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Abstract

Objectives: Carotid-femoral pulse wave velocity (PWV), an index of arterial stiffness and a 

proxy of arterial aging, has been reported to be an independent determinant of cardiovascular 

health. Whether the effects of antihypertensive treatment vary in the presence of accelerated 

arterial aging (stiffer artery, ie, PWV >10 m/s) has not been established. We tested this hypothesis 

in a longitudinal study in a large community-dwelling population.

Design: Longitudinal population study with repeated measures.

Setting and Participants: Study population consisted of a cohort of 6011 volunteers (2546 

men and 3465 women, age range 14–101 years; 15,011 observations over a median follow-up of 

6.8 years) participating in the SardiNIA Study.

Measures: Repeated measures of PWV, blood pressure (BP), and metabolic risk factors and 

the antihypertensive medication trajectories of BP and PWV over time were assessed via mixed 

effects models.

Results: Antihypertensive treatment significantly affected the trajectory of BP in both 

participants with (−0.47 ± 0.20 mmHg/y, P = .02) and participants without stiffer arteries (−0.47 
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± 0.07 mmHg/y, P = .001). They also affected the trajectory of PWV in participants with stiffer 

artery, independent of the BP values.

Conclusions and Implications: Antihypertensive treatment is effective in reducing both BP 

and PWV in older individuals with stiffer arteries.
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Blood pressure (BP) increases with advancing age and so does the prevalence of 

hypertension: from approximately 60% after age 60 years to approximately 75% among 

those aged ≥ 75 years.1 Hypertension represents the single major cause of cardiovascular 

morbidity and of the years lived with disability.2

The cultural paradigm considers older age a barrier to antihypertensive treatment because of 

assumed impaired perfusion to vital organs related to BP lowering; treating hypertension in 

older individuals still represents a challenge. Older patients are characterized by a high 

degree of heterogeneity in comorbidity,3 which exposes them to negative interaction4; 

polypharmacy including antihypertensive medications can cause serious adverse drug 

reactions.5 A particular comorbidity, primarily poorer cognitive function, may interfere with 

patients’ adherence to medical prescription and interfere with BP control and variability,6 

which in turn may contribute to the progression of cognitive decline.7,8

Aging is associated not only with an increase in BP levels and prevalent hypertension but 

also with a progressive stiffening of large arteries,9 indexed by noninvasive measurement 

of carotid-femoral pulse-wave velocity (PWV).10 The positive association between BP 

and arterial stiffness is bidirectional: a stiffer artery predicts the development of systolic 

hypertension,11 and higher BP increases arterial stiffness.12

The stiffening of arteries with advancing age increases the complexity of management 

and treatment of hypertension at older ages. In fact, in the presence of stiffer arteries, the 

active treatment of hypertension has been reported as less effective13 and multiple organ 

damage (heart, vessel, and kidney) is more frequent.14 Additionally, with stiffer arteries, BP 

pulsatility is greater,15 which leads to progression of cognitive decline.6,16–18

The aim of the current study was to determine the impact of antihypertensive treatment on 

BP and PWV trajectories in people with or without stiffer arteries by measuring both PWV 

and BP trajectories during 6.8 years of follow-up in a large cohort of community-dwelling 

men and women 14 to 100 years of age at entry into the study.

Methods

Study Population

The SardiNIA Study was conceived as a study of a Sardinian founder population 

investigating the genetics of complex traits/phenotypes, including cardiovascular risk 

factors and arterial properties.19 The entire population aged ≥ 14 years was contacted via 

advertisements to participate in a free full screening over 3 years. Over this time, 6148 
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participants were enrolled, comprising 63% of those aged 14 to 102 years in a cluster of 4 

towns. Each participant came to the clinic before breakfast, signed consent forms, and gave 

a sample of fasting blood so that all tests would be uninfluenced by meals at different times. 

Each participant underwent a detailed medical history and full medical examination, BP, 

and anthropometric measurements, a 12-lead resting electrocardiogram, and measurements 

of arterial structure and function.

