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Abstract

Objective: To characterize the longitudinal relationships between blood pressure measured over
24 years and arterial stiffness in late life measured as pulse wave velocity (PWV).

Methods: Carotid—femoral (cf) and femoral-ankle (fa) PWV were measured in 4166 adults at the
visit 5 Atherosclerosis Risk in Communities study cohort examination (2011-2013). Participants
were categorized into tertiles of PWV measurements. Blood pressure measurements were made at
baseline (1987-1989), three subsequent triennial examinations, and visit 5.

Results: Partial correlation coefficients between visit 5 cfPWV and SBP ranged from 0.13 for
visit 1 SBP to 0.32 for visit 5 SBP. For visit 5 faPWV, correlations were ~0 for visits 1 to 4 SBP,
but was 0.20 for visit 5 SBP. Over 24 years of follow-up, those with higher average SBP were
more likely to fall in the middle and upper tertiles of visit 5 cfPWV. Average pulse pressure and
mean arterial pressure over 24 years had similar but weaker associations with cfPWV tertiles. DBP
had no clear association with cfPWV. Blood pressure measurements were positively associated
with faPWYV tertiles only cross-sectionally at visit 5.

Conclusion: Adult life-course measures of SBP, more so than mean arterial and pulse pressure,
were associated with later life central arterial stiffness. By contrast, only contemporaneous
measures of blood pressure were associated with peripheral arterial stiffness. Although arterial
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stiffness was only measured at later life, these results are consistent with the notion that elevated
blood pressure over time is involved in the pathogenesis of arterial stiffening.
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INTRODUCTION

Pulse wave velocity (PWV) is a reliable measure of arterial stiffness that is associated with
major adverse cardiovascular events and all-cause mortality in both clinical and population-
based studies [1-4]. Carotid—femoral PWV (cfPWV) reflects central arterial stiffness and is
considered to be the reference standard measure of arterial stiffness in research studies [5,6].
Femoral-ankle PWV (faPWV) measures peripheral arterial stiffness instead. Central elastic
arteries are reported to stiffen progressively with age primarily as a result of tissue
remodelling, whereas stiffness of the muscular peripheral arteries changes little with age
[7.8].

Cross-sectional [9,10] and longitudinal [11-15] studies have consistently reported that blood
pressure exerts a strong influence on central arterial stiffness, whereas others reported
conversely that central artery stiffness is a determinant of the longitudinal increase in blood
pressure [16-19]. It is also possible that the relation between elevated blood pressure and
arterial stiffening is bidirectional [20,21]. Controversy exists about the relative contributions
of systolic, diastolic and mean arterial pressures to central artery stiffening [11,12,20,22].
Few studies have addressed the temporal relation between elevated blood pressure and
central artery stiffness based on repeated tonometric measures [23,24] but suggest that
greater arterial stiffness predates elevated blood pressure.

Although a long-term association between cardiovascular risk factors measured in
adolescence and carotid artery distensibility in adulthood has been described [22], the
temporal relationship between blood pressure recorded over the course of adult life and
aortic stiffness and pulsatility late in life has not been established. Additionally, there has yet
to be a study addressing this question for segment-specific arterial stiffness. The aim of this
study was to characterize the longitudinal relationships between sitting blood pressure
measured over 24 years since mid-life and arterial stiffness and pulsatility measurements in
later life among older adults in the Atherosclerosis Risk in Communities (ARIC) Study
cohort. Understanding this relationship would inform on potential modifiable long-term
effects of blood pressure on vascular stiffening and associated endorgan damage.

METHODS

Study population

The ARIC study is a population-based prospective study of the natural history and etiology
of atherosclerotic disease and of cardiovascular disease events. ARIC is a predominantly
biracial cohort that was selected as a probability sample of 15 792 men and women aged 45—
64 years from four US communities (Forsyth County, North Carolina; Jackson, Mississippi;
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Minneapolis, Minnesota; and Washington County, Maryland). The study objectives, design,
sampling scheme, and cohort examination procedures have been described [25]. Participants
provided written informed consent, and the study protocol was approved by the Institutional
Review Boards of all field centers, the coordinating center, central laboratories, and reading
centers.

