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pproximately 1.5 billion people worldwide have high blood pressure, making

hypertension the most common risk factor for cardiovascular disease, and

the number of people affected by hypertension is expected to increase in

the coming years. Despite every effort to diagnose and treat hypertension,

less than one-third of hypertensive patients are adequately treated. Consequently,

hypertension remains the leading cause of death and nonfatal events, especially in

low-income countries, but also in well-developed countries.

The noninvasive method of measuring brachial blood pressure, proposed by Riva-Rocci

in 1896 and refined by Korotkoff in 1905, has been used for more than a century 

because it has been shown to predict cardiovascular events, thus representing a very

useful surrogate end point for assessing the risk associated with hypertension and the

benefits of treatment. Measurement of brachial office blood pressure has limitations

and, as Norman Kaplan noted, “the measurement of blood pressure is likely the clinical

procedure of greatest importance that is performed in the sloppiest manner.”

Hemodynamic studies have shown that measuring systolic blood pressure in the aorta

usually results in values that are lower than brachial blood pressure, especially when

considering that the pulse wave is amplified when traveling from the heart to the pe-

riphery. As such, there is a need to measure central blood pressure because it reflects

the true load imposed on target organs. In addition, it is now clear that central blood

pressure values may be different among subjects with similar brachial blood pressure

values. Central blood pressure predicts organ damage and future cardiovascular events,

independent of brachial blood pressure, and antihypertensive drugs may have a dif-

ferent effect on central vs brachial blood pressure. In addition, target-organ damage

during antihypertensive treatment is more closely related to central blood pressure

than brachial blood pressure.

A

•••

Enrico Agabiti-Rosei, MD 

Kim Fox, MD, FRCP 

Roberto Ferrari, MD, PhD 

Editorial

UNDERSTANDING AND TREATING
CENTRAL BLOOD PRESSURE
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such as chronic kidney disease, dia-
betes, stable angina, acute coronary
syndromes, or left ventricular dys-
function; therefore, the term “hyper-
tension paradox” has been coined
to describe the combination of a
still uncontrolled disease despite
improved pharmacological therapy.3

ADHERENCE AND 
CARDIOVASCULAR EVENTS:

A VICIOUS CYCLE

Adherence (or compliance) to med-
ication refers to the degree of con-
formity with the recommendations
regarding the proper intake of daily
medications (eg, timing, dosage,
frequency). In essence, it is a metric
of the patients’ fidelity to the pre-
scription given by a health care pro-
fessional. On the other hand, med-
ication persistence refers to the act
of continuing the treatment for the
prescribed duration. Thus, it is the
duration of time from initiation to
discontinuation of therapy. The two
terms are not synonymous, but are
frequently used interchangeably in
the literature.4 In lay terms, nonad-
herent patients are “bad users” and
nonpersistent patients are “discon-
tinuers,” with the latter being more
difficult to tackle. The low rates of
BP control in real life can be attrib-
uted to physicians, patients, and the
health care system.5 Low adherence
to treatment is a critical determinant
of this outcome. Among the patients
who are still on therapy at the end
of the first year, following the ini-
tial diagnosis of hypertension and
initiation of treatment, 50% stop
therapy within the next 2 years.6
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Figure 1. Clinical epidemiology of hyper-
tension.

Data include prevalence, awareness, treatment,
treatment and controlled, and controlled from 
the National Health and Nutrition Examination
Survey (NHANES) cohort. Data are presented as
means with 95% confidence intervals (error bars).
From reference 2: Egan et al. JAMA. 2010;303:
2043-2050. © 2010, American Medical Association.



The fact that nonadherence increas-
es future cardiovascular events is
intuitive and has been ascertained
by both retrospective and prospec-
tive studies. When newly diagnosed
hypertensive patients from a large
Italian registry were assessed 6
months after the initiation of ther-
apy, only 8.1% had a high adher-
ence with the therapy (proportion
of days covered ≥80%). High adher-
ence to antihypertensive therapy
was associated with a multiple-drug
treatment; presence of dyslipidemia,
diabetes mellitus, and obesity; and
combination therapy. The latter
signified a 29% higher chance of
having a high adherence with the
therapy.7 By increasing adherence,
the risk of cardiovascular events
decreased. Patients with high levels
of adherence had a 50% lower risk
of cardiovascular events compared
with those with low levels of adher-
ence. The link between adherence
and cardiovascular risk reduction
has been subsequently confirmed
in the ONTARGET trial (ONgoing
Telmisartan Alone and in combina-
tion with Ramipril Global Endpoint
Trial). In this study, only high adher-
ers had a decreased risk for cardio-
vascular events (hazard ratio [HR],
0.62; 95% CI, 0.40-0.96).8 An in-
creased risk of nonpersistence with
study medications was associated
with older age, female sex, black eth-
nicity, smoking, history of diabetes
mellitus, previous stroke/transient
ischemic attack, and history of de-
pression. Conversely, the persistence
rate was higher in Asians, in indi-
viduals reporting regular physical
activities, and in previous users of
angiotensin-converting enzyme
(ACE) inhibitors. 

The interplay between adherence
and cardiovascular events is a two-
way relationship, ie, patients may
become nonadherent after they have
survived a nonfatal cardiovascular
event, and merits further investiga-

tion. This puzzling reaction can be
explained by distrust in medications
following an adverse event. Indeed,
data from the ONTARGET trial show
that patients are more likely to dis-
continue treatment after a nonfatal
event.8 Nonpersistence rapidly in-
creased within the first year after
nonfatal events, such as myocardial
infarction (HR, 3.37; 99% CI, 2.72-
4.16), stroke (HR, 3.25; 99% CI, 2.59-
4.07), and hospitalization for heart
failure (HR, 3.67; 99% CI, 2.95-4.57).

Persistence was poorer with more
frequent and earlier events. Patients
stopping medication after an event
were at a greater risk of subsequent
events. Interestingly enough, the
development of new-onset diabetes
mellitus had the opposite effect and
subsequently increased persistence,
whichmay be attributed to a more in-
tensive medical communication be-
tween the patient and care provider.

Therefore, nonadherence, poor BP
control, and cardiovascular events
are closely linked and should not be
viewed in isolation. Their interplay
is a vicious cycle that can be dis-
rupted by effective therapeutic in-
terventions, and from a pharmaco-

logical standpoint, combination
antihypertensive therapy has this
potential (Figure 2).

COST-EFFECTIVENESS

From an economical perspective,
the added medical cost of high ad-
herence cannot be disentangled
from the health care costs related
to cardiovascular risk modification.
A retrospective analysis incorporat-
ing administrative claims data and

medical/drug utilization showed
that high adherence levels are cost-
effective, which was driven by lower
hospitalization rates that eventually
reduced all-cause medical costs.9

Therapeutic drug monitoring has
been proposed as a tool for the de-
tection of nonadherence and effec-
tive BP control. This approach has
been shown to be a potential cost-
effective intervention.10 Simpler
methods, such as the widespread
implementation of guideline recom-
mendations, would similarly im-
prove cost-effectiveness. In the US,
the full implementation of the new
hypertension guidelines11 would re-
sult in approximately 56 000 fewer
cardiovascular events and 13 000
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Figure 2.
The vicious
cycle of 
adherence
to drug
therapy and
cardiovas-
cular events.
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fewer deaths, which would result in
overall cost savings. Impressively
enough, even if treatment costs
doubled, antihypertensive therapy
would still be cost-effective for pa-
tients with cardiovascular disease
and men with stage 2 hypertension,
but no cardiovascular disease.12

IMPROVING ADHERENCE

Different methods to improve adher-
ence at patient, drug-treatment,
and health-system levels have been
suggested in the 2013 European

Society of Hypertension (ESH)/Eu-
ropean Society of Cardiology (ESC)
guidelines for the management of
arterial hypertension.5 Regarding
drug treatment, simplifying the drug
regimen and reminder packaging
have been shown to boost adher-
ence. The former approach is linked
to the daily intake of fewer pills,
which can rarely be achieved by
switching to a more potent drug,
or usually, to the use of polypills,
which are essentially standard fixed-
dose combinations (FDC).

The use of antihypertensive drug
combinations started in the 1960s
with hydrochlorothiazide, which
was combined with the potassium-
sparing diuretic triamterene, and
has expanded with the addition of
newer and different combinations
over the subsequent decades. A
number of trials have studied the
combined use of different classes
of antihypertensive drugs, taking
advantage of their complimentary
actions. ACE inhibitors, angio-
tensin receptor blockers (ARBs),
calcium channel blockers (CCBs),

thiazide diuretics, and a- and 
b-blockers are the most commonly
used classes of antihypertensive
agents. Available combinations 
involve using an ACE inhibitor or
ARB with a diuretic or an ACE in-
hibitor with a CCB. The majority of
currently available standard FDCs
contain a diuretic. Newer formula-
tions with a triple combination of 
a diuretic, CCB, and a renin-angio-
tensin-aldosterone system (RAAS)
blocker have been introduced in
recent years. 

