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Blood pressure regulation during the aging process: the end

of the ‘hypertension era’?

Athanase Benetos®®, Paolo Salvi*® and Patrick Lacolley®

The elderly blood pressure paradigm reflects all of the
demographic, technological and therapeutic changes over
the past 20-30 years that make it now possible to propose a
more integrative approach of ‘hypertension’. The aim of the
present review was to address what does measured blood
pressure really mean and what are its determinants during
the aging process. We show that standard blood pressure
measurements are not adequate or even misleading for the
evaluation of cardiovascular risk especially in the elderly
patients and that there is a necessity of a transition to a new
approach in determining the arterial risk. Direct arterial
measurements including analysis of central and peripheral
arterial waveforms and assessment of pulse wave velocity
can be reliable and easily performed measurements as an
alternative to blood pressure-Korotkoff approach. For these
measurements, there are currently sufficient clinical data
showing their association with cardiovascular risk. There is
also the emergence of reference values and beneficial
elements of regression by treatment. This new approach as
well as recent knowledge on vascular hemodynamics and

The transition from diastolic to systolic and
pulse pressure during aging

Until the ages of 50-60 years, both SBP and DBP
increase with age. Thereafter, in the majority of cases,
SBP increases with age disproportionally to DBP. The
most common cause for the disruption of the correlation
between SBP and DBP (leading to an excessive increase
in SBP and pulse pressure (PP)) is the progressive stiffen-
ing of the arterial wall [1,2].

The reasons of the increase in pulse pressure with age
Wall hypertrophy, calcium deposits, increase in collagen
and in fibronectin, fragmentation and disorganization of
the elastin network, nonenzymatic crosslinks and cell-
matrix interactions, are the predominant structural deter-
minants of the decrease in elastic properties and the
developmentof large artery stiffness and increase in PP [3].

It is important at this juncture to point out that SBP is
dependent on left ventricular performance and on the
stiffness of the aorta and other large arteries [1]. Thus,
peak systolic pressure will be greater if the arterial wall is
more rigid. Minimum diastolic pressure is determined by
the duration of the diastolic interval and the rate at which
pressure falls. The rate of fall in pressure is influenced by
the rate of outflow, that is peripheral resistance, and by
viscoelastic arterial properties. At a given vascular resist-
ance, the drop in diastolic pressure will be greater if the
rigidity of large arteries is increased.
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Several clinical cross-sectional and longitudinal studies
have shown that increase in arterial stiffness with age is
not linear, being more pronounced after the age of 55-60
[4], which may in turn explain the more pronounced
increase in PP after this age reported in the Framingham
study [5]. In addition to age, any disease and/or situation
that induces an accelerated increase in arterial stiffness
will be clinically expressed by an increase in SBP and PP.
Diabetes is a typical example of accelerated arterial aging
leading to a more noticeable increase in PP with age as
compared to nondiabetic patients, due to a more pro-
nounced increase in arterial stiffness [6].

The increasing impact of systolic/pulse pressure in the
elderly

Taking into account these considerations can better
explain why SBP and PP better reflect cardiovascular
disease (CVD) risk in older patients, whereas DBP better
reflects the risk in younger patients [7]. Indeed, DBP in
young patients is predominantly dependent on peripheral
resistance and therefore low DBP reflects low peripheral
resistance. In addition, in younger patients with hyper-
kinetic circulation, DBP is less variable than SBP, thus
better reflecting cardiovascular risk. In older patients, a
low DBP may reflect high arterial stiffness which is a
major manifestation of arterial aging, rather than low
peripheral resistance [1,2]. In this case, low DBP is
associated with high SBP and high PP and increased
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cardiovascular risk. The clinical application of these
considerations is that, as clearly stated in the latest
guidelines of the JNC, ‘in persons older than 50 years,
SBP is a much more important cardiovascular risk factor
than DBP’ [8].

Also, in 2003, for the first time the ESH-ESC guidelines
on the management of hypertension [9] have suggested
that PP may represent an independent risk factor, and that
therapeutic studies should henceforth be conducted to
assess the benefits of reducing PP in terms of cardiovas-
cular morbidity and mortality, especially among those over
60 years of age [7]. Indeed, since the first study, conducted
in 1989, which demonstrated a positive association
between PP and target organ damage [10], a large number
of clinical studies notably over the past 10 years have
shown that increased PP is a strong predictor of coronary
disease, incidence of heart failure, and cardiovascular
morbidity and mortality, independently of mean blood
pressure (BP) levels [5,11]. Such observations have been
made in a variety of different populations but are appar-
ently more pronounced in diabetics and elderly patients.
T'hreshold PP risk values have been proposed, notably a
value of approximately 65 mmHg [12,13].

