
Systolic and diastolic blood
pressure are generally consid-
ered to be the exclusive

mechanical factors that predict risk
in normotensive and hypertensive
populations, according to Michel E.

Safar, MD, Professor of Medicine,
Chief, Department of Internal
Medicine, Hospital Broussais, Paris,
France.

However, if hypertension is
viewed as a mechanical factor that
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What Are the Benefits?

Based on a presentation by Michel E. Safar, MD

. . .SYMPOSIUM PROCEEDINGS . . .

Presentation Summary 
Systolic and diastolic blood

pressure are generally considered
to be the exclusive mechanical fac-
tors that predict cardiovascular
risk in normotensive and hyperten-
sive populations. However, these 2
measures give an incomplete pic-
ture when evaluating risk for car-
diovascular events. Rather, one
must consider the entire blood
pressure curve when assessing risk. 

The blood pressure curve has 2
components: the mean arterial
pressure and the pulse pressure.
Both components of the blood
pressure curve also vary with age.
Abnormalities of the large arteries
predominate over abnormalities of
the small arteries in the elderly,
causing a predominant increase in
pulse pressure. This pattern is also
observed in persons with diabetes
and in those with end-stage renal
disease. 

As a result of these changes, the
shapes of the blood pressure curves
from older patients and younger
ones are very different, despite the
same mean arterial pressure. 

Mean arterial pressure has
recently been shown to be a pre-
dictor of risk for events involving
the cerebral vessels, the coronary
vessels, and the kidney. Pulse pres-
sure has an additional effect on
cardiovascular mortality: it is an
independent predictor of cardiac
death and, to a lesser extent,
stroke death, particularly in
women over the age of 55.

It is possible to reverse pulsatile
arterial hemodynamics in patients
with hypertension, particularly
with the use of angiotensin-con-
verting enzyme (ACE) inhibitors.
Several techniques are available to
measure arterial stiffness, for which
pulse pressure is a surrogate.

ACE inhibition with perindo-
pril has been shown to increase
the diameter of muscular arter-
ies in patients with hypertension,
demonstrating a drug-induced
effect on the arterial wall.
Furthermore, there was an addi-
tional improvement in brachial
artery compliance at the end of
12 months with perindopril
treatment.
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acts upon the arterial wall, where it
exerts potentially deleterious effects,
then the entire blood pressure
curve—not just the systolic and dias-
tolic pressures—should be considered
when investigating and evaluating
cardiovascular risk, Dr. Safar
remarked.

Describing the Blood Pressure
Curve

To investigate high blood pressure
as a cardiovascular risk factor, he con-
tinued, it is necessary to have a better
description of the blood pressure
curve. Physiologists use the term
mean arterial pressure to describe
that curve, a good term because the
area under the curve for mean arteri-
al pressure represents cardiac work
and is exactly equal to the area under
the curve for pulsatile pressure.
However, when the term mean arteri-
al pressure is used, it generally sup-
poses that the blood flow is constant
and the heart is not beating, an inap-
propriate setting for exploring cardio-
vascular risk.

A good description of the blood
pressure curve must consider not
only the mean arterial pressure, but
also the fluctuation around the mean;
that is, the pulse pressure, which is
the difference between the systolic
and diastolic blood pressures. An ade-
quate evaluation of hypertension
should also consider the status of
both small arteries and large arteries,
Dr. Safar explained.

The mean arterial pressure, which
is the product of cardiac output and
vascular resistance and provides
information on the status of the small
arteries, is the steady component of
the blood pressure curve, whereas the
pulse pressure is the pulsatile compo-
nent. The pulse pressure is governed
by 3 factors: ventricular ejection,
arterial distensibility, and the timing
of reflected pulse waves. Thus, pulse
pressure at a given ventricular ejec-
tion is an indicator mainly of large
artery status. 

Another important point about the
blood pressure curve is that it propa-
gates along the artery so that there is
no change in mean arterial pressure
from central to peripheral arteries,
but there are pronounced changes in
the shape of the blood pressure curve.
As a result of changes in arterial stiff-
ness and wave reflections, the systolic
blood pressure increases from central
to peripheral arteries, whereas the
diastolic blood pressure tends to
decrease.

It is also important to consider the
fact that both mean arterial pressure
and pulse pressure vary substantially
with age. Whereas systolic pressure
increases with age, diastolic pressure
generally increases with age until age 55
and then decreases with age thereafter.