Meta-analysis data from cohort stud-
ies and randomized clinical trials
(n=30 295 hypertensives) suggest
that the use of standard FDCs is
associated with a 29% increase in
the combined end point of compli-
ance and persistence with therapy
compared with free-drug combina-
tions (Figure 3).13-18 The reduction
in pill burden through the use of
standard FDCs is important in the
subgroups of patients with lower
adherence, and who, as a conse-
quence, have difficulties maintaining
BP control. Black patients are more
likely to have stage 2 hypertension,
require ≥2 classes of drugs to main-
tain BP control, and have a lower
adherence compared with white
patients. In this population, stan-
dard FDCs improve adherence and
may reduce racial differences in hy-
pertension control and the time to
control hypertension.19

COMBINATION THERAPY
VS UPTITRATED
MONOTHERAPY

Compelling evidence from clinical
trials and meta-analyses has shown
that combination therapy is superior
to uptitration of the monotherapy
for achieving BP goals. A meta-analy-
sis comparing a higher dose of val-
sartan alone (320 mg) with the stan-
dard FDC of valsartan/hydrochloro-
thiazide (160 mg/12.5 mg) has shown
that the standard FDC was superi-
or in achieving target BP values.20

A meta-analysis of 42 trials with 
11 000 participants highlighted the
fact that BP reduction from combi-
nation therapy can be predicted on
the basis of additive effects. Impor-
tantly, the extra BP reduction from
combination therapy is approximate-
ly 5 times greater than doubling the
dose of a single drug (Figure 4).21

Escalating doses of monotherapy
raise concerns about more frequent
side effects. It has been demonstrat-
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Dezii,14 2000

Dezii,14 2000
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Taylor and Shoheiber,16 2003

Gerbino and Shoheiber,17 2004

Dickson and Plauschinat,18 2008

Overall (I-squared=49.2%; P=0.080)

1.19 (0.83, 1.71)

1.22 (0.85, 1.75)

2.84 (1.67, 4.83)

1.09 (0.80, 1.51)

1.28 (0.93, 1.75)
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1.29 (1.11, 1.50)
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OR (95% CI)
FDC and compliance or persistence with therapy

Favors free combination Favors FDC

Figure 3. Meta-analysis of studies on compliance/persistence with therapy associated
with the use of a fixed-dose combination of two antihypertensive agents vs the corre-
sponding free-drug combination.

Fixed-effect model used due to lack of heterogeneity.
Abbreviations: FDC, fixed-dose combination; OR, odds ratio.
From reference 13: Gupta et al. Hypertension. 2010;55:399-407. © 2010, American Heart
Association, Inc.
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ed that side effects at half-standard
doses are 80% lower than standard
doses, albeit with a concomitant
reduction (≈20%) in their BP–low-
ering effects (Table I).22 Therefore,
the prevalence of adverse effects
from a two-drug combination at
half-standard doses would be lower
than with a single drug at standard
doses. Low-dose combination ther-
apy has the potential for reducing
side effects, which are frequently
dose-related, with the exception 
of ACE inhibitors. The tolerability
of combination therapy has been
proven in retrospective, propensity-
matched analyses and randomized

clinical trials.23,24 Nevertheless, it
remains unclear if these results can
be extrapolated to different sub-
groups, including the elderly and
patients with comorbidities. Though
preliminary insights can be deduct-
ed from retrospective analyses and
meta-analyses,13,25 the safe use of
combination therapy in such sub-
groups mandates specifically de-
signed and randomized clinical trials.
A position paper of the American
Society of Hypertension (ASH) sug-
gests combination therapy for un-
complicated stage 1 hypertension,
especially when one drug will miti-
gate the side effects of the other.26

The superior efficacy of combination
therapy is mainly attributed to the
synergistic BP–lowering effect of
its components in different tissues.
Diuretics inhibit sodium reabsorp-
tion in the kidney; b-blockers inhibit
b-adrenergic stimulation, decrease
contractility and heart rate, and di-
rectly suppress renin release; ACE
inhibitors remove the angiotensin II
effect (eg, vasoconstriction, stimu-
lation of aldosterone secretion)
and enhance kinin-mediated vaso-
dilatation; and ARBs antagonize
angiotensin II at the vascular and
myocardial level by directly block-
ing the angiotensin 1 receptor.
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Figure 4. Ratio of observed
to expected incremental
blood pressure–lowering
effects of adding a drug or
doubling the dose accord-
ing to the class of drug.

The expected incremental ef-
fect is the incremental blood
pressure reduction in the added
drug (or doubled drug), assum-
ing an additive effect and al-
lowing for the smaller reduction
from one drug (or dose of one
drug) given the lower pretreat-
ment blood pressure because 
of the other.
Abbreviations: ACE, angio-
tensin-converting enzyme.
From reference 21: Wald et
al. Am J Med. 2009;122:290-
300. © 2009, Elsevier Inc.

Percentage (95% CI) with symptoms (treated minus placebo)

Category of drug No. of trials Half-standard dose Standard dose Twice-standard dose

Thiazides 59 2.0 (−2.2 to 6.3) 9.9 (6.6 to 13.2) 17.8 (11.5 to 24.2)

b-blockers 62 5.5 (0.3 to 10.7) 7.5 (4.0 to 10.9) 9.4 (3.6 to 15.2)

ACE inhibitors 96 3.9 (−3.7 to 11.6) 3.9 (−0.5 to 8.3) 3.9 (−0.2 to 8.0)

Angiotensin II  
44 −1.8 (−10.2 to 6.5) 0 (−5.4 to 5.4) 1.9 (−5.6 to 9.3)

receptor antagonists

Calcium channel blockers 96 1.6 (−3.5 to 6.7) 8.3 (4.8 to 11.8) 14.9 (9.8 to 20.1)

Table I. Adverse effects of drugs.

Percentage of people with one or more symptoms that is attributable to treatment, according to the category of drug and dose, in randomized trials. The
most common side effects include the following: thiazides can cause dizziness, impotence, nausea, and muscle cramps; b-blockers can cause cold extremities,
fatigue, and nausea; ACE inhibitors can cause coughing; and calcium channel blockers can cause flushing, ankle edema, and dizziness.
Abbreviations: ACE, angiotensin-converting enzyme.
From reference 22: Law et al. BMJ. 2003;326:1427. © 2003, British Medical Journal Publishing Group.
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In addition, combination therapy of-
fers synergy at the clinical level. Dif-
ferent drug classes offer protection
from distinct outcomes; therefore,
when they are combined, their bene-
ficial effects accrue. ACE inhibitors
protect against coronary artery dis-
ease and CCBs protect against stroke,
so a combined use of the two is
advantageous. The ACCOMPLISH
trial (Avoiding Cardiovascular events
through COMbination therapy in
Patients LIving with Systolic Hyper-
tension) lent support to the concept
of clinical synergy of the aforemen-
tioned combination. For the same
BP reduction, the ACE inhibitor/CCB
combination led to a 20% greater
reduction in cardiovascular morbid-
ity and mortality compared with the
ACE inhibitor/thiazide combination.24

Further appraisal of the literature
demonstrates that not all combina-
tions are created equal with regard
to outcome. In the ASCOT trial (An-
glo-Scandinavian Cardiac Outcomes
Trial), the amlodipine/perindopril
treatment was more effective in re-
ducing cardiovascular events than
an atenolol/thiazide regimen, de-
spite a similar reduction in BP. An
explanation for this finding was of-
fered by the CAFE study (Conduit
Artery Functional Evaluation), a sub-
study of the ASCOT trial,27 which
was based on the concept that cen-
tral (aortic) BP is a better predictor
of cardiovascular events than tradi-
tional peripheral (brachial) BP.28

Indeed, a preferential reduction in
central (aortic) BP with amlodipine/
perindopril treatment was shown
in the CAFE study, despite a similar
effect on peripheral (brachial) BP.

STANDARD FIXED-DOSE
COMBINATIONS VS 

SEPARATE FREE-DRUG
COMPONENTS

Combination therapy can be applied
by either using a single pill contain-
ing a fixed-dose combination of

drugs or multiple pills, ie, separate
free-drug components. The choice
between the two is dictated by their
relative effectiveness, safety, and
compliance. Regarding effectiveness,
the previously mentioned meta-
analysis on combination therapy
reported that the final BP reduction
is an additive effect of the drugs
that constitute the combination.21

The finding was in line with a sub-
sequent meta-analysis that com-
pared the outcomes of standard
FDCs with multiple pills.13 Thus, a
standard FDC is equal to separate
free-drug components in terms of
antihypertensive potency.

In a similar fashion, the safety of
the two methods is comparable. In
five trials (n=1775), adverse effects
for standard FDCs did not differ
compared with free-drug combina-
tions (odds ratio [OR], 0.80; 95% CI,
0.58-1.11).13 In contrast, compliance
appears to be better with the use
of standard FDCs. The meta-analy-
sis by Gupta et al highlighted that
the use of standard FDCs was asso-
ciated with significantly better com-
pliance (OR, 1.21; 95% CI, 1.03-1.43)
and a nonsignificant improvement
in treatment persistence (OR, 1.54;
95% CI, 0.95-2.49).13 Therefore, stan-
dard FDCs have a similar profile to
a separate free-drug regimen re-
garding efficacy and safety, but stan-
dard FDCs result in better compli-
ance. The logical claim that this will
eventually translate into better car-
diovascular outcomes, given the
interplay of compliance and cardio-
vascular risk, is tempting, yet re-
mains an extrapolation that should
be put to test in trials.  

COMBINATION THERAPY: 
A VALID INITIAL CHOICE?

Traditionally, single-agent regimens
were advocated as the first approach
to therapy, with the addition of dif-
ferent drug classes being reserved

at later stages for patients unable
to maintain a good BP control. This
stepwise approach was advocated
in order to minimize the number of
drugs used; thereby, avoiding over-
treatment and side effects. This
notion has been repeatedly chal-
lenged, as it results in prolonged
periods of insufficient BP control.

