of antihypertensive
drugs

39.4 49.0

Carotid-femoral pulse
wave velocity, m/s

9.9 (1.9) . . .

Memory Test score
(number of correct words)*

36.8
(0–50.0)

37.2
(10.0–50.0)

Verbal Fluency Test score
(number of correct
words)†

29.8
(4.0–64.0)

27.7
(0.0–68.0)

Trail B Test score, s‡ 109.0
(29.0–1584.0)

109.0
(34.0–1853.0)

Duration of follow-up, y 0 3.8 (1.7–6.0)

Data are given as percentage, mean (SD), or median (range). N=6927. Bpm indicates
beats per minute; ELSA-Brasil, Brazilian Longitudinal Study of Adult Health; HDL, high-
density lipoprotein.
*Score ranging from 0 to 50 correct words.
†Score ranging from 0 to ∞ correct words remembered in a time interval of 1 minute.
‡Score ranging from 1 to ∞ seconds.
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1.7–6.0 years). The mean scores of Verbal Fluency Tests
were 29.8 (range, 4.0–64.0) and 27.7 (range, 0.0–68.0)
correct words at the baseline and second wave, respectively.
Mean Memory Test scores were 36.8 (range, 0.0–50.0)
correct words at the baseline and 37.2 (range, 10.0–50.0)
correct words at the second wave. The median execution time
of the Trail B Test did not vary between waves (me-
dian=109 seconds).

After considering all covariables, the interaction term cf-
PWV9time was only statistically significant for Memory and
Verbal Fluency Tests, indicating an interaction between the
cf-PWV at the baseline and time between waves. This
interaction term remained statistically significant after adjust-
ing for SBP, suggesting that an increase in cf-PWV is asso-
ciated with a more pronounced decrease in cognitive scores
as the time interval between the visits increased. The effect
of cf-PWV was small but significant (Table 2).

The interaction term age9timewas statistically significant for
all cognitive tests, suggesting that increasing age is associated

with amore pronounced decrease in cognitive scores as the time
interval between the visits increased (Table 3).

On the basis of the results of the final models, we can
estimate, for instance, the decrease in the Fluency Test score
(number of words remembered) for all participants who
presented a cf-PWV of 14.7 and 7.1 m/s at the baseline and
who repeated the cognitive tests 6 years apart. After 6 years,
participants with a cf-PWV equal to 14.7 m/s at the baseline,
on average, remembered �1.1 less words when compared
with participants who had a cf-PWV of 7.1 m/s at the
baseline. The parameters for PWV-cf of 14.7 and PWV-cf of
7.1, used to generate the result described above, are
presented below.

Fluency Test score (in individuals with a PWV-cf of 14.7)=b
of intercept+(14.79b of cf-PWV)+(69b of time)–(b of inter-
action term cf-PWV9time914.796).

Fluency Test score (in individuals with a PWV-cf of 7.1)=b
of intercept+(7.19b of cf-PWV)+(69b of time)–(b of interac-
tion term cf-PWV9time97.196).

Table 2. Association of cf-PWV at the Baseline and Performance in Cognitive Function Tests in Time Interval Between Visits,
Estimated by Linear Mixed-Effect Regression

Variables

Cognitive Function Test

Memory Tests
(No. of Correct Words) (N=6520)

Verbal Fluency Tests
(No. of Correct Words) (N=6674)

Trail B Test
(N=6493)*

Intercept 48.17 (46.31 to 50.04)† 42.74 (40.35 to 45.12)† 3.56 (3.35 to 3.76)†

cf-PWV, m/s �0.03 (�0.11 to 0.05) 0.01 (�0.09 to 0.12) �0.00 (�0.00 to 0.00)

Time, y 1.14 (0.83 to 1.45)† 0.19 (�0.23 to 0.63) �0.06 (�0.10 to �0.02)†

cf-PWV9time �0.02 (�0.04 to �0.00)‡ �0.02 (�0.04 to �0.00)§ �0.00 (�0.00 to 0.00)

Data are given as b (95% CI). ELSA-Brasil (Brazilian Longitudinal Study of Adult Health) data were used (N=6927). Final model adjusted by the following: follow-up time, sex, age, schooling
level, smoking, consumption of alcoholic beverages, diabetes mellitus, cardiovascular disease, total cholesterol/high-density lipoprotein cholesterol ratio, antihypertensive drug use, lipid-
lowering drugs, mean heart rate, interaction of age9time, interaction of cf-PWV9time, and systolic blood pressure. cf-PWV indicates carotid-femoral pulse wave velocity.
*(b) Regression coefficients are log transformed. †P≤0.001, ‡P≤0.01, §P≤0.05.