Because we are investigating longitudinal changes in PWV and day-to-day variability in 

PWV measurements is about ±2 m/s,20 it seemed reasonable to exclude participants whose 

visit-to-visit changes in PWV were more than 5 m/s (ie, 2½ times the expected day-to-day 

variation).

The data used in the present analysis comprised 15,011 observations on 6011 volunteers 

(2546 men and 3465 women) who entered the study over a wide age range (14–101 years) 

and had a median follow-up of 6.8 years (mean 5.4 years and maximum 10.2 years).

The present study complies with the Declaration of Helsinki. The locally appointed ethics 

committee has approved the research protocol and informed consent has been obtained from 

the participants (or their legally authorized representative).

Variables Measured

Blood pressure—Morning BP was measured in both arms with a mercury 

sphygmomanometer using an appropriately sized cuff. Values for systolic BP (SBP) and 

diastolic BP (DBP) were defined by Korotkoff phase I and V, respectively. The average of 

the second and third measurements on both the right and left arm were used in the analysis. 

Pulse pressure (PP) was computed as PP = (SBP − DBP); mean BP (MBP) was computed as 

MBP = DBP + (PP/3).

Anthropometry—Height, weight, and waist circumference were determined for all 

participants. Body mass index was calculated as body weight (kg)/[height (m)]2.

Fasting plasma lipids—Blood samples were drawn from the antecubital vein between 

7 and 8 AM after an overnight fast. Participants were not allowed to smoke, engage in 

significant physical activity, or take medications before collection of samples. Plasma 

triglycerides and total cholesterol were determined by an enzymatic method (ABA-200 

ATC Biochromatic Analyzer; Abbott Laboratories, Irving, TX). High-density lipoprotein 

cholesterol was determined by a dextran sulfate magnesium precipitation. Low-density 

lipoprotein cholesterol concentrations were estimated using the Friedewald formula. Fasting 

plasma glucose concentration was measured by the glucose oxidase method (Beckman 

Instruments Inc, Fullerton, CA).

Arterial stiffness: PWV—Aortic stiffness was assessed noninvasively based on the 

carotid-femoral PWV,21 using nondirectional transcutaneous Doppler probes (9- to 10-MHz) 

(Model 810A; Parks Medical Electronics, Inc, Aloha, OR) and adopting the subtraction 

method for estimating aorta length from the distance between the carotid and femoral 
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measurement sites. Accordingly, exaggerated stiff artery was defined as a PWV >1000 cm/s 

(or 10 m/s).22

Group Definitions

Volunteers were assigned to 4 different groups on the basis of 2 categorical variables 

assessed at any visit: high BP, that is, office BP > 140 mmHg for SBP and >90 mmHg for 

DBP (yes = 1; no = 0); use of antihypertensive medications (yes = 1; no = 0).

Accordingly, groups were identified as follows:

Normotensive: no high BP in the absence of antihypertensive treatment

Hypertensive, controlled: no high BP in the presence of antihypertensive treatment

Hypertensive, treated but not controlled: high BP despite antihypertensive treatment

Hypertensive, not treated and not controlled: high BP in the absence of 

antihypertensive treatment

Statistical Analyses

Because participants enter the SardiNIA study at different ages and were followed thus far 

for 2 or 3 visits, both cross-sectional and longitudinal perspectives can be gleaned from 

the measured variables. All analyses were performed using R software.23 The analyses 

included 6011 participants for 15,011 observations. Baseline characteristics are presented as 

mean ± standard deviation unless otherwise specified. Linear mixed effects models, the best 

available analytical tools for unbalanced, unequally spaced observations, such as those of the 

SardiNIA and PROGENIA studies, were used to assess average longitudinal trajectories of 

indexed parameters.24 The fit of the mixed effects models to the data are addressed by plots 

of the residuals and plots of observed vs predicted values.

Each model fit represents a specific hypothesis being tested, and each model contains a 

number of model effects. The mixed effects model included as covariates the following: 

entering age, time, body mass index, high BP, and antihypertensive treatment and the 

interaction terms of the last 2 variables plus entering age with time.