The SBP/pulse pressure-related increase in
cardiovascular risk: is it only a barometric
phenomenon?

To date at least three hypotheses can be put forward to
explain the association between SBP/PP and cardiovas-
cular risk. Actually, these three hypotheses are comp-
lementary rather than contradictory:

(1) PP and increased cyclic stress. Experimental studies
indicate that fatigue and fracture of elastic fibers
within the arterial wall are related to both steady-
state and pulsatile stress [14]. Iz vivo, the former is
primarily dependent on mean arterial pressure,
whereas the latter is related to amplitude of PP
and also to heart rate. Therefore, increased PP by
itself could be responsible for cardiac and arterial
fatigue and subsequent complications such as left
ventricular hypertrophy, arterial hypertrophy and
dilatation, endothelial damage and extracellular
matrix changes.

(2) Altered ventricular—aortic coupling influences myo-
cardial perfusion by elevating the proportion of
coronary flow during the systolic time period [15].
Thus, increased PP and low DBP lead to decreased
coronary perfusion.

(3) PP is associated with CVD risk because it is an
indicator of arterial stiffness; therefore PP is merely
an epiphenomenon and not responsible for cardio-
vascular alterations. We believe that this third
hypothesis is the main explanation of the relationship
SBP/PP and CVD morbid-mortality. This assump-
tion is based on the fact that the risk related to PP is
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mainly observed in the elderly and is due to both high
SBP and low DBP [5,7] reflecting the typical clinical
manifestations of arterial aging.

In a community-based study among patients 85 years of
age or older, survival was lower in patients with low SBP
and DBP [16]. This paradox appears to be related to the
presence of co-morbidities since it was no longer present
after adjusting for confounding parameters. However,
after these statistical adjustments, no positive relation-
ship was found between BP and cardiovascular morbidity
and mortality indicating that BP may not be a risk
indicator in this group of patients. Other studies in elderly
patients have shown that a decrease in BP over a long
period of time predicts high morbidity and mortality [17].
In a recent study in the United States conducted in
institutionalized patients, no relationship was observed
between BP levels and cardiovascular risk [18]. Hence,
the absence of association between BP and CVD risk in
the very elderly appears to be linked to several age-
related changes as summarized below:

(1) The presence of frequent co-morbidities in the very
elderly, in particular denutrition, heart failure and
several neurological disorders, reduces BP levels,
thereby masking the association between high BP
and CVD risk [19].

(2) Exaggeration of BP variability, mainly SBP and PP
variability, due to alterations in homeostatic mech-
anisms. Arterial stiffness, baroreceptor failure and
neurological diseases are responsible for this varia-
bility and for the presence of orthostatic or
postprandial hypotension [20]. Therefore, SBP and
PP recorded during casual measurements may not
reflect more permanent SBP and PP levels.

(3) Finally, we should mention the relatively frequent
overestimation of BP levels in the presence of severe
mediacalcosis (pseudo-hypertension) [21] due to the
lack of compressibility of peripheral arteries.

These data point out that standard BP measurements are
not adequate or even misleading for the evaluation of
CVD risk in the very elderly frail patients. All the same,
remains still irreplaceable the role of the standard blood
pressure measurements in particular clinical settings, for
example in patients with sepsis and other unstable
hemodynamic situation.

Influence of arterial aging on the response to
antihypertensive treatment

Beyond this epidemiological evidence, the response to
antihypertensive treatments clearly shows that arterial
aging should be taken into account in order to answer a
number of questions: Why is SBP not controlled in the
majority of treated hypertensives? Is there an optimal BP
decrease? What is the J-shape curve threshold for DBP,
SBP and PP? Should we be apprehensive of an excessive
decrease of BP in frail patients?
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Failure to control SBP

The recent reappraisal of European guidelines on hyper-
tension management [22] suggested that SBP should be
under 140 mmHg and that DBP be under 90 mmHg for all
treated hypertensive patients, independently of the pre-
sence of associated risk factors and or CVD. Observational
studies from several countries have demonstrated that
among treated hypertensive individuals, the proportion
of those who are well controlled is less than 30% [23]. In a
study conducted in a general elderly population (over
60 years of age) in Nancy (northeast part of France), we
found that only 50% of treated patients were well con-
trolled, that is SBP less than 140 mmHg and DBP less than
90 mmHg [24]. Among uncontrolled patients, 84% were
uncontrolled only for SBP (>140 mmHg), 14% for both
SBP and DBP (>90 mmHg) while only less than 2% were
controlled for SBP but uncontrolled for DBP. These
results are of importance in the prognosis of treated
patients, since lack of control of SBP (but not DBP) has
been shown to be a major determinant of mortality in
treated hypertensives [25].