Table 3. Association of Age at the Baseline and Performance in Cognitive Function Tests in Time Interval Between Visits,
Estimated by Linear Mixed-Effect Regression

Cognitive Function Tests

Variables
Memory Tests
(No. of Correct Words) (N=6520)

Verbal Fluency Tests
(No. of Correct Words) (N=6674)

Trail B Test
(N=6493)*

Intercept 48.17 (46.31 to 50.04)† 42.74 (40.35 to 45.12)† 3.56 (3.35 to 3.76)†

Age, y �0.14 (�0.16 to �0.11)† �0.10 (�0.13 to �0.07)† 0.01 (0.00 to 0.01)†

Time, y 1.14 (0.83 to 1.45)† 0.19 (�0.23 to 0.63) �0.06 (�0.10to �0.02)†

Age9time �0.01 (�0.01 to �0.00)† �0.00 (�0.01 to �0.00)‡ 0.00 (0.00 to 0.00)†

Data are given as b (95% CI). ELSA-Brasil (Brazilian Longitudinal Study of Adult Health) data were used (N=6927). Final model adjusted by the following: follow-up time, sex, schooling level,
smoking, consumption of alcoholic beverages, diabetes mellitus, cardiovascular disease, total cholesterol/high-density lipoprotein cholesterol ratio, antihypertensive drug use, lipid-
lowering drugs, mean heart rate, carotid-femoral pulse wave velocity (cf-PWV), interaction of cf-PWV9time, interaction of age9time, and systolic blood pressure.
*(b) Regression coefficients are log transformed. †P≤0.001, ‡P≤0.05, §P≤0.01.
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The interaction term between a fixed-effect variable (PWV
and age) and the time interval between repeated measures
of cognitive tests represents the duration of time each
individual took to repeat the test. In our study, some
individuals repeated the cognitive test within <2 years,
whereas others took 6 years, with the average time equal
to 3.8 years. On the basis of this information, we were able
to predict the change in cognitive performance at different
time intervals, although we only have 2 measurements.
Predicted values are values of the dependent variable based
on the estimated regression coefficients (mean ratios
observed in the regression) and a prediction about the
values of the independent variables.

Thus, each margin of the 6 predictive margins (point
estimates) in our graphic analyses represents the prediction
time (1–6 years) estimated using the performance of the
group of individuals who repeated the cognitive test at the
same time interval.

The interaction between cf-PWV and follow-up time found
for the Memory and Verbal Fluency Tests indicated that
participants with a high cf-PWV at the baseline showed a
downward trajectory for these tests as the time interval
between tests increased (Figure 2A and 2B, respectively). The
graphic analysis suggests that, for the Memory Test, this
effect is seen only among participants with a high cf-PWV
(>95th percentile) (Figure 2A), whereas for the Verbal Fluency

Figure 2. Predicted values (95% CI) of Memory Test (A) and Verbal Fluency Test (B) performance,
according to carotid-femoral pulse wave velocity (cf-PWV; in m/s) in time interval between visits, after
adjustments. ELSA-Brasil (Brazilian Longitudinal Study of Adult Health) (2008–2010 and 2012–2014) data
were used. cf-PWV values correspond to 2.5, 50, 95, and 97.5 percentiles of its distribution. Predicted
values are values of the dependent variable based on the estimated regression coefficients (mean ratios
observed in the regression) and a prediction about the values of the independent variables. Time interval
between visits represents an individual’s interval between study assessments (waves 1 and 2).
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Test, the higher the cf-PWV value at the baseline, the steeper
the decline as the time interval increases (Figure 2B).