Eligible participants were interviewed at home and then invited to a baseline clinical
examination (visit 1) between 1987 and 1989. Participants returned for three triennial
follow-up clinical examinations in 1990-1992 (visit 2), 1993-1995 (visit 3), 1996-1998
(visit 4) and 15 years later for visit 5 (2011-2013). Before each examination, participants
were asked to fast for 12 h and refrain from using tobacco and participating in vigorous
physical activity after midnight prior to the clinic visit, or for 8 h prior to the visit.
Participants also brought to the examination all medications they had taken in the preceding
2 weeks.

A total of 5683 participants of the 5986 ARIC participants who completed at least part of the
visit 5 visit had PWV measurements. Of these, to preserve PWV data quality, participants
were excluded from these analyses if at visit 5 they had a BMI of 40 kg/m? or greater; major
cardiac arrhythmias on a 12-lead electrocardiogram (Minnesota codes of 8.1.3, 8.3.1, or
8.3.2); self-reported aortic revascularization surgery, peripheral revascularization, aortic
aneurysm, aortic stenosis, or aortic regurgitation; or had cfPWV greater than 2319 cm/s (>3
SD from the mean); or faPWV greater than 1665 cm/s (>3 SD from the mean); were of
Asian or Native American race, or African American in Minnesota or Washington county
(because of small numbers); had missing SBP or DBP measurements; or had prevalent
coronary heart disease at visit 1. After exclusions, the final analytic sample constituted 4166
participants. Prevalent coronary heart disease was defined as myocardial infarction (MI)
from adjudicated visit 1 electrocardiogram data, self-reported history of M, heart or arterial
surgery, coronary bypass, balloon angioplasty or angioplasty of coronary arteries. Study
numbers vary because of missing information on some measurements.

Measurements

At each visit, sitting blood pressure was measured three times after a 5-minute seated rest,
following a standardized protocol (https://www?2.cscc.unc.edu/aric/cohort-manuals).
Random-zero Hawksley manometers were used in visits 1-4, and digital automatic blood
pressure monitors (Omron HEM-907 XL; Omron Co. Ltd., Kyoto, Japan) at visit 5 and these
two methodologies yielded similar results [26]. The average of the last two of three readings
was used at each examination visit, except at visit 4 when two readings were obtained and
averaged. Pulse pressure was calculated as the difference between SBP and DBP at each
visit and mean arterial pressure as DBP with 1/3 times pulse pressure.

Body weight was measured to the nearest (whole) pound at visits 1-4 and to the nearest 0.1
pound at the later visit and converted to kilograms, and height was recorded to the nearest
centimeter. Waist circumference was measured in centimeters twice using standardized
anatomical reference points. Diabetes was defined as fasting glucose at least 126 mg/dl,
nonfasting glucose at least 200 mg/dl, antidiabetic medication use, or self-reported physician
diagnosis of diabetes. Blood samples at visit 5 were obtained following a standardized
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venipuncture protocol and shipped weekly to ARIC central laboratories where assays for
total cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides, and glucose were
performed. Low-density lipoprotein (LDL) was calculated using the Friedewald equation.
Glycated hemoglobin (HbA1.) was measured in EDTA whole blood on the Tosoh
Glycohemoglobin Analyzer (Tosoh Medics, Inc., San Francisco, California, USA) using an
automated high-performance liquid chromatography method calibrated with standard values
derived by the National Glycohemoglobin Standardization Program.