Clinical trial data have highlighted
that the time to BP control is an
important determinant of long-term
outcomes, a concept that is con-
tained within the motto “the earli-
er, the better.” In the VALUE trial
(Valsartan Antihypertensive Long-
term Use Evaluation), which com-
pared valsartan-based regimens
with amlodipine-based regimens,
the 5-year cardiovascular risk was
significantly lower in those patients
that achieved earlier BP control ir-
respective of the drug used; more-
over, an earlier BP response (within
1 month) was predictive of a better
outcome.29 This was subsequently
corroborated by data from trials ex-
ploring the effect of initial combi-
nation therapy. In hypertensive pa-
tients with a metabolic syndrome,
the combination of valsartan and
amlodipine resulted in faster BP
control compared with an initial
valsartan monotherapy.30 Further
support for combination therapy, as
an initial choice, was provided by
the retrospective analysis by Grad-
man et al. After 6 months of therapy,
more patients who were initiated
with a combination therapy achieved
BP control compared with mono-
therapy.31 This translated into a sig-
nificant 23% reduction in cardiovas-
cular events and death compared
with monotherapy (HR, 0.77; 95%
CI, 0.61-0.96). Of note, the beneficial
effect was more pronounced in pa-
tients with a prior acute myocardial
infarction and heart failure. The
finding that initial combination ther-
apy resulted in a lower use of health
care resources (eg, urgent care, out-
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patient treatment, etc) is an indi-
rect argument downplaying concerns
regarding the impact of the side ef-
fects of combination therapy.31

COMBINATION THERAPY
FOR MILD-TO-MODERATE

HYPERTENSION

Combination therapy remains an
attractive initial choice, even for pa-
tients with mild-to-moderate hy-
pertension. In a cohort of patients
with mild-to-moderate hypertension
treated with perindopril 3.5 mg/am-
lodipine 2.5 mg once daily, the com-
bination was shown to be superior
to either component given singly
and noninferior to both components
given singly at their lowest clinical-
ly approved doses. Adverse events
relating to peripheral edema were
less frequent with the combination
than with amlodipine alone.32

These salutary outcomes were fur-
ther strengthened by data from a
randomized clinical trial comparing
the single-pill combination of perin-
dopril and amlodipine to a stepped-
care strategy of valsartan monother-
apy with uptitration to valsartan and
amlodipine after 2 months. Initial
combination therapy resulted in
rapid and improved achievement of
BP control at 1 month and greater
reductions from baseline, with com-
parable safety outcomes.33

COMBINATION THERAPY
FOR PATIENTS WITH 
COMORBIDITIES

Patients with comorbidities (eg, 
diabetes mellitus, chronic kidney
disease) that call for aggressive and
efficient BP control and those with
markedly elevated BP levels are can-
didates for combination therapy. 
In a recent network meta-analysis,
which analyzed the efficacy and
safety of blood pressure–lowering
agents in patients with type 2 dia-

betes mellitus and chronic kidney
disease, no drug regimen was more
effective than placebo in reducing
mortality. Nonetheless, end-stage
renal disease was significantly re-
duced (OR, 0.62; 95% CI, 0.43-0.90)
after RAAS blockade in combination
with both an ARB and an ACE in-
hibitor. The authors report that no
regimen significantly increased hy-
perkalemia or acute kidney injury,
although combined ACE inhibitor
and ARB treatment resulted in bor-
derline increases in the estimated
risks.25 The aforementioned in-
triguing findings should be put in a
broader context, given their contrast
with the recommendations from
the 2013 ESH/ESC guidelines for
the management of arterial hyper-
tension, which advise against an
ARB/ACE inhibitor combination and
were based on the outcomes of the
ONTARGET trial.5

The therapy for patients with comor-
bidities is further perplexed by the
concomitant use of drugs for dia-
betes mellitus, dyslipidemia, coro-
nary and/or peripheral artery dis-
ease, and chronic kidney disease.
Polypharmacy, defined as the use
of four or more medications, is fre-
quent in the elderly population, in-
creases adverse drug reactions and
interactions, and is associated with
a decreased quality of life. Combi-
nation antihypertensive therapy can
reduce pill burden in these patients.
The introduction of a polypill that
contains a statin, an antiplatelet
agent, and an antihypertensive drug
has been proposed and tested for
the reduction in multiple risk fac-
tors and cardiovascular risk.34

CURRENT STATUS 
IN THE GUIDELINES

In light of these data, European
guidelines recommend initiating
combination therapy for patients
with markedly high baseline BP or

those with a high cardiovascular
risk.5 For the vast majority of pa-
tients, effective BP control can only
be achieved by combining at least
two antihypertensive drugs. The ad-
vantage of initiating with a combi-
nation therapy is a faster response
in a larger number of patients, a
greater probability of achieving the
target BP in patients with higher
BP values, and a lower probability
of discouraging patient adherence.
These ultimately lead to a reduction
in cardiovascular risk. Regarding
standard FDCs, the 2013 ESH/ESC
guidelines for the management of
arterial hypertension state that
“combinations of two antihyperten-
sive drugs at fixed doses in a single
tablet may be recommended and
favored because reducing the num-
ber of daily pills improves adher-
ence, which is low in patients with
hypertension” (Class of recommen-
dation, IIb; level of evidence, B).5

In the US, the recommendation for
achieving BP control does not favor
initial combination therapy, but
advocates a gradual approach, ac-
cording to the 2014 guidelines for
the management of high BP in adults
(Eighth Joint National Committee,
JNC8). It should be noted that, ac-
cording to the panel of authors, this
is the only recommendation in the
guidelines that is not based on a
review of the literature, but solely
on expert opinion. Thus, they sug-
gest that if goal BP is not reached
within 1 month of treatment, then
the clinician should increase the
dose of the initial drug or add a
second drug. If goal BP cannot be
reached with two drugs, then they
should add and titrate a third drug
from the list provided.11 In the pre-
vious iteration of the guidelines
(Seventh Joint National Committee,
JNC7), an initial two-drug combina-
tion for most patients with stage 2
hypertension (systolic BP >160 mm
Hg or diastolic BP >100 mm Hg)
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was advocated, and the guidelines
acknowledged the fact that most
patients with hypertension will re-
quire two or more antihypertensive
medications to achieve the goal BP.

A scientific statement by the Amer-
ican Heart Association/American
College of Cardiology/American
Society of Hypertension (AHA/ACC/
ASH) regarding treatment of hyper-
tension in patients with coronary
artery disease has been recently is-
sued. According to the statement,
patients with hypertension and
chronic stable angina should be
treated with the combination of a
b-blocker (in patients with a histo-
ry of a prior myocardial infarction),
an ACE inhibitor or ARB (if there is
a prior myocardial infarction, left
ventricular systolic dysfunction, di-
abetes mellitus, or chronic kidney
disease), and a thiazide or thiazide-
like diuretic.35

WHY IS 
COMBINATION THERAPY

UNDERUTILIZED 
IN CLINICAL PRACTICE?

Despite the guidelines’ recommen-
dations for initiating combination
therapy in patients with marked BP
elevation (at least 20/10 mm Hg
above the goal) or those with a high
cardiovascular risk,5 the implemen-
tation in clinical practice remains
low. A number of reasons can ac-
count for such hesitancy. Therapeu-
tic inertia following the diagnosis
of hypertension, which can be at-
tributed to both patients and physi-
cians, is common due to the initial
lack of symptoms. The false im-
pression that hypertension “grants
time,” increases cardiovascular risk
in the long run and has led con-
stituent bodies to put emphasis on
the timely initiation of treatment.
In current guidelines, “the earlier,
the better” approach has supersed-
ed the “the lower, the better” ap-

proach.5 Clinicians are concerned
over issues of tolerability and side
effects. However, current evidence
puts such concerns to rest; for in-
stance, in the ACCOMPLISH trial,
initial combination therapy was dis-
continued by only 8.8% of patients
during the first 90 days of treat-
ment.19

CONCLUSION

Combination therapy for the treat-
ment of hypertension increases ad-
herence, achieves faster BP control,
and reduces cardiovascular risk. The
extra BP reduction from combina-
tion therapy can be as much as five
times greater than doubling the dose
of one drug. Combination therapy
should be the initial choice in pa-
tients with markedly high baseline
BP or those with a high cardiovascu-
lar risk, and it may be considered
for mild-to-moderate hypertension
and for patients with comorbidities.
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he unrivalled enthusiasm for
a novel intervention, follow-
ing the first reports of a sub-
stantial reduction in blood

pressure associated with renal den-
ervation (RDN) in patients with
treatment-resistant hypertension,
deserves comment. Apparent treat-
ment-resistant hypertension is com-
mon in clinical practice, responses
to drugs are frequently suboptimal,
and residual cardiovascular risk from
myocardial infarction, stroke, and
heart failure remain high. Based on
good scientific theory, RDN was a
novel intervention that was poten-
tially safe and capable of dramati-
cally reducing systolic blood pres-
sure by 30 mm Hg or more.1,2

Interventionalists (mainly cardiolo-
gists who had not previously shown,
hitherto in the author’s experience,
much interest in hypertension)
could not get their hands on RDN
catheters fast enough as they were
ready to capitalize on these early
results and extend treatment to the
patient population labeled as treat-

ment-resistant hypertensives, for
which there now appeared an op-
portunity to control blood pressure.
Device companies were quick to
respond, and overnight, RDN be-
came a big worldwide business. 

History dictates the unbelievable
naivety and uncritical acceptance 
of these early results, especially 
in a patient population where the
complexity is well known, where
heterogeneity in relation to cause
is manifest, and most of all, where
poor adherence to drug treatment
is probably the rule rather than the
exception. 