Results

Distribution of PWV and BP measurements according to BP groups is described in Table 1. 

To evaluate the impact of stiffer arteries on the response to antihypertensive treatment, the 

study population was divided into 2 subgroups: participants with PWV ≤10 m/s or >10 m/s 

(Table 2).

Table 3 lists the estimates for the fitted models for SBP, MBP, and PWV in participants 

without or with stiffer artery. The graphs in Figures 1 and 2 are generated from the equations 

provided by the mixed effects models in Table 2.

In participants with PWV at baseline ≤10 m/s, participants receiving antihypertensive 

medication showed a significantly greater decline in SBP over time, whether they attained 
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BP control or not (Figure 1, top left panel). A similar trend was observable for MBP 

(Figure 1, bottom left panel) and DBP (data not shown). In participants with PWV >10 m/s 

at study entry, SBP started significantly higher but decreased with a steeper trajectory in 

participants with high BP; antihypertensive treatment was accompanied by a significantly 

greater decrease in SBP over time (Figure 1, top right panel).

A similar trend was observable for MBP (Figure 1, bottom right panel) and DBP (data 

not shown). Concerning trajectory of PWV, in participants with PWV at baseline ≤10 

m/s, the increase over time was slightly greater in those participants with higher BP and 

was not significantly influenced by antihypertensive medications (Figure 2, left panel). In 

participants with stiffer arteries, PWV significantly decreased over time; in hypertensive 

participants, treatment was associated with a greater decrease in PWV over time as 

compared to hypertensive participants not achieving BP control (Figure 2, right panel).

Discussion

This is the first extended longitudinal study in the general population of men and women of 

a broad age spectrum and extensive clinical information available, including and modeling 

repeated measurements of both BP and PWV over time. The present study showed that 

antihypertensive treatment reduced the trajectory of SBP and MBP over time both in 

participants with and without stiffer arteries. The impact of antihypertensive treatment on 

trajectory of PWV over time was greater in participants with stiffer arteries.

In participants without arterial stiffness, the trajectory of BP and PWV over time can 

be interpreted in light of the known vicious circle between BP and PWV, indicating the 

importance of BP control in limiting the progress of this detrimental vicious cycle.25,26 

Thus, the lower the achieved BP, the slower the increase in PWV over time, that is, the rate 

of arterial aging.

The observed trajectory in BP and PWV in participants with stiffer arteries is more complex 

to interpret. If we cannot rule out that part of the observed effects in participants with 

stiffer artery may be attributable to the regression to the mean phenomenon rather than to 

antihypertensive treatment, however, the selective impact of antihypertensive treatment on 

BP levels and arterial stiffness suggests that the reduction is not attributable exclusively to 

the regression to the mean phenomenon.

It is tempting to speculate that a smaller aortic root with higher impedance to flow27 

and large artery remodeling28 underlying the stiffer artery may affect the dissociation 

between the magnitude in trajectory of BP and PWV reduction over time in response to 

antihypertensive treatment.

Another possibility relates to the prescribed antihypertensive drug classes in participants 

with stiffer artery and their ability to reduce arterial characteristic impedance and fibrosis, 

dilate muscular artery, decrease vascular tone, and modulate vascular remodeling. In 

fact, selective antihypertensive drugs, namely, those blocking the angiotensin II cascade, 

have been shown able to reduce PWV independently and beyond their effect on BP 

levels.29–31 Superiority of selected antihypertensive drug classes in reducing arterial stiffness 
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has not been proven in human studies. This reflects the complexity of approaching this 

issue. First, most hypertensive participants need 2 or more drugs to achieve an adequate 

BP control.6 Meta-analysis including participants in monotherapy and adopting complex 

statistical modeling faced the limitation of the relatively short duration of treatment, likely 

not sufficient to produce those structural changes in the vessel wall able to modify arterial 

stiffness.32 Last, but not least, the contribution of poor adherence to antihypertensive therapy 

may be relevant. With advancing age, the issue of adherence to antihypertensive therapy is 

further complicated by the greater occurrence of cognitive impairment.33

The major strength of this study is the long follow-up time and the availability of repeated 

measures at regular intervals, allowing assessment of structural rather than functional arterial 

changes that likely underline changes in PWV. A further strength is the classification 

of groups according to treatment and BP levels at each visit. This characterization and 

description of trajectory in arterial aging, thus, becomes more accurate by partly overcoming 

the limitation of the usual intention-to-treat analysis adopted in clinical trials.