PWV was measured by tonometry using the VP-1000 Plus system (Omron Co. Ltd). PWV
measurements included cfPWV, brachial-ankle (baPWV), and faPWV. A minimum of two
measurements were taken per participant and the last two nonzero values were averaged. To
calculate pulse transit time, arterial waveforms were passed through a low-frequency and
band-pass filter. The lowest down-sloping point was then taken as “foot” of the systolic
upstroke in the arterial waveform. Pulse transit time was then calculated as the time delay
between the proximal and distal “foot’ waveforms. Path length (cm) for cfPWV was
calculated as the distance between the carotid to femoral distance minus the suprasternal
notch to carotid distance. Path lengths for baPWV and faPWV were calculated by the
VP-1000 Plus using height-based formulas, as previously described [27]. Tertiles for cfPWV
were 1009 and 1243 cm/s, tertiles for faPWV were 1017 and 1159 cm/s, and tertiles for
baPWV were 1585 and 1846 cm/s. Lower and upper bounds for PWV measurements, after
exclusions, were (in cm/s): 301 and 2299.5 for cfPWV; 611 and 2784.5 for faPWV; and 442
and 3721 for baPWYV. Repeat visits were conducted for a subset of participants at each field
center approximately 4-8 weeks later (7= 79; mean age 75.7 years; 46 women). The intra-
class correlation coefficients and 95% confidence intervals (95% CIs) were 0.70 (0.59-0.81)
for cfPWV, 0.84 (0.78-0.90) for baPWYV, and 0.69 (0.59-0.79) for faPWV [28]. Results for
the baPWV are shown in the Supplementary file, http://links.lww.com/HJH/B515, as
baPWV is a composite measure of central and peripheral stiffness that is widely used in
Asian countries.

Statistical methods

We used linear mixed models to investigate the time course of blood and pulse pressure
measurements from visits 1 to 5 on PWYV at visit 5. This method adjusts for the correlation
between repeated observations on the same participant and allows for varying numbers and
unequally spaced observations. In all mixed model analyses, an unstructured correlation
structure was assumed. All models were adjusted for sex, race, center, heart rate, current
smoking, blood pressure-lowering medication use at visit 5 and the inverse of Mill’s ratio
[4,29,30]. Age and heart rate were treated as time-varying covariates. Statistical analyses
were carried out using SAS version 9.4 (SAS Institute Inc., Cary, North Carolina, USA) and
results were plotted using the R statistical package.

In order to correct for possible attrition bias at visit 5, a two-stage Heckman model was used
[31]. At the first stage, the probability of being selected at visit 5 was calculated based on
covariates from visit 1, the inverse of the Mill’s ratio was calculated from these probabilities
and in stage 2, this was used as an adjustment variable for correlations and for mean levels
calculated for the trajectory plots. Candidate covariate variables were initially chosen based
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on covariation documented in the literature or if they were statistically associated with
attrition. If the Mill’s ratio was missing, it was replaced with the mean level of 0.50882.
Candidate covariate variables were initially chosen if they were putatively or statistically
associated with missing values.

RESULTS

At visit 5, the mean age of participants was 75 years, mean BMI was 28 kg/m?2, mean SBP
and DBP were 130 and 66 mmHg, respectively, and mean cfPWV and faPWV were 1158
and 1077 cm/s, respectively (Table 1).

Cross-sectional and cross-temporal associations between SBP and pulse wave pressure

The Spearman partial correlation coefficients of SBP measurements with pulse wave
velocity were higher for cfPWV than for faPWV (Table 2). Cross-sectional partial
correlation coefficients between SBP and cfPWV were higher at visit 5 compared with blood
pressure readings prior to visit 5 (cross-temporal). The correlations did not change
appreciably after adjusting for age, sex, race, heart rate, and the inverse of the Mill’s ratio.
For faPWV, the partial correlation coefficients with SBP were positive and a greater
magnitude when measured concurrently with faPWV (cross-sectional at visit 5), but were
positive and a smaller magnitude when SBP was measured earlier in life (cross-temporal;
visits 1-4) and lower than those observed between cfPWV and SBP. Partial correlation
coefficients between baPWV (an indirect index of central arterial stiffness) and SBP were
lower and are shown in the Supplementary file (Supplemental Table 1, http://
links.lww.com/HJH/B515).

Cross-temporal association between blood pressure measurements and pulse wave
velocity

The mean for blood pressure measurements (systolic, diastolic, mean arterial, and pulse
pressure) were higher at each subsequent visit in all cfPWV tertiles, adjusted for age, sex,
race, and heart rate (Table 3), apart from SBP in tertile 2 at visit 1. Results did not change
after additional adjustment for blood pressure-lowering medication use and the inverse of the
Mill’s ratio to correct for possible attrition bias between visit 1 and visit 5 (data not shown).