“Because of these age-related
changes, the blood pressure that is
interesting to look at in terms of car-
diovascular risk is the pulse pressure,
and not only the mean arterial pres-
sure,” Dr. Safar emphasized.

What the Blood Pressure Curves
Tell Us

Abnormalities of the large arteries
predominate over abnormalities of
the small arteries when blood pres-
sure is elevated in the elderly, in peo-
ple with diabetes, and in those with
end-stage renal disease.1 In fact, Dr.
Safar noted, one of his colleagues in
Paris has described high blood pres-
sure in patients with end-stage renal
disease undergoing hemodialysis as a
model of hypertension in the elderly. 

To better understand the relation-
ship between arterial alterations and
changes in blood pressure in older
patients, it is necessary to compare
blood pressure curves from older and
younger patients with the same mean
arterial pressure—that is, the same
area under the blood pressure curve.
Despite the same mean arterial pres-
sure, the shapes of the blood pressure
curves are quite different. In older
patients, the blood pressure curve
shows a higher peak systolic blood



pressure and a lower diastolic pres-
sure. This is the result of increased
stiffness of the arterial wall. The
increase in systolic pressure is a dom-
inant factor promoting cardiac hyper-
trophy, while the decrease in diastolic
pressure tends to alter coronary per-
fusion and may also favor coronary
ischemia, Dr. Safar explained. 

These pathophysiologic mecha-
nisms are now becoming more and
more important in light of recent
findings in cardiovascular epidemiol-
ogy. The mean arterial pressure com-
ponent of the blood pressure curve
has been shown to be a predictor of
risk for events involving the cerebral
vessels, the coronary vessels, and the
kidney, exactly as has been observed
for systolic or diastolic blood pres-
sure. However, the pulsatile pressure
component—that is, a widening pulse
pressure—has been shown to have an
additional effect: it is an independent
predictor of cardiac death and, to a
lesser extent, of stroke death, particu-
larly in women over the age of 55.2

More recently, investigators have
shown that an increase in pulse pres-
sure was an independent predictor of
cardiovascular risk, particularly for
myocardial infarction, in treated and
untreated hypertensives.3-9

It has also been shown by inves-
tigative groups in Paris, New York,
Glasgow, and Boston, that an increas-
ing pulse pressure is not a surrogate
for increasing systolic blood pressure
because an increase in pulse pressure
is due to both an increase in systolic
blood pressure and a decrease in
diastolic blood pressure.2-9

To illustrate this point, Dr. Safar
described a meta-analysis of 3 studies
in which he and his colleagues divided
the study subjects according to level of
diastolic blood pressure. They found
that at any given level of systolic blood
pressure, the 2-year risk for all cardio-
vascular endpoints was higher when the
diastolic blood pressure was lower.10

“This demonstrates that it is the
increase in pulse pressure, not the

increase in systolic pressure alone,
that is independently related to car-
diovascular risk,” Dr. Safar empha-
sized. Such findings strongly suggest
that it is important to decrease arter-
ial stiffness in patients with hyperten-
sion, particularly the elderly.

Effects of Antihypertensive
Therapy and ACE Inhibition

Although there are relatively limit-
ed data on whether arterial changes
that influence pulse pressure can be
reversed, Dr. Safar noted that it is
possible to reverse pulsatile arterial
hemodynamics in patients with
hypertension, particularly with the
use of angiotensin-converting enzyme
(ACE) inhibitors. He provided sup-
port for this data from a number of
trials, several of which he performed
with colleagues. 

One double-blind therapeutic trial
evaluating isosorbide dinitrate in
elderly patients with systolic hyper-
tension found a selective decrease in
systolic blood pressure, but no
decrease in diastolic blood pressure,
after 8 weeks of treatment.11 “This
is in contrast to the Systolic
Hypertension in the Elderly (SHEP)
study,12 which found a decrease in both
systolic and diastolic blood pressure
with diuretic therapy,” he remarked.

In another study, Dr. Safar and his
colleagues used ambulatory blood
pressure measurements before and
after treatment with the ACE
inhibitor perindopril to correlate sys-
tolic blood pressure with diastolic
blood pressure. They found that the
slope of the blood pressure curve after
treatment differed from the slope
before treatment. At any given value
of diastolic blood pressure, the sys-
tolic blood pressure was lower after
treatment with perindopril than
before, a clear demonstration that
there is a decrease in pulse pressure
at any given value of diastolic blood
pressure. 