Treatment-resistant hypertension is
defined as blood pressure remain-
ing above the goal despite the
concurrent use of three different
classes of antihypertensive drugs.
Ideally, one of these drugs should
be a diuretic and all drugs should
be prescribed at optimal doses. The
true prevalence of treatment-resist-
ant hypertension is unknown, but
figures as high as 20% to 30% have
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Early proof-of-concept studies in
patients were encouraging and 
pilot studies showed that decreases
in systolic blood pressure >30 mm
Hg could be achieved using renal
denervation (RDN) in the manage-
ment of treatment-resistant hyper-
tension. Numerous uncontrolled
observational studies followed, with
similar benefits. In some studies, ac-
companying metabolic and cardio-
vascular changes supported the out-
comes. Regrettably, the concept of
a proper, blinded, randomized con-
trolled trial escaped the attention
of many investigators and sponsors,
and RDN was accepted worldwide.
However, the first randomized,
sham-controlled trial (Symplicity
HTN-3) showed no overall benefits
of RDN. Few have focused on the
indisputable fact that poor adher-
ence to drug therapy is a major 
issue for patients with treatment-
resistant hypertension. Further
randomized sham-controlled trials
are needed and, until the role of
RDN has been clarified, there
should be a moratorium on its use.
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been reported. Observational stud-
ies and clinical trials suggest that
it is a common clinical problem. In
an analysis of the National Health
And Nutrition Examination Survey
(NHANES)3 of participants being
treated for hypertension, only 53%
reached a blood pressure <140/90
mm Hg; however, in those with dia-
betes or chronic kidney disease, the
percentage was considerably lower.
Similar figures (63%) for all treated
patients have recently been reported
by the Health Survey of England,4

but of course, many of the partici-
pants in these surveys were not re-
ceiving optimal treatment for their
hypertension.

Treatment-resistant hypertension
comprises a heterogeneous group of
patients, including those with un-
diagnosed secondary hypertension,
inaccurate blood pressure meas-
urement, white coat hypertension,
and poor adherence to prescribed
medication. In the author’s experi-
ence, true treatment-resistant hyper-
tension is uncommon. Thus, in the
evaluation of patients with apparent
treatment-resistant hypertension, a
comprehensive management algo-
rithm should be applied to rule out
secondary causes, confirm that ap-
propriate treatments have been pre-
scribed (drugs and doses), includ-
ing the diuretic spironolactone, and
assess drug adherence. This should
include observing drug intake in
the clinic, followed by blood pres-
sure monitoring for up to 4 hours,
and then 24-hour ambulatory blood
pressure monitoring (ABPM) there-
after. The 4-hour period of observa-
tion after intake in the clinic is a
precaution for cases where substan-
tial decreases in blood pressure
occur in the hitherto nonadherent
or poorly adherent patients. If the
facility is available, urinary drug
screening can provide additional
information on nonadherence. True
treatment-resistant hypertension

can only be diagnosed with confi-
dence after a diligent exclusion of
the majority of patients who are re-
ferred with so-called treatment-re-
sistant hypertension.

In a pilot study, 37 patients were re-
ferred to a specialist clinic. Patients
claimed to be taking their medica-
tions as prescribed. Additionally,
any secondary causes of hyperten-
sion were eliminated and it was con-
firmed that all patients had been
prescribed an optimal treatment, in-
cluding a trial with spironolactone.
In this study, the patient’s drugs
were administered under observa-
tion. Following observed drug in-
take and 24-hour ABPM, 60% of
these patients achieved a blood
pressure <140/90 mm Hg and 80%
achieved a blood pressure <150/90
mm Hg.5 The original series has
now been extended to over 100 pa-
tients and the outcomes will be
available soon, but the preliminary
results are similar to those observed
in the pilot study.

Therefore, it is manifest that poor
drug adherence is the major con-
tributing factor to apparent treat-
ment-resistant hypertension, and
without its systematic evaluation,
treatment-resistant hypertension
will be grossly overdiagnosed and
the outcome of interventions will
be influenced by variations in drug
adherence. 

RENAL DENERVATION

From the mid-20th century, there
has been an interest in the role of
the sympathetic nervous system in
hypertension, which is supported
by two important historical facts.
First, prior to the onset of antihy-
pertensive drug treatment, surgical
sympathectomy produced profound
decreases in arterial pressure in
patients with severe or malignant
hypertension.6 Second, many of the

earliest antihypertensive drugs had,
as their primary site of action, a cen-
tral (alpha-methyl DOPA) or periph-
eral (ganglion blockers, adrenergic
neuron blockers) interruption of
the sympathetic nervous system. 
A plethora of studies in the 1970s
and 1980s attempted to assess sym-
pathetic nervous system activity di-
rectly using a variety of biochemical
and physiological methods. Assess-
ment of catecholamines in biologi-
cal fluids (eg, plasma and urine)
and radiochemical spill-over tech-
niques to measure noradrenaline re-
lease from several organs (eg, heart,
brain, and kidneys) have provided
some insight into the role of the
sympathetic nervous system in the
pathogenesis of hypertension.7 Re-
sults from these assessments strong-
ly suggested that the sympathetic
nervous system had an important
role in 40% to 65% of hypertensive
patients. Also, activation of the renal
sympathetic outflow was particular-
ly pronounced in treatment-resist-
ant hypertension.8 Direct recording
of sympathetic muscle nerve activity
and physiological studies on heart
rate variability also supported the
notion of an overactive sympathet-
ic activity in many hypertensive 
patients.9,10

The interpretation of these studies
was challenging and the outcomes
hotly debated. Suffice it to say, the
agenda moved on with increasing
interest in other biological systems,
particularly the renin-angiotensin-
aldosterone system. 

However, despite the evolution of
antihypertensive drug therapy and
the increased use of combinations
of antihypertensive drugs, even
“optimal” therapy failed to control
blood pressure in a group of so-
called treatment-resistant patients,
who represented around 20% of hy-
pertensive patients receiving treat-
ment. The proposed sympathetic
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nervous system renaissance proba-
bly arose from a belief that contem-
porary treatments failed to target
the underlying pathophysiology of
treatment-resistant hypertension (al-
though few of its proponents ever
considered that drug adherence was
a major problem in this group!),
and that a new device-based therapy
targeting the sympathetic nervous
system was needed, including sur-
gically implanted baroreflux-stimu-
lation devices and catheter-based
RDN by radiofrequency ablation.11,12

The case for RDN was supported
by the knowledge that renal nerves
promote renal tubular reabsorption
of sodium, stimulate renin secre-
tion from the kidneys, and cause
renal vasoconstriction—all mecha-
nisms that may elevate blood pres-
sure. Combined with evidence that
renal sympathetic outflow was in-
creased in hypertensive patients
and that, in experimental animals,
surgical RDN lowered blood pres-
sure,13 it was proposed that essen-
tial hypertension might be treated
with a renal nerve ablation catheter.
This concept was patented by Levin
and Gelfand in the US in 2002.14

The first catheters were developed
by Ardian/Medtronic, and the first
human trials were initiated in June
2007 and conducted by Esler et al
in Melbourne, Australia.

In the studies Symplicity HTN-1 (an
uncontrolled study)1 and Symplici-
ty HTN-2 (a prospective, random-
ized, noninterventional controlled
study),2 impressive reductions in
clinical systolic blood pressure
(≈30 mm Hg) were reported follow-
ing RDN, and these reductions were
maintained during an extended fol-
low-up period (up to 3 years). Other
European centers reported similarly
impressive reductions in blood pres-
sure in uncontrolled studies.15 A
meta-analysis has been published16;
however, only 18 out of 294 studies

merited inclusion into a further meta-
analysis.17 There have been addi-
tional reports that the reductions in
blood pressure were accompanied
by decreases in plasma catechol-
amines,18 improvements in insulin
sensitivity,19 reductions in plasma
renin (although this has not been a
consistent finding),20 and regression
in left ventricular hypertrophy.21

Despite the fact that several factors
could have contributed to the fall
in blood pressure in many of these
trials (eg, placebo effect, regression
to the mean, better drug adherence
following recruitment into and in-
tense follow-up of patients during
the trial, and the notorious Haw-
thorne effect), there have been few
words of caution against the hype
surrounding RDN.22 Others have
suggested that because Symplicity
HTN-2 was an open trial, the trial
was vulnerable to patient-, physi-
cian-, and sponsor-related biases.23

None of the Symplicity studies
comprehensively screened patients
for poor adherence or nonadher-
ence. Only one in five had received
a trial of spironolactone, which, in
our experience, decreases blood
pressure almost to the same levels
as observed with RDN.24

In a subgroup of patients from the
Symplicity HTN-2 trial, the reduc-
tion in blood pressure with ABPM
following RDN was only 11/7 mm Hg,
a far smaller reduction than antici-
pated from the clinic recordings.
As Howard et al pointed out,23 in
drug trials without randomization
or blinding, blood pressure reduc-
tions in the clinic were substantially
greater than the reductions in blood
pressure when assessed using
ABPM. However, with randomization
and blinding, reductions measured
in the clinic and by ABPM are re-
markably similar. Howard et al pre-
dicted that, in Symplicity HTN-3, the
first randomized, controlled, sham-

operated trial of RDN, the reduction
in systolic blood pressure would
be closer to 10 mm Hg rather than
the 30 mm Hg observed in earlier
studies.