Although the present study included a large number of participants observed over time 

with repeated measurement of both BP and PWV, a relevant limitation is represented by 

the considerable interval between assessments (on average 3 years), typical in population 

studies. More BP measures at shorter interval might provide a more rigorously defined 

trajectory of BP over time and the impact of therapy. An additional limitation is represented 

by the population size, which is too small to provide the power for an accurate analysis 

of the arterial effects of specific antihypertensive drug classes. Thus, we cannot distinguish 

whether the impact of antihypertensive therapy on arterial aging may result only from BP 

lowering or a direct effect on aortic remodeling, or it is affected in part from adverse drug 

reaction and discontinuation of therapy attributable to specific drug classes.

The results of the present study cannot be generalized and need to be confirmed. However, 

they contribute to an innovative conceptual approach to aging population. In fact, the 

outcome adopted for therapeutic intervention was an integrated marker of aging (aortic 

stiffness measured as PWV) rather than disease, as conventionally is done.

Conclusions and Implications

In summary, antihypertensive therapy seems able to reduce arterial stiffness even in 

participants who have exaggerated aortic stiffness, a proxy of accelerated arterial aging.

The present findings need to be confirmed in larger population consortia. If confirmed, 

a better characterization of the potential specific pathways underlying selective changes 

in PWV, independently of BP reduction, may lead to the discovery of new therapeutic 

targets to slow arterial aging. Additionally, they may contribute to establish whether stiffer 

arteries identify older participants with an exaggerated and/or less predictable BP response 

to treatment, making them frailer and at greater risk of functional loss.34
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Fig. 1. 
Longitudinal trajectories in BPs from mixed effects models according to BP levels and 

antihypertensive treatment at each visit. The longitudinal plots of the modeled data are 

constructed centering for population mean age (43.5 ± 17.5 years) and mean body mass 

index (25.3 ± 4.7). The equations used for these predictions are described in Table 2.
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Fig. 2. 
Longitudinal trajectories in PWV and PWV normalized for MBP from mixed effects models 

according to BP levels and antihypertensive treatment at each visit. The longitudinal plots of 

the modeled data are constructed centering for population mean age (43.5 ± 17.5 years) and 

mean body mass index (25.3 ± 4.7). The equations used for these predictions are described 

in Table 2.
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Table 1

Distribution of PWV and BP Measurements According to BP Groups (Number of Participants)

1 Visit 2 Visits 3–4 Visits Total Observations

NT 766 1752 2132 10,709

HT, treated and controlled 58 79 91 509

HT, treated and not controlled 266 429 577 2931

HT, untreated and not controlled 107 100 170 862

HT, hypertensive; NT, normotensive.
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Table 2

Characteristics of Participants With or Without Exaggerated Aortic Stiffness (Defined as PWV >10 m/s) at 

Their Study Entry

PWV ≤10 m/s at Baseline (n = 5514) PWV > 10 m/s at Baseline (n = 497)

Age, y, mean ± SD 41.3 ± 16.3 67.2 ± 11.9

Age group, n (%)

 <35 y 2117 (38.4) 10 (2.0)

 35–49 y 1688 (30.6) 29 (5.9)

 50–64 y 1152 (20.9) 146 (29.4)

 ≥65 y 557 (10.1) 312 (62.7)

Women 3219 (57.8) 279 (55.7)