Before describing the effects of
ACE inhibition on arterial changes in
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detail, he reviewed several techniques
used to measure arterial stiffness.
One such technique is ultrasound. It
measures both pulsatile pressure and
pulsatile diameter in each local circu-
lation, and therefore establishes the
pressure-diameter relationship, the
slope of which may be used as an
index of arterial stiffness—ie, compli-
ance or distensibility (Figure 1).

Arterial pulse velocity, which can
be measured by computerized tech-
niques, can also be used to evaluate
the stiffness of the overall arterial
tree. Although the status of the arter-
ial wall in arterial hemodynamics was
neglected in the past, it is now possi-
ble to measure wall thickness at the
site of the carotid artery and the site
of the radial artery with a high degree
of reproducibility.

Therefore, it is possible to evaluate
not only the capacitive change in the
arteries, but also the stiffness of the
wall material, or the incremental
elastic modulus, which is directly

related to the rigidity of the arterial
wall. The incremental elastic modu-
lus may be calculated as the ratio
between radius or wall thickness and
distensibility.

Perindopril Studies
When an ACE inhibitor such as

perindopril is given to a normotensive
patient, Dr. Safar explained, there is
not only a dose-dependent decrease
in vascular resistance at the site of
the brachial artery, but also a signifi-
cant increase in brachial artery diam-
eter. This occurs without any signifi-
cant change in mean arterial pressure. 

“In other words, there is an effect
on small arteries and large arteries at
the same time,” he pointed out.

This result is more difficult to
achieve in subjects with hypertension
because the decrease in pressure pro-
duced by an ACE inhibitor is followed
by an expected passive decrease in
arterial diameter, which runs counter
to the drug’s effect of relaxation of
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Figure 1. The Pulsatile Pressure—Pulsatile Diameter Relationship
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vascular smooth muscle and
improved pressure distention.

Nevertheless, ACE inhibition (in
this case, with perindopril) will
increase the diameter of peripheral
muscular arteries in patients with
hypertension (Figure 2), an effect
that may also be obtained with
nitrates, but not with calcium chan-
nel blockers, diuretics, drugs that
block the autonomic nervous system,
and some centrally acting antihyper-
tensive agents. 

When angiotensin II is given intra-
venously to hypertensive patients,
there is no significant brachial artery
constriction, as is seen with phenyl-
ephrine. Thus, the brachial artery
dilation produced by ACE inhibition

is not only due to angiotensin block-
ade, but also to an endothelial effect.

In studying ACE inhibition with
perindopril at the site of the brachial
artery, Dr. Safar and his colleagues
measured the brachial artery diame-
ter before and after wrist occlusion at
the beginning and end, respectively,
of 3 months of active treatment, 1
month of placebo, and an additional 8
months of active treatment. With
occlusion, both the flow velocity and
the arterial diameter were decreased
(Figure 3),13-14 a classic example of
the mechanism of endothelial-depen-
dent flow constriction.

With long-term treatment, the same
decrease in blood flow velocity could
be seen after wrist occlusion, but there
was also less constriction, suggesting
a pressure-independent effect on
endothelial function, he explained.

Decreases in blood pressure paral-
leled the improvements in brachial
artery compliance at the end of both
active treatment periods, but blood
pressure levels returned to baseline at
the end of the placebo period. In
other words, there was an improve-
ment in compliance when blood pres-
sure decreased, he observed.

Although there was the same
decrease in blood pressure at the end
of both active treatment periods, he
continued, there was an additional
improvement in brachial artery com-
pliance at the end of 12 months, sug-
gesting that there are both pressure-
dependent and pressure-independent
effects on this parameter.

This finding was recently con-
firmed in a study evaluating the ACE
inhibitor trandolapril15 At the same
time, Dr. Safar and his colleagues
demonstrated an increase in compli-
ance at the site of the brachial and
radial arteries and a decrease in radi-
al artery hypertrophy with perindo-
pril treatment in elderly patients with
systolic hypertension.16 

This is an important point, he said,
because radial artery hypertrophy, a
marker of conduit artery hypertro-
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Figure 2. Hemodynamic Changes with Perindopril vs Placebo

*P < 0.05 versus placebo.
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phy, is often present in patients with
hypertension. 