In a small series of patients under-
going RDN with treatment-resistant
hypertension, Fadl Elmula et al 
reported that, after observing the
intake of medication and ABPM, no
decrease in blood pressure meas-
ured in the clinic or by ABPM oc-
curred after RDN.25 In a subsequent
paper, Fadl Elmula et al report that,
after excluding poor drug compli-
ance, adjusting the drug treatment
was more effective than RDN in
lowering blood pressure in true
treatment-resistant hypertensive
patients.26

While a minority may have urged
caution over the widespread and
often uncritical application of RDN
to suspected cases of treatment-
resistant hypertension, RDN has
been extensively adopted by cardi-
ologists and interventional radiolo-
gists in many countries, with a pro-
liferation of device manufacturers
entering an anticipated, rapidly ex-
panding, and lucrative market. By
2015, more than 20 000 procedures
had been conducted worldwide.

Following the earlier trials, guide-
lines on the application of RDN for
treatment-resistant hypertension
were published by the British Hy-
pertension Society27 and other or-
ganizations,28 but the strict criteria
recommended prior to qualification
for RDN have, in international prac-
tice, been systematically ignored.

The Symplicity HTN-3 trial was the
first prospective, randomized, sham-
controlled trial of RDN. Over 500
patients with treatment-resistant
hypertension participated in the
study. The primary efficacy end point
was the change in office systolic
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blood pressure at 6 months; a sec-
ondary efficacy end point was the
change in mean 24-hour ambulatory
systolic blood pressure. The trial
failed to meet its primary end
point.29 The difference in office sys-
tolic blood pressure between the
intervention arm and the sham-op-
erated arm was only 2.4 mm Hg,
and the change in mean 24-hour
ambulatory blood pressure was only
2 mm Hg. Neither benefit was sta-
tistically significant. Obviously, this
was a far less impressive outcome
than many would have anticipated
from the earlier observational and
nonsham-controlled trials. The au-
thors, however, confirmed that the
procedure was safe, with few com-
plications—an outcome similar to
earlier trials of RDN.

Various explanations have been
proposed to explain why RDN in the
Symplicity HTN-3 trial was ineffec-
tive compared with sham opera-
tions. Several groups have highlight-
ed the possibility that RDN was
ineffective due to inadequacies in
the denervation procedure, which is
discussed in a comprehensive re-
view by Epstein and de Marchena.30

This is an entirely possible explana-
tion, largely accounted for by inex-
perienced investigators and inade-
quate denervation. However, to show
no significant blood pressure re-
duction, it would seem, to me, that
a large majority of the attempted
denervation procedures must have
been ineffective. However, it is ex-
tremely unlikely that the majority of
RDN procedures failed, especially
given the substantial reductions in
blood pressure reported in earlier
studies. This means that there would
have to be an additional explanation.
I would suggest that if RDN does
work (perhaps in a limited number
of patients), then the true benefit is
a much smaller reduction in blood
pressure than initially reported. 

This raises further issues. First, 
can the adequacy of RDN be deter-
mined? By measuring renal nora-
drenaline overflow, a technique that
could be incorporated (albeit in a
very limited number of centers) in
further trials on RDN, the answer 
is probably yes; however, this may
provide information on renal effer-
ent sympathetic activity. Whether
this gives any relevant information
on renal afferent nerve activation,
which is probably more important
based on interpretation of earlier
scientific studies, remains uncertain.
Second, are there defined subgroups
of patients in which the technique
works and others in whom it does
not? This suggestion is not unrea-
sonable given that the concept holds
for responses to antihypertensive
drugs. It is claimed that the large
proportion of African-Americans re-
cruited into Symplicity HTN-3 could
have influenced the outcome, if
they, as a subgroup, were less re-
sponsive than white patients were
to RDN. Again, this is a possible
explanation, but it cannot totally
explain the negative results of the
trial, unless the real benefits of RDN
are much smaller than we were ini-
tially led to believe from the previ-
ous trials. Finally, imbalance be-
tween the denervation group and
the sham-operation group in med-
ications pre- and postprocedure
has also been postulated as an ex-
planation for the lack of effect of
RDN in the trial, but again, this
seems unlikely.

A more recent French trial, DENER-
HTN (renal DENERvation for resist-
ant HyperTensioN),31 adds further
insight to our current understand-
ing. This carefully conducted trial
also reported more modest reduc-
tions in blood pressure following
RDN, and therefore, it deserves fur-
ther comment. Over more than 1400
patients with treatment-resistant
hypertension were screened for eli-

gibility for the trial, but only 106
were eventually randomized to treat-
ment—that is about 7%. Patients
were randomly assigned to renal
denervation + standardized stepped-
care antihypertensive treatment
(SSAHT) or SSAHT alone (the latter
included spironolactone). 

The primary end point—change in
daytime systolic blood pressure
measured by 24-hour ABPM—was
reduced by 6 mm Hg in the dener-
vation + SSAHT group compared
with those receiving SSAHT alone
at the 6-month follow-up. While
this trial meets several of the criti-
cisms leveled at earlier studies, in
the absence of a sham-controlled
comparator group, we cannot be
sure that these conservative bene-
fits following RDN were solely at-
tributable to the procedure. It is
important to note that only a small
proportion of those initially con-
sidered for the trial were eventually
subject to randomization. Given that
there were no records of blood pres-
sure following observed drug intake
prior to recruitment, those eligible
could have been further reduced to
a small percentage of cases with
treatment-resistant hypertension. A
summary of more recent prospective
and randomized studies is shown
in Table I (page 212).22

Therefore, as has been previously
suggested, substantial reductions
in blood pressure in previous RDN
trials could have been explained by
better adherence to drug therapy
following the procedure and during
the intensive follow-up under close
observation by the physicians.32

Without a doubt, from our obser-
vations in patients with treatment-
resistant hypertension and from
studies on drug concentrations in
urine, compliance with medications
is a major problem in this group of
patients. In the context of a formal
trial, particularly when RDN is con-
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trolled by a group undergoing a
sham procedure, it is entirely possi-
ble that improved drug compliance
postprocedure would be similar in
the two groups.

FUTURE 

The scientific background and work
leading up to RDN was sound and
the innovative work by Esler et al
commendable.33 The early trials of
RDN in humans certainly reawak-
ened interest in the role of the sym-
pathetic nervous system in the
pathophysiology of hypertension in
general, and more specifically, in
treatment-resistant hypertension.
However, after Symplicity HTN-3, we
need to take a big step backward
to reevaluate RDN. The Joint UK So-
cieties have recommended a mora-
torium on RDN until the Symplicity
HTN-3 outcomes have been appro-
priately analyzed and digested.34

Shock waves ran through the device
companies, and plans for the de-
velopment and marketing of newer
catheters for RDN revised. There is
a clear need for a sham-controlled
trial with a large number of sub-
jects, where inclusion is restricted
to those with true treatment-resist-
ant hypertension and after an eval-
uation following observed drug in-
take. Only when such a study has
been conducted, can we begin to
establish the future role of RDN in
treatment-resistant hypertension.

This whole episode in the history of
hypertension management raises
interesting issues. There are few
fields of medicine where the inves-
tigation of therapeutic interventions
has been conducted so thoroughly,
with a history of clinical trials in hy-
pertension dating back more than
50 years. Very early on, the substan-
tial effects of placebo were record-

ed, and invariably with the intro-
duction of placebo-controlled trials
of antihypertensive drugs, the true
blood pressure–lowering effect of
the drugs was substantially lower
than that observed in open, uncon-
trolled studies. A review of many of
these trials revealed a systolic blood
pressure–lowering effect for placebo
to be around 15 mm Hg and a true
drug effect of no more than 6 to 10
mm Hg.35 Many trials of add-on or
combination therapy fell into the
same trap, with a lack of a placebo
control for the phase of the trial con-
taining the combination, and again,
unwarranted claims were often made
for the added blood pressure–low-
ering effect of the combination,
which failed to take into account
the lack of a placebo control. 

Therefore, it is extraordinary that
the uncontrolled studies of RDN
were viewed so uncritically not only
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Table I. Characteristics and results of five prospective and randomized studies investigating blood pressure–lowering effects of renal
sympathetic denervation.
Abbreviations: +, Δ in favor of control group; -, ΔRDN control in favor of renal denervation group; ΔFU-6 mo, 6-month follow-up; BP, blood pressure;
DENER-HTN, renal DENERvation for resistant HyperTensioN [trial]; HTN, hypertension; RDN, renal denervation; SBP, systolic blood pressure.
From reference 22: Kjeldsen et al. Euro Heart J Cardiovasc Pharmacother. 2015;1:48-56. © 2015, The Author.

Variable Symplicity HTN-2 Oslo RDN HTN-3 PRAGUE-15 French DENERHTN

Year 2010 2014 2014 2014 2014

Design Open Open Sham, single-blind Open Open

Drug adherence Patient diary Witnessed intake of drugs Patient diary Plasma drug concentrations Questionnaire

RDN Control RDN Control RDN Control RDN Control RDN Control

No. of patients 52 54 9 10 364 171 52 54 53 53 

No. of drugs at baseline 5.2 5.3 5.1 5.0 5.1 5.2 5.1 5.4 3 3 

Intervention RDN No change RDN Drug adjustment RDN No change RDN Drug adjustment RDN Drug adjustment

Office SBP

Baseline (mm Hg) 178 178 156 160 180 180 159 155 159 156 

DFU-6 mo (mm Hg) –32 +1 –8 –28 –14.13 –11.74 –12 –13 –15 –9 

DRDN-control (mmHg) –33 +20 –2.39 +1 –5.6

Ambulatory SBP 24 h Daytime 24 h 24 h Daytime 

Baseline (mm Hg) ?* ?* 152 152 159 160 149 147 155.5 151 

DFU-6 mo (mm Hg) –11 –3 –10 –19 –6.75 –4.79 –8 –8 –16 –10 

DRDN-control (mm Hg) –8** +9 –1.96 0 -6

*Baseline ambulatory BP values were not given in this study
**Results given just for the difference between 20 patients in the renal denervation group and 25 patients in the control group



by the medical and scientific com-
munity, but also by reviewers and
editors of the major journals. An
editor of one such journal stated
“to the utter amazement of nearly
everyone, the Symplicity HTN-3 trial
failed to show the benefit of RDN.”36

The enormous publicity surround-
ing the evolution of RDN, the strong
influence of the device manufactur-
ers, the heavily sponsored symposia
at international meetings, and the
gullibility of clinicians contributed
to the extraordinarily uncritical up-
take of RDN throughout the world.
Surely, we should have been led 
by our knowledge of history rather
than by the naked emperor from
Hans Christian Andersen’s “The
Emperor’s New Clothes”!