BMI 25.0 ± 4.5 29.0 ± 4.9

Waist circumference, cm 83.6 ± 12.5 96.1 ± 12.3

Fasting glucose, mg/dL 88.4 ± 21 105.9 ± 35.4

Total cholesterol, mg/dL 206.7 ± 41.7 227.2 ± 43.8

HDL cholesterol, mg/dL 64 ± 14.9 65.5 ± 14.7

LDL cholesterol, mg/dL 125.6 ± 35.0 139.0 ± 37.8

Triglycerides, mg/dL 85.7 ± 66.4 113.2 ± 79.3

Serum creatinine, mg/mL 0.80 ± 0.19 0.85 ± 0.36

SBP, mmHg 123.6 ± 16.9 147.6 ± 21.0

DBP, mmHg 76.3 ± 10.5 84.7 ± 11.5

MBP, mmHg 91.9 ±11.7 105.5 ± 13.2

PP, mmHg 47.3 ± 11.7 62.9 ± 16.4

NT 75.7 22.0

HT, treated and controlled 3.1 8.2

HT, treated and not controlled 16.9 47.4

HT, untreated and not controlled 4.3 22.4

BMI, body mass index; HDL, high-density lipoprotein; HT, hypertensive; LDL, low-density lipoprotein; NT, normotensive; PP, pulse pressure.

Unless otherwise noted, values are mean ± SD.
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Table 3

Mixed Effects Models Results for BPs According to the Presence of Exaggerated Aortic Stiffness

PWV at Baseline ≤10 m/s PWV at Baseline >10 m/s

Value SE P Value Value SE P Value

SBP

 (Intercept) 108.148 0.7331 <.001 120.1778 3.1942 <.001

 Gender (male) 4.4568 0.2403 <.001 1.4701 0.9392 .12

 Age c 0.2095 0.0101 <.001 0.1376 0.049 .005

 BMI 0.356 0.0292 <.001 0.0538 0.0985 .59

 High BP 22.5232 0.342 <.001 31.0445 1.188 <.001

 antiHT 2.4489 0.5173 <.001 −0.1607 1.2062 .89

 Time 0.1032 0.0419 .014 −0.1055 0.3661 .77

 Time × high BP −0.0762 0.0862 .38 −0.9055 0.3057 .003

 Time × antiHT −0.5348 0.0931 <.001 −0.3186 0.3113 .31

 Age c × time 0.0089 0.0025 <.001 0.0144 0.0144 .32

MBP

 (Intercept) 78.2005 0.5026 <.001 87.4365 2.1765 <.001

 Gender (male) 2.8203 0.1638 <.001 0.2944 0.6506 .65

 Age c 0.1549 0.007 <.001 −0.0308 0.0329 .35

 BMI 0.3779 0.02 <.001 0.1799 0.0674 .008

 High BP 16.166 0.2402 <.001 19.1756 0.7845 <.001

 antiHT 0.848 0.3604 .019 0.1914 0.8024 .81

 Time 0.165 0.0299 <.001 0.1128 0.2353 .63

 Time × high BP −0.0203 0.0611 .74 −0.5746 0.1982 .004

 Time × antiHT −0.4681 0.066 <.001 −0.4747 0.2014 .019

 Age c × time 0.0015 0.0018 .41 0.007 0.0093 .45

PWV

 (Intercept) 469.442 11.036 <.001 1079.324 65.298 <.001

 Gender (male) −3.430 3.535 .33 21.743 18.985 .25

 Age c 5.044 0.160 <.001 1.825 1.013 .07

 BMI 6.488 0.439 <.001 2.966 2.005 .14

 High BP 50.743 5.715 <.001 −7.758 24.767 .75

 antiHT 7.835 8.355 .35 −18.893 25.039 .45

 Time 10.843 0.745 <.001 −75.097 7.761 <.001

 Time × high BP 7.168 1.494 <.001 12.967 6.443 .045

 Time × antiHT 0.159 1.622 .92 17.135 6.568 .009

 Age c × time 0.167 0.044 <.001 1.503 0.303 <.001

Age c, age at entry; antiHT, antihypertensive medication; BMI, body mass index; SE, standard error.

The models are age-centered and included 15,011 observations from 6001 participants.
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