He then described a 12-month
study he did with his colleague Dr.
London.17 They compared the effects
of perindopril with those of the calci-
um channel blocker nitrendiprine in
patients who were on hemodialysis
because of end-stage renal disease.
Both drugs produced the same
decrease in blood pressure, as mea-
sured at the brachial artery (a periph-
eral artery), but an even more pro-
nounced decrease in systolic and
diastolic pressure, as measured at the
carotid artery (a central artery), thus
causing a greater decrease in pulse
pressure in central arteries than in
peripheral arteries. While this effect
has been seen with acutely adminis-
tered nitrates, it has never been
demonstrated with other antihyper-
tensive agents, he pointed out. This

improvement in pulse pressure ampli-
fication is a clear demonstration of
the effect of ACE inhibition on the
conduit arteries. 

This is an important finding because
central and systolic blood pressures
may be different and because it is nec-
essary to decrease systolic blood pres-
sure at the site of the heart, not the
brachial artery, he continued.

Moreover, while both drugs had the
same effects on mechanical factors in
terms of pulsatile arterial and mean
arterial pressure, they also produced
a decrease in cardiac mass, which
was significantly more pronounced
with perindopril. 

“This is a fair demonstration that
there is a non–pressure-related
decrease in cardiac hypertrophy in
people with hypertension,” he said.

Patients with end-stage renal dis-
ease are an important subgroup to
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Figure 3. Hemodynamic Changes With Perindopril vs Placebo Before and After Wrist Occlusion

B = before wrist occlusion; A = after wrist occlusion.
*P < 0.05.
**P < 0.01.
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look at for several reasons. They have
a predominant increase in pulsatile
pressure, they constitute a very
homogeneous population with high
cardiovascular risk, their hemody-
namic changes can be related to car-
diovascular morbidity and mortality,
and they serve as an excellent model
for demonstrating the link between
changes in pulsatile arterial hemody-
namics and cardiovascular morbidity
and mortality. 

Specifically, the carotid incremen-
tal elastic modulus, a marker of
increased stiffness of wall material,
has been shown to be a predictor of
cardiovascular mortality,18 and an
increase in aortic pulse wave velocity
(above 12 M/sec) has been shown to
be a strong predictor of cardiovascu-
lar mortality independent of age and
mean arterial pressure.19 In fact, a
pulse wave velocity above 12 M/sec
was a stronger index of early mortali-
ty in patients with end-stage renal
disease than was pulse pressure itself,
Dr. Safar said. 

Such findings probably extend to
hypertensive patients without chron-
ic renal failure, he noted, since an
increased pulse wave velocity in this
population is strongly associated with
a higher incidence of cardiovascular
death at 10 years, as calculated from
Framingham equations.20

. . . DISCUSSION HIGHLIGHTS . . .

Dr. Weber: In discussing arterial
perindopril, you mentioned that there
was a pressure-dependent and a pres-
sure-independent aspect. How did
you figure the pressure-independent
aspect?

Dr. Safar: The pressure-dependent
aspect refers to a modification of the
set-point along the same pressure-
diameter curve, while the pressure-
independent aspect refers to the same
modification but in a shifted pres-
sure-diameter curve.13,14,21 This was

shown by Dr. Lévy in Paris in numer-
ous experimental studies21,22-24 and it
was shown in several of the studies
that I mentioned, which were done 10
years ago. This was also clearly
demonstrated to occur with several
kinds of ACE inhibitors. 

Member of the Audience: From the
data you have, do you see a role for
the use of drugs that change arterial
structure and function before patients
develop hypertension, much like we
use them in patients with diabetes to
prevent diabetic nephropathy? Do
you have any data that show that
there are changes in arterial structure
and function in normotensive diabet-
ics who have been treated with ACE
inhibitors? 

Dr. Safar: I have no data on diabet-
ics. I have data only on end-stage
renal disease because I can follow
this model. I also have data on nor-
mal normotensive subjects where it
is easy to show that these effects are
independent of blood pressure. I
think that high blood pressure may
contribute to the expression of some
arterial alterations that are already
present due to genetic or environ-
mental factors. Of course, there are
also arterial alterations that are
directly related to high blood pres-
sure as a consequence of Laplace’s
Law. This is, of course, a complex
question. 