For any novel intervention, including
RDN, there is a necessity for prop-
erly controlled, randomized clinical
trials to be carried out prior to the
widespread uptake in clinical prac-
tice. This is required for any new
antihypertensive drug, so why would
we not demand that similar strin-
gent processes be adopted prior to
the introduction of a novel blood
pressure–lowering device. This must
apply to other devices that are cur-
rently being developed, including
baroreceptor-activation devices and
arteriovenous fistula creation, both
of which have also been accepted
with the same level of uncritically
achieved notoriety by publication
in major journals.11,37 There is also
the recognition of the enormous
problem of poor adherence with drug
therapy in hypertensive patients in
general and treatment-resistant
patients in particular. The cost of
poor adherence to health providers
is substantial in terms of drug waste,
the need for repeated clinical visits
and investigations, and the resid-
ual morbidity and mortality associ-
ated with uncontrolled blood pres-
sure. Drug assays on urine samples

are inexpensive, cost-effective, and
expose poor adherence. In addition,
measuring blood pressure after 
observed drug intake is simple and
important for eliminating poor ad-
herence. Just because a patient says
they take their medications is no
reason to believe them. These tech-
niques should be used routinely in
the workup of patients with treat-
ment-resistant hypertension.

Further research is needed on the
pathophysiology of true treatment-
resistant hypertension, with partic-
ular reference to the role of the
sympathetic nervous system, the in-
volvement of the renin-angiotensin-
aldosterone system, and the real
problem of volume overload in some
patients. The PATHWAY program
(Prevention And Treatment of resist-
ant Hypertension With Algorithm-
guided therapY), under the guid-
ance of the British Hypertension
Society Research Working Party, may
shed some light on this. 

Ultimately, there may be a place for
RDN in the management of treat-
ment-resistant hypertension where
drug adherence is problematic due
to side effects or other causes of
noncompliance, but further con-
trolled trials in such subgroups
would be mandatory. The natural
history of RDN mimics the late Des-
mond Lawrence’s teaching on new
drugs to generations of British med-
ical students—unrivalled enthusi-
asm, followed by total rejection,
and then an ultimate place for use
in a restricted number of patients
(although we still have a long way
to go before we can say with confi-
dence in which patients the tech-
nique might be applied). Guidelines,
such as the National Institute for
Health and Care Excellence (NICE)
guidelines, will clearly define the
place of RDN in the UK health care
system. It is hoped that national
and international guidelines will be

equally conservative and restrictive
to its acceptance and use until we
have more information and trial
outcomes.

Let us not forget that other inter-
ventional procedures, which are well
established in clinical practice (eg,
tonsillectomy and knee arthroscopy
with washout) ultimately have been
shown to be of little value when
objectively evaluated. Based on the
evidence to date, I put the follow-
ing question to both the physicians
and their patients with “treatment-
resistant” hypertension—Who’s
kidding whom?
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cipione Riva-Rocci’s original article describes an
instrument for the measurement of blood pressure.
He first illustrates the concept of “lateral pres-
sure” (which we now call mean blood pressure)
and of “total or “terminal pressure.” “To evaluate

the pressure exerted on the arterial walls, it is necessary
to know what in hydraulics is called pressure loading, and
the best way to determine this, in theory, is by the appli-
cation of a piezometer to the artery when you wish to
measure the pressure…” 

In a conduction system of elastic conduits, an increase in
the fluid’s velocity may be perceptible only over a certain
short distance. With each increase in the pressure loading,
the elastic wall dilates and part of the total load is stored
as elasticity under pressure. The energy is then stored in
the interval between two successive increases. The wall
stretches and subsequently relaxes to keep the velocity
constant, ie, to maintain a steady outflow of fluid with
rhythmic movements of the tube walls—the phenomenon
of the pulse.

After an accurate description of available sphygmomanom-
eters, he proposed his own sphygmomanometer, an 
instrument that provides a measure of total pressure
loading. Finally, Riva-Rocci gives detailed instructions 
for “how to use” the sphygmomanometer and he finally
concludes: 

It is hardly necessary to add that it will be possible to compare
only blood pressure data obtained under exactly the same condi-
tions, such as surroundings, position, time, time since the last
meal, walking, etc. This observation is perhaps superfluous for the
researchers, but useful to doctors for whom haste is sometimes
the cause of time wasting. If the procedures given here are fol-
lowed, sphygmomanometry could become genuinely useful in the
clinical practice.

S

La tecnica sfigmomanometrica

S. Riva-Rocci 

Gazz Med Torino. 1897;10:181-191

John J. McDermott beats 14 men to win 
the first Boston Marathon;

the Klondike Gold Rush begins when the first 
successful prospectors arrive in Seattle; and

Sir Ronald Ross demonstrates the transmission
mechanism of Plasmodium, the malaria parasite

1897

Sketch of Riva-Rocci’s apparatus as drawn by Dr Harvey
Cushing.
From: Riva-Rocci. Gazz Med Torino. 1897;10:181-191.
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he real site of wave reflections has been a mat-
ter of debate. In this paper, Westerhof et al
describe the phenomena of wave reflections
in the arterial system as reported in previous
studies and try to clarify the confusing situa-

tion of forward (incident) and backward (retrograde) flow
and pressure.  

The experiments, performed in 7 mongrel dogs, were con-
ducted by implanting an electromagnetic flow probe in the
ascending aorta, and after 10 days, both common carotid
arteries were isolated and loosely ligated, while a balloon
catheter was introduced in the aorta and a catheter-tip
manometer was placed in the aorta. Pressure and flow,
measured in the ascending aorta, could be separated into
a (composite) wave traveling from the heart toward the
periphery (the forward wave) and a (composite) wave trav-
eling in the opposite direction (the backward wave). The
calculations were carried out in the frequency domain, via
Fourier analysis and the addition of harmonics. A set of
four examples was used to show the forward and backward
traveling waves in the ascending aorta together with the
measured pressure and flow waves and include: (i) a ref-
erence or control condition; (ii) a condition of increased
resistance, obtained by the ligation of both common carotid
arteries; (iii) a condition of decreased resistance, induced
by emptying a balloon occluding the aorta; and (iv) a con-
dition of complete occlusion of the aorta, generated by
filling the balloon with liquid. For all of these conditions,
Westerhof et al calculated the global reflection coefficients
(ie, the ratio of the composite backward wave [resulting
from many individual waves that return from different 
locations and are all combined into this backward wave]
to the forward wave, in the frequency domain). The global
reflection coefficient includes damping of the waves while
they travel along the system, and without more informa-
tion, does not distinguish between damping of waves and
(local) reflections. 

The plot of reflection coefficients, as a function of frequen-
cy, clearly showed that, for high frequencies, most reflec-
tion coefficients are the same. On the contrary, for low

frequencies, reflection coefficients are different; reflection
coefficients have higher values when the aorta is occluded
(high-resistance conditions) and lower values in low-resis-
tance conditions as compared with the control conditions.
It seems likely that, at bifurcations of large arteries, a con-
stant amount of reflection contributes to the reflection
coefficient and that a varying amount of reflection is added
to this fixed amount in the peripheral part of the system.

In the case of low resistance, a low reflection coefficient
suggests that the reflections occurring at large bifurcations,
with a constant amount of reflection, are very small. In the
other cases, including the control situation, a high reflec-
tion coefficient at low frequencies shows that the contri-
bution of the periphery to the reflection coefficient is
quite large. The authors concluded that the considerable
influence of the periphery on the reflection coefficient,
shown in this study, provides doubt about using models
that are based only on reflections at bifurcations of large
arteries (and exclude the periphery).

T

Forward and backward waves in the arterial system 

N. Westerhof, P. Sipkema, G. C. van den Bos, G. Elzinga

Cardiovasc Res. 1972;6:648-656
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nitially, the values of systolic and diastolic blood
pressure, measured at the brachial artery, were as-
sumed to be similar throughout the whole arterial
tree and reflect the true left ventricular afterload.
However, this clearly failed to recognize the differ-

ences in pressure wave forms between central and periph-
eral arteries; these differences are related to the forward-
traveling pulse wave and backward reflection along the
arterial system. The amplification of the pressure pulse be-
tween central and peripheral arteries renders pressure val-
ues in the upper limb an inaccurate measure of ascending
aortic pressure; therefore, an improvement in accuracy
could be obtained by taking this amplification into account. 

Karamanoglu et al more accurately examined the relation-
ship between central aortic and peripheral brachial or ra-
dial pressure transfer functions and compared the results
with those previously obtained. A total of 14 patients were
studied during diagnostic cardiac catheterization, and a
high fidelity (Millar micromanometer) recording of pressure
waves in the brachial and ascending aorta were obtained
under both control conditions and after sublingual admin-
istration of nitroglycerin. In addition, the radial artery
pressure wave pulse was recorded by applanation tonom-
etry, simultaneously with the ascending aortic pressure,
before and after sublingual administration of nitroglycerin. 