The interactions between age and follow-up time observed
for all tests are shown in Figure 3A (Memory Test), 3B (Verbal
Fluency Test), and 3C (Trail B Test). The graphic analyses
revealed that only participants who were older at the baseline
had a downward trajectory in cognitive performance for the
Memory Test (Figure 3A) and the Trail B Test (Figure 3C),
whereas all participants showed a decline in the Verbal
Fluency Test, with this decline being steeper as the age at the
baseline increased (Figure 3C).

Graphic analyses also suggest that participants who were
younger (aged ≤65 years) at the baseline showed improved
performance in the Memory Test (Figure 3A) and Trail B Test
(Figure 3C) over time, whereas participants with a lower cf-
PWV at the baseline (<95th percentile) only improved their
performance in the Memory Test (Figure 2A).

Discussion
In this large cohort of middle-aged and older adults, high cf-
PWV and older age at the baseline were associated with
poorer cognitive performance in different cognitive abilities
evaluated by a range of tests in the second visit of the ELSA-
Brasil cohort. A higher cf-PWV remained longitudinally asso-
ciated with poorer Memory and Verbal Fluency Test results,
whereas older age at the baseline was associated with poorer
cognitive performance in all tests. Subsequent graphic
analyses showed that the higher the cf-PWV at the baseline,
the greater the decrease in Verbal Fluency Test performance,
but that Memory Test decline was restricted to participants
with high values of cf-PWV at the baseline. For age, the
graphic analysis indicated a decreased performance in Verbal
Fluency Test for all individuals, but only older participants
showed a downward performance trajectory in Memory and
Trail B Tests.

Most studies on the relation between cf-PWV and cognitive
function in specific cognitive abilities, although inconsistent
on the cognitive abilities, found an inverse association in at
least one cognitive test.2,8,10,14 The Rotterdam study, how-
ever, found no association between cf-PWV and change over
time in any cognitive test. The authors suggested that
regression to the mean and selection bias may explain their
negative findings because participants who repeated the
cognitive tests had fewer cardiovascular diseases and lower
arterial stiffness than those who did not.9

The present study’s results on the longitudinal association
between aortic stiffness and performance in Fluency and
Memory Tests concur with 3 longitudinal studies.2,8,14

Although it cannot be affirmed that the performance decline
observed in this study is enduring, it refers to a population
with a high schooling level, which proved to be similar to the

cited studies.2,8,14 Interestingly, all of these studies, including
the present study, investigated a relatively young population
(mean ages, 57, 49.2, 61, and 58.9 years, respectively).2,8,14

Aortic stiffness is a slow and gradual process, beginning at 30
to 40 years of age, reaching higher levels as people age.34 It
is possible, therefore, that an association between high cf-
PWV and decreased performance in these cognitive abilities,
regardless of age, might be easier to detect in relatively
younger populations, like the present one.

As presented in the present study’s results, the regression
parameters indicate small effects of cf-PWV on cognitive
performance changes in Fluency and Memory Tests, but these
did prove to be statistically significant, even after adjusting for
SBP. This finding is consistent with aortic stiffening, which
precedes and contributes to an increase in SBP and pulse
pressure in middle-aged and elderly participants3,35 and
suggests a potential direct and deleterious effect of aortic
stiffening on these cognitive abilities over time.

The present study’s results concur with the BLSA (Balti-
more Longitudinal Study of Aging) about an existing associ-
ation of cf-PWV with memory decline, but they are in
disagreement with this study on verbal fluency, as they found
no impact of cf-PWV on tests of simple attention, executive
functions, and language. Despite using a more comprehensive
battery of tests and having a longer follow-up, the study
sample of Waldstein et al was much smaller than ours, which
might have limited their ability to identify an existing effect.8

Contrary to other studies,2,10,14 our results found no
longitudinal association between aortic stiffness and Trail B
Test performance. Studies that identified an impact of aortic
stiffness on executive function usually assessed older partic-
ipants10 or had slightly longer follow-up times,14 as compared
with ours. However, one cannot rule out the fact that an
association of cf-PWV with executive function changes might
occur as follow-up time increases.