Several factors can contribute to a poor control of high
SBP. Among these, the increasing prevalence of obesity,
sedentary life and high-salt diet can contribute to the
resistance of antihypertensive treatment [26]. In our
opinion, arterial aging-stiffening is the main determinant
which could explain current failure in controlling systolic
but not DBP. Aging of the population, in association with
increasing prevalence of obesity and metabolic problems,
results in the fact that an increasing number of people
present substantial arterial stiffness, hence leading to
increased SBP and PP. In other words, hypertensive
patients treated in 2010 are very different in comparison
to hypertensives we used to treat back in the 1980s.
Hence, even despite the use of combination therapies,
SBP in most patients remains well above the goals
determined by international guidelines.

Blood pressure drop with treatment: the ‘J-shape curve’:
which are the thresholds for ‘clinical relevant’, ‘optimal’
and ‘harmful’ levels

Classically, a clinical relevant decrease in BP following
antihypertensive treatment signifies a decrease by at least
6-—7mmHg, since this threshold is considered to be
associated with a significant decrease in cardiovascular
complications [8]. We believe that in order to correctly
answer this question we must follow a different approach:
the clinical relevant decrease in BP is the one that results
from an improvement in arterial function. In other words,
a permanent progressive decrease in DBP and SBP of
10mmHg in a 50-year-old hypertensive patients with a
pre-treatment level of 160/100 mmHg, can be considered
as clinically relevant as it is certainly due to a significant
improvement in microcirculation and a decrease in peri-
pheral vascular resistance. On the contrary, the same
decrease in DBP but without a decrease in SBP in a

72-year-old diabetic patient with an initial BP of 175/100
is clearly a bad sign since it reflects the incapacity of the
drug to reduce arterial stiffness which is the main deter-
minant of systolic hypertension in this patient.

The ‘J-curve’ describes the relationship between BP and
the risk of cardiovascular morbidity and/or mortality.
Cardiovascular risk is high for an elevated BP level,
and is reduced in parallel with BP reduction until a nadir
is reached, below which further BP reduction increases
risk [27,28]. Several studies have shown that a ‘J-curve’
exists mainly between DBP and coronary disease especi-
ally in the frailest patients [27].

Thus, the ‘J-curve’ legitimately brings the motto ‘the
lower the better’ into question, and confirms the need for
using further diagnostic methods to evaluate arterial
hypertension and personalizing the treatment. In a situ-
ation of hypertension characterized by preserved viscoe-
lastic properties of large arteries, an antihypertensive
treatment may determine a reduction in SBP without
significant change in DBP, due to the delay and redis-
tribution of reflected waves in the diastolic phase. In this
condition, lowering BP can improve coronary perfusion.
By opposition, in the presence of large artery stiffening,
antihypertensive treatment can excessively reduce DBP
levels and notably proto-diastolic pressure, hence con-
tributing to a reduction in coronary flow. Thus, the
association between the lowering of BP and the increase
in cardiovascular risk recorded in clinical trials most likely
results from marked arteriosclerosis and/or a previous
unknown coronary artery disease [28].

Alternative to the casual blood pressure
measurements for a more accurate evaluation
of the ‘hemodynamic’ risk

There is currently ample data to conclude that other than
standard BP measurements are needed in order to better
assess the so-called BP-related risk, especially in the
elderly.

(1) Multiple more ecological measurements including
self-measurements and 24-h ambulatory blood pres-
sure monitoring (ABPM).

(2) Pulse wave analysis and evaluation of wave
reflections.

(3) Central pulse pressure and central to peripheral
pressure amplification.

(4) Direct arterial stiffness assessment by measuring
pulse wave velocity.

Increasing the number of measurements (self-
measurements and 24-h ambulatory blood pressure
monitoring)

Several studies have shown that in the elderly,
ambulatory (24-h ABPM) [29] or self-measured [30]
BP is a better predictor of cardiovascular risk than
clinical BP.
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These data indicate that elderly patients with increased
clinical but normal self-measured BP or low 24-h ABPM
were at much lower risk than those with equivalent
clinical BP levels but also high self measured and 24-h
ABPM. For these reasons, several recent guidelines for
the management of high BP suggest systematically per-
forming self-measurements in community-living elderly
[31].