SBP and pulse pressure levels were significantly higher over 24 years in the upper tertile of
cfPWV compared with the lower tertile at all visits (< 0.0001; Fig. 1; panels a and g).
There was no consistent pattern of mean DBP and mean arterial pressure over 24 years with
cfPWV tertiles (Fig. 1; panels c and e).

In contrast, blood pressure measurements were associated with faPWV tertiles only cross-
sectionally at visit 5, but the middle tertiles for systolic, diastolic, and mean arterial blood
pressure measures at visit 5 were slightly lower than at visit 4 (9 years), (Fig. 1; panels b, d,
and f). Pulse pressure was not associated with faPWYV tertiles at visit 5 (Fig. 1, panel h),
although there was a generally increasing relationship over time.

The temporal patterns of blood pressure levels across baPWVtertiles are shown in the
Supplementary file, Figure 1, http://links.lww.com/HJH/B515.
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DISCUSSION

Aging is associated with progressive loss of arterial compliance followed by overt stiffening.
Left ventricular afterload is increased when there is central artery stiffening [6], and is
associated with impaired coronary perfusion [32,33] and left ventricular hypertrophy
[34,35]. Our analysis showed that greater cfPWYV was associated with higher systolic and
mean arterial blood pressure and with pulse pressure over the course of 24 years. This
suggests that blood pressure-related remodeling of the central elastic arteries may be
cumulative over a long period of time resulting in vascular stiffening. These results are also
consistent with the notion that gradual elevations in blood pressure over time contribute to
arterial stiffening later in life.

Our cross-temporal results on SBP and cfPWV apply to physiologically relevant differences
in mean levels of central arterial stiffness. In contrast, only blood pressure measured at visit
5, and not antecedent blood pressures, were associated with faPWV. faPWV measurements
reflect the muscular nature of the lower extremity arteries, whereas aortic and carotid
stiffness measures speak to predominantly elastic arteries [36]. Studies have shown
conflicting associations between cardiovascular risk factors and faPWV [37-39]. For
example, age is an established risk factor for arterial stiffening and is not associated with
peripheral stiffness [40,41], but is strongly associated with cfPWV [9]. In this study, we did
not observe an association between PP and faPWV. DBP decreases in the fifth to sixth
decade of life, which would correspond to an increase in PP with age [42]. However, tertile 3
of faPWV showed an increase in DBP over time. As PP is DBP SBP, the concurrent increase
in DBP and SBP in T3 with concurrent decrease in DBP and SBP in T2 could have
attenuated associations between PP and tertiles of faPWV.

Longitudinal data suitable to assess the temporality of the blood pressure—arterial stiffness
association are scarce. An alternative approach is to make use of existing prospective studies
without the benefit of repeated observations of arterial PWV, and to examine the associations
between measures of pressure and stiffness using both historical and cross sectional data. In
this analysis, initial values in aortic stiffness were not taken into account (as the data were
not collected), but it does have the advantage of making use of long-term follow-up and
repeated measures of blood pressure that may provide insights into the pathophysiology of
stiffening.

Two relatively short-term longitudinal studies of cfPWV conducted prospectively did not
find SBP to be an independent predictor of the longitudinal changes in PWV [2,23]. Other
studies have reported that arterial stiffening precedes and contributes to accelerated
longitudinal increases in SBP, although different measures of stiffness were used in some
studies [16-19]. In contrast, other studies report that blood pressure exerts a strong influence
on arterial stiffening [11-15].

Our findings do not confirm those of a previous review that pulse pressure increases
significantly after the fifth decade of life, suggesting stiffening of the large arteries occurs
predominantly in later life [43]. Although we observed a lack of an association between
cfPWV and DBP, which has been previously reported [11], these results suggest that SBP
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could be the dominant hemodynamic factor associated with cfPWV at later life. The life
course pattern of blood pressure measurements across baPWV tertiles showed similar
relationships to cfPWV (Fig. 1 and Supplementary file, Figure 1, http://links.lww.com/HJH/
B515) as has been reported previously [27].