Pulsatile stress, caused by increased pulse pressure, is
described as the main pathway linking aortic stiffness to
decreased cognitive function.36 The excessive transmission of
pulsatile energy in microcirculation may lead to hypertrophic
remodeling and rarefaction of small cerebral vessels.37 These
changes can also lead to microvascular brain damage, which
manifests as white matter hyperintensities, brain microbleeds,
and lacunar infarctions.38 Microvascular injuries may or may
not result in cognitive impairment, including dementia.37

Another pathway would be endothelial dysfunction, which,
through oxidative stress and inflammation, can affect the
brain’s microcirculation, in turn leading to ischemia, microvas-
cular hemorrhage,39 and abnormal permeability of the blood-
brain barrier.15 Decreased brain perfusion, nutrition, and
clearance of toxic products would be compromised, poten-
tially resulting in neurodegeneration and cognitive dysfunc-
tion.40,41
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Figure 3. Predicted values (95% CI) of Memory Test (A), Verbal Fluency Test (B), and Trail B Test (C)
performance, according to age at the baseline (in years), in time interval between visits, after
adjustments. ELSA-Brasil (Brazilian Longitudinal Study of Adult Health) (2008–2010 and 2012–2014)
data were used. Predicted values are values of the dependent variable based on the estimated
regression coefficients (mean ratios observed in the regression) and a prediction about the values of
the independent variables. Time interval between visits represents an individual’s interval between
study assessments (waves 1 and 2).
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Cognitive function is usually poorer in old age,18,41,42 but
the speed of its decline seems to vary for different domains or
cognitive abilities.19 Verbal skills, general knowledge, and
numerical skills seem to decline slower18 than other cognitive
abilities, such as memory,43 which usually begins to decline at
middle age.41 Although our sample was relatively young, and
we compared only 2 consecutive visits, statistically significant
interactions between age and time were found for all cognitive
tests, confirming that older participants at the baseline had a
poorer longitudinal trajectory in all cognitive abilities in this
short follow-up time. This study’s findings concur with those
of the ELSA (English Longitudinal Study of Aging), in which
memory, executive function, and processing speed signifi-
cantly declined over 8 years of follow-up, most markedly in
older participants.19

The strengths of this study include a large study population
from a middle-income country, high compliance rate, relatively
young age, and evaluation of different cognitive abilities. We
used the cf-PWV, the gold standard method for measuring
aortic stiffness, and a robust statistical model that considers
the hierarchical structure of the data and allows for the
analysis of unbalanced and/or unevenly spaced longitudinal
data over time. The hierarchical structure of the data allows
us to consider the fact that observations between individuals
are independent, but repeated measures of the same
individual are dependent and correlated errors. The mixed
models allow for a more adequate modeling of the covariance
matrix (error correlation structure).44,45 Most studies on this
subject used a linear regression model,9,14,16,46 ignoring this
correlation, thus generating less reliable results. In particular,
the estimates of the SEs of the coefficients of the model are
vitiated.30,45

One key limitation of this study is the fact that
measurements referred to only 2 visits within a relatively
short time interval. Moreover, in some cases, only a single
measurement of cf-PWV was performed, hampering our
ability to investigate the association between concomitant
changes in cf-PWV and cognitive function over time. This
study’s analysis also included individuals who failed to
complete the Trail B Test, assuming that they took 1
second longer than the maximum time taken by their
counterparts of the same sex, age, and schooling group.
This strategy has the advantage of including in the analysis
individuals whose performances were clearly worse than
those of the participants who completed the test, but this
time is likely to be underestimated.

Although the participants generally demonstrated a
relatively high performance in all tests observed at the
baseline, the participants were not evaluated to rule out
dementia and stroke before taking part in the study.
Therefore, it cannot be guaranteed that this analytical
sample did not include individuals with stroke or cognitive

impairment. On the other hand, the high cognitive perfor-
mance at the baseline may have produced a ceiling effect
and hindered our ability to detect positive changes in the
test scores of younger people. In addition, cognition is a
comprehensive term that refers to several higher-order
behavioral skills,47 and the tests analyzed in this study
embrace few mental abilities. Thus, because the ELSA-Brasil
test battery is limited, we could not fully investigate
important domains of cognitive performance that might be
affected by cf-PWV. Finally, our results are based on 2
waves of testing, and hence do not allow testing curvilinear
changes in cognition over time, as reported in the BLSA for
cf-PWV and memory.8

The retention rate at wave 2 was high (94.1%); however,
among the participants eligible for this study, 509 chose not
to participate. Lost individuals were older, with a lower
schooling level and a higher prevalence of hypertension and
diabetes mellitus than the participants. Although the losses
were small, as these factors are associated with PWV and
cognitive function decline, this may have contributed to
underestimate the associations observed in the present
study.