Member of the Audience: The 12-
month study showed the pressure-
independent changes that developed
with the use of the drug perindopril.
Did you look to see what happens
when you withdraw the drug in terms
of these pressure-independent factors
and the return to baseline during the
intervening placebo period? How long
does it take for these changes to
occur?

Dr. Safar: This work was done mainly
by a group of specialists in Mastricht,

. . .  SYMPOSIUM PROCEEDINGS . . .
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the Netherlands, led by Dr. van
Bortel.25

Dr. Cohn: We are going to be present-
ing data at the American Society of
Hypertension (ASH) on a group of nor-
motensive subjects who have reduced
small artery compliance. They were
given an ACE inhibitor, which did
have a favorable affect on the small
artery compliance in the absence of
any significant blood pressure change.
I think that answers the question.

Member of the Audience: It is very
interesting when you look at some of
the data you presented—especially
the Benetos study, which looked at
20,000 people—and observed that
the double whammy, pulse pressure
wider than 65 mm Hg, and mean arte-
rial pressure greater than 107 mm Hg,
was worse than either one alone in
people between 40 and 64 years of
age. However, you also showed a slide
that seems to suggest that a higher
diastolic pressure and a high systolic
pressure may be somewhat protec-
tive, at least observationally.

I am concerned that clinicians will
look at a narrower pulse pressure
with a high systolic pressure as being
protective. Until we have studies that
either confirm or refute this observa-
tion, clinicians could be less than
committed to treating patients with
high systolic pressure or high sys-
tolic-diastolic pressure because they
feel that it is protective compared
with isolated systolic hypertension. 

I am also concerned that this kind
of observation will be incorporated
into clinical practice and we will
lessen our commitment to the treat-
ment of isolated systolic hyperten-
sion. Observations without well-
designed clinical trials may lead us
down the wrong path and divert us
from doing what our patients really
want us to do for them. 

Dr. Safar: Let me say something
about this difficult topic. When you

look at treated subjects with hyper-
tension, they may have systolic blood
pressure below 140 mm Hg and dias-
tolic blood pressure below 90 mm Hg,
which corresponds to a pulse pres-
sure of 50 mm Hg or less. 

Now, if you consider a patient with
140 mm Hg systolic and 70 mm Hg
diastolic after treatment, the decrease
in diastolic blood pressure may be
due to a related decrease in arterial
compliance, and the absence of an
increase in systolic blood pressure
may be due to associated congestive
heart failure or some other cardiac
alterations. Yet, this patient has a
widening pulse pressure and this may
be detrimental. 

Dr. Izzo: This is a critical point that I
tried to raise earlier. We must focus on
systolic pressure first in order to
answer the questions that were raised.
I know that is a big change for many
clinicians, perhaps even for some of us
at this conference. I think we are bet-
ter off dealing with the systolic pres-
sure directly because it gets to the
pulse pressure argument indirectly. 

Moreover, there are no data to
speak of from long-term, large-scale
trials, and that is another issue. The
only data I know that look at 24
months of therapy with an ACE
inhibitor are from an angiotensin
receptor blocker (ARB) development
program in which efficacy was
demonstrated with both drugs, typi-
cally at 4 and 6 weeks. However, look-
ing at the results at 1 year and 2
years, the diastolic pressure didn’t
move with either drug, but the sys-
tolic pressure continued to go down
substantially—by another 8 mm Hg at
2 years—with lisinopril, compared
with the ARB.

That is similar to what Dr. Safar
has shown with perindopril. If we are
right about systolic pressure being the
easiest clinical surrogate today for
vascular stiffness and hypertension,
then we are going to have to do some
work to get clinicians to focus on sys-
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tolic blood pressure until C2, the aug-
mentation index, pulse wave velocity,
or some other measure is available to
help us do a better job of assessment.

Dr. Safar: I agree with this interpretation. 

Dr. Weber: So, we are back to regard-
ing systolic pressure as the most sim-
ple surrogate for arterial stiffness. 

Dr. Safar: I agree with this point. 

Dr. Weber: Yes, we have to rethink
and revamp all of our studies because
so much of what we have has been
based on selecting patients by
diastolic blood pressure level and
treating that pressure to certain goals.
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