However, this approach can only resolve part of the
problem since it cannot assess the problems related to
arterial aging and the discrepancies between BP levels
and cardiovascular risk.

Focus on pulse wave analysis

Frederick Akbar Mahomed, a half-Indian half-British
physiologist who lived in Great Britain during the nine-
teenth century, developed the concept and techniques of
pulse waveform analysis. Unfortunately, this approach
has been largely ignored for at least two reasons: firstly
because Frederick Akbar Mahomed died in 1884 at the
very early age of 32 years and secondly because a few
years later, Riva Rocci and Korotkoff introduced the cuff
sphygmomanometer, a device much easier to use,
although unequivocally yielding less information with
regard to arterial function. Over recent years, pulse wave-
form analyses have experienced somewhat of a revival.
Using accurate tonometric recordings at different arterial
sites (radial, carotid), analysis of pressure waves by var-
ious algorithms [32] is able to estimate ascending aortic
waveform. These waveforms are not only able to provide
quantitative information regarding central BP levels but
also qualitative data relative to the waveforms them-
selves, thereby enabling definition of the elastic proper-
ties of the arterial wall [14,32]. These validated nonin-
vasive techniques, are able to quantify the amplification
of pressure by reflected waves and represent a reliable
marker of overall arterial health.

Pressure wave reflections and blood pressure
amplification

BP amplification is defined by the elevation of PP from
the central aorta toward the periphery and is mainly
attributed to the elevation of SBP [14,32]. Pressure wave
amplification can be explained by the reflection phenom-
ena of the pulsatile BP wave. Propagation of the BP wave
is achieved from the heart to the periphery at a celerity
corresponding to the pulse wave velocity (PWV).
Depending on the PWV and the distance covered, the
reflected wave generated at the periphery will add to the
forward BP wave, at a more or less earlier time frame
during the cardiac cycle. In the presence of a low stiff-
ness-low PWYV state, the reflected waves will therefore
arrive during the systolic phase only in peripheral arteries
(i.e. radial arteries) which are in very close proximity to
the reflection sites. In this state, the arrival of the
reflected waves at the central arteries will occur later
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during the diastolic period and therefore will not con-
tribute to increasing systolic and pulse pressure. This
mechanism explains the amplification of the PP wave,
that is why peripheral (brachial) pulse pressure is higher
than central (aortic or carotid) pulse pressure.

The PP amplification (PPA) may be expressed as a
percentage increase: PPA  (%)=100* (peripheral
PP — central PP)/central PP. The Anglo-Cardiff Colla-
borative Trial (ACCT) [32] has shown that the ratio of
brachial/central PP varies from 70% at less than 20 years
of age to 20% at over 80 years of age. When expressed as
the absolute change in mmHg, the difference between
brachial and central PP varies from 20 to 7mmHg.

The disappearance of aortic-brachial PPA, together with
an increase in central PP and in PWV, were shown to be
significant predictors of all-cause and cardiovascular
mortality [14,33-39], and in the very elderly, low PPA
is associated with higher prevalence of heart disease [40].
In addition, the predictive power of PPA was superior to
peripheral and carotid PP [33]. An increase of 1 SD in
PPA was associated with a 19% increase of all-cause
mortality and a 30% increase in cardiovascular mortality
[14,34,35].

Arterial stiffness measured by pulse wave velocity
PWYV is the speed with which the pulse wave spreads
across an arterial segment [14]. Aortic (carotid-femoral)
PWV is an established method for characterizing aortic
stiffness [41]. Increase in PWV with age is not linear
[42], being more pronounced after the age of 55-60
(Fig. 1) [4,43]. Hence, the annual increase in PWV
before the age of 50 is approximately 100 mm/s (i.e.
an annual increase of about 1%) and rises to an annual
increase of more than 150 mm/s after the age of 60. This
age-related increase pertains essentially to aortic PWV,
conventionally measured between the carotid and
femoral arteries, and much less to PWV measured in
peripheral arteries, particularly of the upper and lower
limbs [4].

The relationship between aortic PWV and cardiovascular
morbidity and mortality has been demonstrated not only
in the general population but also in subgroups of
patients, especially among hypertensive and diabetic
patients, coronary patients, very old patients and hemo-
dialysis patients [44—46]. Risk assessment by use of the
Framingham equations has indeed allowed demon-
stration that this cardiovascular risk was linearly corre-
lated with the sole measurement of PWV [47].