Our graphic analysis suggests that participants who were
younger (aged ≤65 years) at the baseline showed improved
performance in the Memory and Trail B Tests over time,
whereas participants with a lower cf-PWV at the baseline
(<95th percentile) only improved their performance in the
Memory Test. The reapplication of these tests in a shorter
time frame may lead to improved performance, particularly in
the Memory Test, because of the learning effect.

To minimize the learning effect, in the follow-up visit, the
10 words of the Memory Test were presented in a different
order. Flora (eg, trees, flowers, fruit, and vegetables) and
letter (A) were used for verbal fluency tests in the second visit,
instead of animals (eg, 4-legged animals, birds, fish, and
insects) and letter (F) at the baseline. We do not believe that
these changes have affected our results, as both flora and the
letter (A) and animals and the letter (F) have broad and well-
known vocabularies.

Conclusions
The results of this study, based on a large and unique sample
from a middle-income country and a sophisticated statistical
analysis, support that aortic stiffness and older age are
associated with poorer longitudinal trajectory in different
cognitive abilities, evaluated by 3 tests over a short time
interval. There are still some gaps to fulfill in relation to cf-
PWV and cognitive decline, which can only be addressed by a
longer follow-up using a comprehensive battery of tests
combined with a large sample.
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SUPPLEMENTAL MATERIAL



Table S1. Additional methods information. 

Variables Definition 

Carotid‐to‐Femoral Pulse 

Wave Velocity (cf-PWV) 

cf-PWV was measured with a validated automatic 

device (Compliance; Artech Medicale, Paris, France)1 

with the subjects in the supine position in a room with 

controlled temperature (20°C–24°C) and in accordance 

with the ELSA-Brazil protocols.2 Initially, BP was 

administered in the right arm, using an oscillometric 

device (HEM Omron 705CP), with the participant in the 

supine position. Pulse waveform was captured using a 

sensor that was placed in the carotid and femoral 

arteries, allowing one to view the pulse waves on a 

computer screen. The direct distance from the sternal 

furcula to the right femoral site where the pulse was 

recorded was measured with a standardized inelastic 

tape without correction for abdomen curvature. The 

software identified the pulse waves with good recording 

quality. cf-PWV was calculated by dividing the 

distance from the sterna furcula to the femoral site by 

the time delay between the carotid and the femoral pulse 

waves, which was expressed in m/s. The individual 

value was automatically recorded as the average of the 

measurements that were obtained in 10 consecutive 

cardiac cycles recorded under regular cardiac rhythm. 

For quality control, all cf-PWV tests were recorded in 

the 6 sites and sent to a centralized Reading Center 

responsible for validating exams of all ELSA-Brasil 

participants.2

Age Age at baseline was analyzed as a continuous variable, 

and subsequently stratified into 5-year age ranges (> 50 

< 55 year age; > 55 < 60 year age; > 60 < 65 year age; 

> 65 < 70 year age; > 70 year age) to facilitate the

viewing of results in graphic analyses.

Schooling Schooling in complete years of formal education was 

measured by the question, "What is your educational 

level?" The answers were classified into four 

categories: > 14 years of study, 11-13 years of study, 8-

10 years of study, and < 8 years of study. 

Smoking Participants who smoked >100 cigarettes during their 

lifetime and who were still smoking were classified as 

ever smokers. Those who gave a positive response to 

the question, “Do you now smoke cigarettes?” were 

classified as current smokers, otherwise as ex-smoker. 