Transfer functions were determined for pressures between
the ascending aorta and the brachial artery and for pres-
sures between the ascending aorta and the radial artery.
There were no significant differences in the brachial artery
transfer function under control conditions or after the ad-
ministration of nitroglycerin; the same was true for the 
radial artery transfer function, so the results were pooled.
The results confirmed that a substantial difference occurs
in the amplitude and contour of pressure waves measured
in the ascending aorta or in the brachial or radial arteries,
as observed previously, and these differences were larger
after nitroglycerin administration. 

Frequency-dependent changes in the modulus and phase
of both the brachial artery transfer function and the radial

artery transfer function were attributable to wave travel and
reflections in the upper limb. Finally, authors compared
brachial and radial artery transfer functions with both pub-
lished transfer functions and transfer functions derived
from an analysis of aortic and brachial or radial pressure
waves in previous publications, with similar results. The
brachial and radial artery transfer functions obtained in
this study were then used to synthesize ascending aorta
pressure waves from published peripheral pulses, with a
close correspondence, especially for systolic pressure. The
difference between radial or brachial systolic pressure was
20.4 mm Hg (P<0.0001), on average, whereas synthesized
aortic systolic pressure was, on average, just 2.4 mm Hg
(P>005) different.

The results indicated that, in adult humans, a single gen-
eralized transfer function can be used with acceptable 
accuracy to determine central from peripheral pressure
under different conditions. These results represent an im-
portant advancement in starting to measure central blood
pressure by applanation tonometry, which has been inte-
grated into the SphygmoCor system (Artcor, Australia).
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An analysis of the relationship between central aortic and
peripheral upper limb pressure waves in man

M. Karamanoglu, M. F. O’Rourke, A. P. Avolio, R. P. Kelly 

Eur Heart J. 1993;14:160-167
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pidemiological studies have shown that, in end-
stage renal failure patients, arterial stiffness of
large elastic-type arteries is increased and the
wave-reflection effect is more pronounced. The
consequences of these alterations are the devel-

opment of myocardial hypertrophy, an increase in oxygen
consumption, and changes in coronary blood flow distri-
bution, which favors the occurrence of cardiovascular
events. London et al have already shown that aortic stiff-
ening, determined by measuring aortic pulse wave velocity,
was an independent predictor of all-cause and cardiovas-
cular mortality in end-stage renal failure patients; however,
the impact of wave reflections on clinical outcomes and
mortality remained to be demonstrated. Therefore, London
et al examined, from 1990 to 2000, 180 patients with end-
stage renal failure undergoing hemodialysis treatment,
with an average follow-up and monitoring period of 52
months.

During the follow-up, 70 deaths occurred, including 40 car-
diovascular and 30 noncardiovascular deaths. In addition
to standard clinical and biochemical analyses, all patients
underwent aortic pulse wave velocity measurement and
determination of arterial wave reflection by applanation
tonometry on the common carotid artery, which was ex-
pressed as the augmentation index. 

Cox analyses demonstrated that the main factors associ-
ated with an increased risk of all-cause and cardiovascular
mortality were age, aortic pulse wave velocity, low dias-
tolic blood pressure, preexisting cardiovascular disease, and
an increased augmentation index. Angiotensin-converting
enzyme inhibitors had a favorable effect on survival. After
adjustment for all confounding factors, the risk ratio for
every 10% increase in augmentation index was 1.51 (95%
CI, 1.23 to 1.86; P=0.0001) for all-cause mortality and 1.48
(95% CI, 1.16 to 1.90; P=0.0001) for cardiovascular mortali-
ty. Most importantly, the predictive value of the augmen-
tation index was independent of pulse wave velocity, once
more highlighting the need for assessing both parameters
for a comprehensive evaluation of arterial stiffness and
central hemodynamic abnormalities. 

In the discussion, the authors described the pathophysio-
logical mechanisms explaining the association between
augmentation index increase and the occurrence of car-
diovascular events, including cardiac hypertrophy, systolic
and diastolic dysfunction, and coronary hypoperfusion.
However, as highlighted in the discussion, the relationship
between mortality and increase in augmentation index
does not imply direct causation, and in order to clarify
the causality of the association, it would be necessary to
demonstrate that an intervention aimed at reducing the
augmentation index would be associated with a reduction
in mortality or morbidity.

E

Arterial wave reflections and survival in end-stage renal failure

G. M. London, J. Blacher, B. Pannier, A. P. Guérin, S. J. Marchais, M. E. Safar 

Hypertension. 2001;38:434-438
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smar et al examined the different effects of
antihypertensive treatment on aortic stiff-
ness and central hemodynamic parameters.
The authors randomized 471 patients with
essential hypertension to either the very-

low-dose combination perindopril (2 mg) and indapamide
(0.625 mg) (perindopril/indapamide) or the b-blocking
agent atenolol (50 mg) and monitored all patients for 1
year. In each patient, aortic pulse wave velocity (by auto-
matic measurements) and wave reflections (by pulse wave
analysis and applanation tonometry) were measured.

After the 1-year follow-up, the brachial pulse pressure 
and brachial systolic, diastolic, and mean blood pressures 
decreased significantly in the two treatment groups. The 
decrease in diastolic blood pressure was the same in each
treatment group, whereas the perindopril/indapamide
combination had a more marked reduction in brachial
pulse pressure and brachial systolic, diastolic, and mean
blood pressures compared with atenolol. The decrease in
carotid and aortic blood pressures was significantly more
pronounced with the perindopril/indapamide combina-
tion than with atenolol. The blood pressure–effect profile
clearly differed between perindopril/indapamide, which
induced a similar effect on central (carotid and aortic)
and peripheral (brachial) blood pressure, and atenolol,
which had an even smaller effect on central vs peripheral
blood pressure.

The two antihypertensive agents decreased pulse wave ve-
locity to a similar degree, but only perindopril/indapamide
significantly attenuated carotid wave reflections, identify-
ing a hemodynamic profile that is possibly favorable for
an improvement in survival for hypertensive patients. Three
possible hemodynamic factors have been suggested as
possible explanations for the more marked decrease in
central blood pressure with perindopril/indapamide than
atenolol, including: (i) alterations in ventricular ejection
time (due to the different effect on heart rate); (ii) reduc-
tion in aortic pulse wave velocity; and (iii) modification in
the site or intensity of wave reflections (possibly related
to the effect on changes in the vascular structure and/or

function of the arterioles). A subanalysis of the results of
this study demonstrated that the greater change in left
ventricular mass, measured by echocardiography, observed
in patients treated with the perindopril/indapamide com-
bination was linked to central, but not brachial, blood
pressure. 

The publication of the CAFE study (Conduit Artery Func-
tion Evaluation), 5 years later, confirmed the differential
impact of different antihypertensive drugs (and drug com-
binations) on peripheral and central hemodynamics.

A

Improvement in blood pressure, arterial stiffness and wave
reflections with a very-low-dose perindopril/indapamide 
combination in hypertensive patients: a comparison with atenolol

R. G. Asmar, G. M. London, M. E. O’Rourke, M. E. Safar; REASON Project Coordinators and Investigators

Hypertension. 2001;38:922-926
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ecently, it has been recognized worldwide that
age is the most important determinant of
stiffening and dilatation of large arteries. In
previous studies, pulse wave velocity, an index
of large artery stiffening, increased linearly

with age and mainly occured later in life. A linear correlation
between age and augmentation index, a composite meas-
ure that depends on the site and degree of wave reflection,
has also been observed, although data from invasive stud-
ies suggest that the intensity of wave reflection becomes
less marked in old age. 

In this relevant study, McEniery et al assessed the precise
relationship between increasing age and changes in both
the stiffening of large arteries and central hemodynamics
in 10 096 subjects ranging in age from 18 to 90 years (ie,
the ACCT trial [Anglo-Cardiff Collaborative Trial]). Subjects
were selected from local general practice lists and open-
access cardiovascular risk assessment clinics across East
Anglia and Wales. For the current study, all subjects with
hypertension, diabetes, or previous cardiovascular disease
and those receiving treatment were excluded, and 4001
individuals, mainly Caucasian, were considered. For each
subject, applanation tonometry and pulse wave analyses
were performed, and central blood pressure, augmenta-
tion pressure, and augmentation index were determined.
In addition, aortic and brachial pulse wave velocities were
measured in a subset of 998 subjects. 

As expected, peripheral blood pressure, central pulse pres-
sure, augmentation pressure, augmentation index, aortic
and brachial pulse wave velocity increased significantly
with age. In addition to age, male sex and mean arterial
pressure were the most important determinants of the cen-
tral hemodynamic indexes, such as augmentation index,
augmented pressure, and pulse pressure amplification.
However, the changes in augmentation index observed
across the age categories were not linear, with a steep in-
crease from 20 to 50 years of age, both in men and women;
at all ages, central augmentation index was higher in
women, possibly due to a shorter average height. In addi-
tion, the age-related increase in pulse wave velocity was

not linear and was more marked from 45-50 to 90 years,
with no significant differences between men and women. 