In a clinical trial, Guerin e a/. [48] have shown that
survival of end-stage renal failure patients was strongly
related to the drug-induced reversibility of aortic stiffness
measured by PWV independently of BP evolution. This
result highlights that, especially in patients with a pro-
nounced arterial aging, PWV predicts better than BP
benefits of antihypertensive treatment.
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Fig. 1
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Upper panel: pulse waveform in young (left) and in elderly (right). In the
elderly, aortic stiffness leads to an increase in systolic peak in forward
wave and a reduction in DBP. Moreover, arterial stiffness determines an
earlier forward and backward wave interaction, leading to a further
increase in systolic peak. In young patients the overlapping between
forward and backward waves occurs during telo-systolic and diastolic
phases. The contribution of reflected waves is highlighted in gray color.
Lower panel: pulse wave velocity values determined by a high-fidelity
arterial tonometer in 1001 young patients under 20 years [561]

(mean + SD: 5.2 + 0.8 m/s) and in 1042 patients over 80 years [4]
(mean + SD: 14.2 + 4.8 m/s). This almost three-fold increase of pulse
wave velocity in the elderly is the main cause of the early arrival of
reflected waves during the systolic period as indicated in the upper
panel.

The 2007 ESH-ESC guidelines on the management of
hypertension [49] recognized for the first time the inde-
pendent role of PWV in the risk of cardiovascular mor-
bidity and mortality. These guidelines have hence pro-
posed that a PWV higher than 12 m/s should be regarded
as an abnormally high value and thus associated with
increased cardiovascular risk. Recent studies attempt

now to establish reference values in various populations
[50-52].

Future directions: the end of the arterial
hypertension concept?

Changes in the dogma of the relationship between BP
and cardiovascular risk is the first example of the fact that
the most important thing is not how high or low is your
BP, but the reason why your BP is low or high.

Hence, the important issue in epidemiology is the
personal history of each patient. The question is there-
fore which parameter can best describe a person’s
‘personal history’. BP in younger and middle-age people
without excessive arterial aging can describe the arterial
history in a relatively fair and appropriate manner. In
these patients, complementary explorations could add
some important information on target organ damage,

although the simplicity of BP measurements has made
this measurement a gold standard. However, as patients
getolder, or exhibit accelerated aging as a consequence of
obesity, diabetes, renal insufficiency, etc., BP becomes a
‘poor story teller’ and may be misleading in the under-
standing of the underlying arterial state. The elderly BP
paradigm is the clearest example for the necessity of
a transition from the BP-Korotkoff model to a new
approach in determining the arterial profile. This new
approach as well as recent knowledge on vascular hemo-
dynamics and biology, represent the swan song for the
hypertension concept as defined by BP measurement
values.

Although there are many strong arguments to promote
direct arterial measurements such as pulse wave analysis
and PWYV instead of standard BP, there is still a lack of
interventional studies to show the superiority of pulse
wave analysis and PWV in the improvement of
cardiovascular events.

We propose a realistic two-step strategy based on the
timing of the application of this new approach in the
evaluation of arterial status:

(1) On the short term, direct arterial measurements
including analysis of central and peripheral arterial
waveforms and assessment of PWV can be reliable
and easily performed measurements as an alternative
to BP-Korotkoff. For these measurements, there are
currently sufficient clinical data showing their
association with cardiovascular risk. There is also
the emergence of reference values and beneficial
elements of regression by treatment. Presently,
therapeutic trials should be focused on these arterial
parameters rather than on the simple BP-Korotkoff
model.

(2) On the long term, these measurements should be
complemented by new biomarkers of arterial ageing,
vessel wall inflammation, fibrosis and genetics, as
well as new molecular imaging techniques.

One could argue that this two-step approach may be
considered as arbitrary or limitative and that much more
testing is needed to define an exhaustive arterial profile.
We believe, however, that this is the unique realistic way
in order to change the current clinical practice which is,
and will be in the near future, insufficient for managing
patients with ‘very aged arteries’.

In a more general facet, BP values should be integrated
within the individual’s overall cardiovascular homeostasis
but also to his/her general health status. Achieving the
right prevention is not solely to treat ‘numbers’ that show
‘strong correlation with risk’, but rather attempting to
clarify what lies beneath these ‘numbers’. It is therefore
important to consider BP values as signs of a physiological
balance and homeostasis (or an imbalance thereof) rather
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than to focus our attention on so-called ‘magical’
numbers.
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