Everyone who responded negatively to these two 

questions were classified as never smokers.4 



Physical activity Leisure-time physical activity was assessed using the 

International Physical Activity Questionnaire (IPAQ).3  

Exercise intensity was defined as low, moderate, and 

high. Participants were included in the ‘high’ intensity 

activity group if they performed seven days of any 

combination of walking, or moderate- or vigorous-

intensity activities achieving ≥3000 Metabolic 

Equivalent of Task (MET)-min/week. Participants were 

classified in the ‘moderate’ activity group if they met 

any one of the following criteria: ≥3 days of vigorous 

activity of at least 20 min/day, or ≥3 days of moderate-

intensity activity or walking of at least 30 min/ day, or 

>5 days of any combination of walking, or moderate- or

vigorous-intensity activities, achieving ≥600 MET-

min/week, or >3 days of vigorous activity achieving

≥1500 MET-min/week. All participants who did not

meet the inclusion criteria for the ‘high’ or ‘moderate’

intensity activity groups were included in the ‘low’

intensity activity group.3

Alcohol consumption 

(g/day) 

To evaluate the consumption of alcoholic beverages 

(beer, wine, spirits—rum, whiskey, ‘cachaça’, and 

vodka), we used the Alcohol Use Questionnaire (AUQ), 

which was structured with closed questions based on the 

questionnaire of the National Center for 

Health Statistics. Also frequency and amount of 

consumption were determined (daily, weekly, 

monthly).4 Alcohol volume was classified according to 

the report of each participant in milliliters / day for each 

drink. After In addition, dose classification was 

performed following the following normalization: one 

glass of red wine or white wine (120 ml), one serving 

of bottled or canned beer (350 ml) or one bottle of 620 

ml of beer were considered two doses. For distillates It 

was considered a 50 ml dose of “cachaça”, vodka, 

brandy, among others. To calculate the amount of 

ethanol in grams, the average alcoholic percentage of 

the most common beverage brands on the market was 

used: beer = 6%; wine = 12%; spirits = 39%. First, the 

amount reported weekly by the equivalent measurement 

in mL was determined. Next, the amount of pure 

alcohol intake in mL/day was calculated according to 

the alcoholic concentration of each beverage. These 

were subsequently added to the amount of alcohol 

consumed and kinds of beverage, and then multiplied 

by the density of ethanol (0.8) in order to obtain the total 

amount of pure ethanol in g/day. 5,6 

Blood Pressure (BP) The BP was measured immediately after having 

measured the CF-PWV, after a 5-minute rest in a 

temperature-controlled environment (20 °C - 24 °C), 

with the subject in the supine position, and using a 



validated oscillometric device (Omron HEM 705 CP) 

on their right arm.2 Only one BP measurement was 

performed before measuring the CF-PWV. 

Mean Arterial Pressure 

(MAP) 

The mean arterial pressure (MAP) was defined by 

means of systolic and diastolic blood pressure, which 

was also measured at the time of cf-PWV measurement  

using the formula: MAP = diastolic blood pressure + 

(systolic blood pressure - diastolic blood pressure) / 3. 

Mean heart rate The mean heart rate was measured at a different time 

than the cf-PWV, after a five-minute rest, with the 

participant sitting in a quiet environment with 

controlled temperature (20ºC-24ºC), using a validated 

oscillometric device (Omron HEM 705CPINT). Three 

recordings were performed, and the mean of the second 

and third measurements was used.2

Anthropometric variables The anthropometric variables (weight, height) were 

measured with participants in fasting, by trained 

assistants, according to standard protocols. An 

electronic balance was used, with a capacity of 200 kg 

and a precision of 50g. The height was measured on a 

wall stadiometer with a 1-mm precision, with the 

individual in the supine position, barefoot, leaning the 

head, buttocks, and heels on the wall and staring 

horizontally. The stature was verified in the inspiratory 

period of the respiratory cycle.2 

Total cholesterol/HDL 

cholesterol ratio 

The Level of Total cholesterol and HDL-c were 

measured using standardized automated enzymatic 

colorimetric methods (Enzymatic colorimetric assay - 

ADVIA Chemistry) on blood samples collected after 12 

hours of fasting. The total cholesterol / HDL ratio was 

calculated according to a pre-established equation.2,5 

Cardiovascular disease The presence of cardiovascular disease was defined by 

subjects’ self-reports of the following conditions: acute 

myocardial infarction, unstable angina, congestive heart 

failure, stroke, and myocardial revascularization. 