The interpretation of our results should consider several limitations. Our analyses are limited
to those participants with complete data on PWV at visit 5 and blood pressure measurements
at all five visits. Participants who attended visit 5 had a more favorable cardiovascular risk
profile than those who did not, suggesting the possibility of a ‘healthy survivor effect’. We
took this possibility into account by using Heckman’s two-stage analytic method to correct
for this but we may still have underestimated the strength of the associations of blood
pressure measurements with PWV. Not only the blood pressure levels but also the observed
change over time may not correspond to contemporaneous patterns of blood pressure change
over the life course [44,45]. Although we have adjusted the analyses for several potential
confounders, we cannot exclude the possibility of some residual confounding. Finally, as
PWV was measured at visit 5 only, we cannot rule out the possibility of reverse causality. It
is possible that arterial stiffness and vascular remodelling preceded changes in blood
pressure over the life course.

In summary, higher cfPWV, a measure of central arterial stiffness, was associated with
higher SBP levels over time preceding the cfPWV measurements. This was not observed for
DBP or mean arterial pressure, and only weakly with pulse pressure, which uses DBP in its
calculation. In contrast, faPWV, a measure of peripheral arterial stiffness, was associated
only with blood pressure levels cross-sectionally at visit 5. If replicated, these results suggest
the testable proposition that lowering SBP may retard progression of aortic stiffhess.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HDL high-density lipoprotein

LDL low-density lipoprotein

MAP mean arterial pressure

MI myocardial infarction

PP pulse pressure

PWV pulse wave velocity

SD standard deviation
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FIGURE 1.
Twenty-four-year life course of blood pressure and pulse pressure by tertiles of carotid—

femoral (cf) and femoral-ankle (fa) pulse wave velocity (PWV) measured at an average age
of 74 years. Least squares mean values adjusted for age, sex, race, center, smoking, heart
rate, blood pressure-lowering medication use at time of PWV measurement, and the inverse
of Mill’s ratio. Stiffer arteries, that is, highest tertile, T1, black line less than 1009 cm/s; T2,
long dashed line 1009-1243 cm/s; lowest tertile; T3, short dashed line greater than 1243
cm/s. SysBP, systolic blood pressure (a and b); DiasBP, diastolic blood pressure (c, d); MAP,
mean arterial pressure (e and f), and PP, pulse pressure (g and h).
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Mean (standard deviation) or percentage for characteristics of the the Atherosclerosis Risk in Communities

Study cohort at Examination Visit 5 (2011-2013)

Variable

N

Age (years)

BMI (kg/m?)

Waist circumference (cm)
Waist-to-hip ratio

Smoker (current) (%)

SBP (mmHg)

DBP (mmHg)

Mean blood pressure (mmHg)
Pulse pressure (mmHg)
Heart rate (bpm)

Total cholesterol (mmol/l)
HDL cholesterol (mmol/l)
LDL cholesterol (mmol/l)
Insulin (pu/ml)

HbA. (%)

Diabetes (%)
Carotid—femoral PWV (cm/s)
Femoral-ankle PWV (cm/s)

Overall
4166
75.4 (5.03)
27.8 (4.44)
99.0 (12.24)
0.93 (0.08)
55
130 (17)
66 (10)
88 (11)
64 (14)
65 (12)
4.77 (1.08)
1.37 (0.37)
2.75(0.89)
13.0 (11.4)
5.9 (0.8)
29.3
1158 (301)
1077 (201)

Men
1672
75.6 (5.05)
28.0 (3.90)

102.9 (10.41)

0.98 (0.05)
5.9
129 (17)
67 (10)
87 (11)
62 (13)
63 (11)
439 (1.02)
1.20 (0.29)
2.54 (0.87)
13.5 (9.6)
5.9(0.9)
328
1177 (304)
1079 (211)

Women
2494
75.2 (5.01)
27.7 (4.76)
96.5 (12.69)
0.90 (0.08)
52
131 (18)
66 (10)
88 (11)]
65 (15)
66 (11)
5.02 (1.04)
1.49 (0.36)
2.88(0.88)
12.8 (12.5)
5.9 (0.7)
26.9
1145 (298)
1076 (195)

HbA1¢, haemoglobin Alc; PWYV, pulse wave velocity.
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