Diabetes All individuals who reported a medical diagnosis of 

diabetes or the use of diabetes medication or fasting 

glycemia ≥ 126 mg / dL; or glucose tolerance test ≥ 

200mg / dL; or a glycated hemoglobin ≥ 6.5% were 

considered diabetic. Fasting glycemia and after a 2-hour 

loading of 75g of glucose were determined by the 

enzymatic method (hexokinase), using the ADVIA 

1200 apparatus. The glycated hemoglobin (HbA1c) was 

evaluated by means of high pressure liquid 

chromatography (Bio - RadLaboratories, Hercules, 

California). 

Use of antihypertensive and 

lipid-lowering medications 

Information on the use of medications was obtained 

based on subjects’ self-reports, prescriptions, and 

medicine boxes. Additionally, the following question 

was asked: “Have any of the medications you took in 



the last 2 weeks been for hypertension (elevated BP)?” 

The drugs in ELSA-Brazil were classified according to 

the criteria of the Anatomical Therapeutic Chemical 

(ATC).2,5 

https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/what-standard-drink
https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/what-standard-drink


Table S2. Association of carotid femoral pulse wave velocity (cf-PWV) at baseline and 
performance in the cognitive function test in the time interval between visits, estimated by linear 
mixed-effect regression. ELSA-Brasil. (N=6.927).

*Indicates (β); p-value *≤ 0.05; **≤ 0.01; ***≤ 0.001
† (β) Regression coefficients are log transformed;

Final model adjusted by: follow-up time, sex, age, schooling level, smoking, alcohol consumption, diabetes,

CVD, total cholesterol/HDL cholesterol ratio, anti-hypertensive use, lipid-lowering drugs, mean heart rate,

interaction age x time, interaction PWV x time, and MAP.

Table S3. Association of age at baseline and performance in the cognitive function test in the time 
interval between visits, estimated by linear mixed-effect regression. ELSA-Brasil. (N=6.927). 

*Indicates (β); p-value *≤ 0.05; **≤ 0.01; ***≤ 0.001;

† (β) Regression coefficients are log transformed;

Final model adjusted by: follow-up time, sex, schooling level, smoking, alcohol consumption, diabetes,

CVD, total cholesterol/HDL cholesterol ratio, anti-hypertensive use, lipid-lowering drugs, mean heart rate,

cf-PWV, interaction PWV x time, interaction age x time, and MAP.

Cognitive 

Function Tests 

Memory Tests  

(number of correct words) 

N=6.520 

Verbal Fluency Tests  

(number of correct words) 

N=6.674 

Trail B test† (seconds) 

N=6.493 

β (95%CI) β (95%CI)  β (95%CI) 

Intercept 47.42 (45.51; 49.34)*** 41.62 (39.18; 44.07)*** 3.55 (3.35; 3.76)*** 

cf-PWV m/s -0.06 (-0.14; 0.01) -0.06 (-0.17; 0.03) - 0.00 (-0.00; 0.01)

Time (years) 1.14 (0.83; 1.45)*** 0.19 (-0.23; 0.63) -0.06 (-0.10; -0.02)***

PWV*time -0.02 (-0.04; -0.00)** -0.02 (-0.04; -0.00)* -0.00 (-0.00; 0.00)

Cognitive 

Function Tests 

Memory Tests  

 (number of correct words) 

N=6.520 

Verbal Fluency Tests  

(number of correct words) 

N=6.674 

Trail B test† 

(seconds) 

N=6.493 

β (IC95%) β (IC95%)  β (IC95%) 

Intercept 47.42 (45.51; 49.34)*** 41.62 (39.18; 44.07)*** 3.55 (3.35; 3.76)*** 

Age (years) -0.14 (-0.16; -0.11)*** -0.11 (-0.14; -0.07)*** 0.01 (0.00; 0.01)*** 

Time (years) 1.14 (0.83; 1.45)*** 0.19 (-0.23; 0.63) -0.06 (-0.10; -0.02)***

Age*time -0.01 (-0.01; -0.00)*** -0.00 (-0.01; -0.00)* 0.00 (0.00; 0.00)***
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