These findings highlight a different sensitivity between
augmentation index and pulse wave velocity as markers of
arterial vascular aging for central hemodynamic parameters;
augmentation index is a more appropriate index in younger
individuals and aortic pulse wave velocity is a better mea-
sure in older individuals. In younger individuals, the in-
crease in augmentation pressure may be due to an increase
in the magnitude of wave reflection, rather than to an in-
crease in wave velocity, while in older individuals, the in-
crease in augmentation pressure may be due to an earlier
return of the reflected wave and a less compliant aorta,
rather than predominant changes in the magnitude of wave
reflection.

The authors also described an association between heart
rate and both augmentation index and augmentation pres-
sure that accounted for about 10% of the variance in each
parameter. This small effect on heart rate would exclude
the idea that age-related changes in heart rate are involved
in the increase in central hemodynamic parameters in the
different age strata. The important clinical implication is
that obtaining and integrating all markers may possibly be
used to improve risk prediction.

R

Normal vascular aging: differential effects on wave reflection
and aortic pulse wave velocity: the Anglo-Cardiff Collaborative
Trial (ACCT)

C. M. McEniery, Yasmin, I. R. Hall, A. Qasem, I. B. Wilkinson, J. R. Cockcroft; ACCT Investigators  

J Am Coll Cardiol. 2005;46:1753-1760
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he CAFE study (Conduit Artery Function Eval-
uation), a substudy of the ASCOT trial (Anglo-
Scandinavian Cardiac Outcomes Trial), was de-
signed to examine the impact of two different
blood pressure–lowering regimens (atenolol ±

thiazide-based vs amlodipine ± perindopril-based therapy)
on derived central aortic pressures and hemodynamics.

After 1 year of randomization into the ASCOT trial, 2199
patients (from 5 ASCOT centers) were recruited into the
CAFE study, meaning that patients were studied after
titration of treatment and after reducing blood pressure for
1 year. In addition to all the parameters assessed during
the main ASCOT study, patients participating in the CAFE
study underwent radial artery applanation tonometry and
pulse wave analysis using a commercially available system
(SphygmoCor) on repeated visits (up to 4 years) in order
to collect at least 2 measurements for each participant in
the CAFE study over the course of the ASCOT follow-up.
Central aortic blood pressure, augmentation pressure, aug-
mentation index, and pulse pressure amplifications were
derived and calculated from the applanation tonometry
and pulse wave analysis. Most patients received combina-
tion therapy throughout the study; the mean follow-up 
after the initial tonometry was 3 years and the mean num-
ber of tonometry measurements was 3.4. 

The results of the CAFE study show that no significant dif-
ferences in brachial systolic blood pressure changes were
observed between the two groups of atenolol-based and
amlodipine-based treatments (D between treatments, 
0.7 mm Hg; 95% CI, -0.4-1.7; P=0.2), while central aortic
pressure changes in the amlodipine regimen were much
higher compared with those observed in the atenolol group
(D between treatments for central systolic blood pressure,
4.3 mm Hg; 95% CI, 3.3-5.4; P<0.0001 and D between treat-
ments for central pulse pressure, 3.0 mm Hg; 95% CI, 2.1-
3.9, P<0.0001). Augmentation pressure and index were in-
creased by atenolol ± thiazide-based therapy compared
with the amlodipine ± perindopril-based therapy. The in-
crease in central systolic blood pressure and pulse pressure
observed during the treatment with atenolol ± thiazide-

based therapy could be a consequence of an increased
pressure wave reflection from distal reflection sites due to
the much higher central aortic systolic pressure wave aug-
mentation and augmentation index vs amlodipine ± perin-
dopril-based therapy.

An additional aim of the study was to correlate the changes
in central hemodynamics observed between the two treat-
ment regimens with the occurrence of cardiovascular events.
According to Cox proportional-hazards modeling, central
pulse pressure was significantly associated with a post
hoc–defined composite outcome of total cardiovascular
events/procedures and the development of renal impair-
ment in the CAFE cohort (unadjusted, P<0.0001; adjusted
for baseline variables, P<0.05). Therefore, central aortic
pulse pressure could represent a determinant of clinical
outcomes and Williams et al extrapolated these results to
the main ASCOT study, suggesting that the differences in
central aortic pressures may be a potential mechanism to
explain the different clinical outcomes between the blood
pressure–treatment arms with b-blocker/diuretic or calcium
channel blocker/angiotensin-converting enzyme inhibitor
combinations in the ASCOT trial.

The main clinical implication of the CAFE study is that an-
tihypertensive treatment with different blood pressure–
lowering drugs may affect central aortic pressures and 
hemodynamics, despite a similar effect on brachial blood
pressure.

T

Differential impact of blood pressure–lowering drugs on central
aortic pressure and clinical outcomes: principal results of the
Conduit Artery Function Evaluation (CAFE) study

B. Williams, P. S. Lacy, S. M. Thom, K. Cruickshank, A. Stanton, D. Collier, A. D. Hughes, H. Thurston,
M. O’Rourke; CAFE Investigators, ASCOT Investigators, CAFE Steering Committee and Writing Committee  

Circulation. 2006;113:1213-1225
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entral aortic blood pressure reflects the load-
ing conditions of the left ventricular myo-
cardium, coronary arteries, and cerebral vas-
culature better than brachial blood pressure;
therefore, cardiovascular target organ damage

and cardiovascular events should correlate better with
central aortic pressures than with brachial pressures. Sim-
ilarly, the measurement of pulse wave velocity integrates
the vascular damage secondary to aging, hypertension, and
diabetes better than brachial or even central aortic blood
pressure. 

In this study, Roman et al explored the relations of carotid
artery hypertrophy (intimal-medial thickness and vascular
mass), extent of atherosclerosis (plaque score), and inci-
dent cardiovascular events with both brachial and central
pressures in the Strong Heart Study, a population-based
study in North America Indians. Central pressures were cal-
culated using radial applanation tonometry, while carotid
intima-media thickness and plaques were assessed by
carotid ultrasound. Among the 3520 participants, central
and brachial pulse pressures were more strongly related 
to vascular hypertrophy and the extent of atherosclerosis
than systolic pressures. Most importantly, central pulse
pressure was more strongly related to intima-media thick-
ness, vascular mass, and plaques in the carotid arteries
than brachial pulse pressure. The majority of these patients
were receiving antihypertensive treatment, but the associ-
ation of central blood pressure with carotid structural 
alterations remained statistically significant after consid-
ering the effect of treatment. 

When the relation between central and brachial pressures
and clinical outcomes was evaluated in a subgroup of 2403
participants free of overt cardiovascular disease, central
pulse pressure was more strongly predictive of cardiovas-
cular events than brachial pulse pressure, independently of
age, sex, current smoking, body mass index, ratio of total
cholesterol to high-density lipoprotein, creatinine, fib-
rinogen, diabetes, and heart rate. The same result was true
when the analysis was further adjusted for the presence of
carotid atherosclerosis. These results have been obtained

in a sample of North American Indians and are not easily
applicable to other subjects or patients; however, subjects
participating in the Strong Heart Study are characterized
by a high prevalence of obesity and diabetes and might be
representative of the increasing number of high-risk patients.

The results of this study provide an important contribu-
tion to the assessment of the relationship between target
organ damage and aortic central pressure, confirming the
concept that central pressure is more strictly related to
carotid atherosclerosis. Consequently, the use of antihy-
pertensive treatments targeted to reduce central blood
pressure could reduce the development of cardiovascular
structural changes and favor their regression, improving
the patient’s cardiovascular prognosis.

Central pressure more strongly relates to vascular disease and
outcome than does brachial pressure: the Strong Heart Study  

M. J. Roman, R. B. Devereux, J. R. Kizer, E. T. Lee, J. M. Galloway, T. Ali, J. G. Umans, B. V. Howard  

Hypertension. 2007;50:197-203
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entral pressures and indices have been shown,
in several studies, to predict future events,
but the findings have not always been consis-
tent. Therefore, Vlachopoulos et al wanted to
provide an overview of relevant studies and

an overall quantitative estimate of the ability of central
pressures and derived indices to predict cardiovascular
outcomes and all-cause mortality. In this meta-analysis,
Vlachopoulos et al performed a systematic review of the
literature to clarify the correlation between central hemo-
dynamics and the occurrence of future cardiovascular dis-
ease. In addition, the eventual superiority of the central
indices vs peripheral blood pressure values to predict fu-
ture cardiovascular disease was tested.

Published in 2010, this landmark systematic review has
been helpful to investigators and clinicians in the field.
Vlachopoulos et al performed an admirable job given the
difficulty of assessing 528 potential studies. In the end, 
11 longitudinal studies that had measured central hemo-
dynamics were selected, resulting in an analysis involving
5648 subjects with a mean follow-up of 45 months. In the
selection of eligible studies, no exclusion criteria were
imposed with regard to the type of population studied (eg,
healthy subjects, general population, or populations with
risk factors or disease), the size of the population, or the
duration of follow-up. All longitudinal studies included in
the meta-analysis were prospective studies. 

The CAFE study (Conduit Artery Function Evaluation), a sub-
study of the ASCOT trial (Anglo-Scandinavian Cardiac Out-
comes Trial), was excluded because of its design (interven-
tional, randomized trial assessing two different combinations
of antihypertensive medications) and because central hemo-
dynamic measurements were performed 1 year after ran-
domization and were lacking at baseline. The authors used
the aggregate data as reported or calculated in published
articles and did not use the data from individual patients. 

The age- and risk-factor–adjusted pooled relative risk of
total cardiovascular events was assessed for an increase in
central systolic blood pressure in three studies, for central

pulse pressure in six studies, and for augmentation index
in five studies. The age- and risk-factor–adjusted pooled
relative risk of total cardiovascular events was 1.088 (95%
CI, 1.040-1.139) for a 10 mm Hg increase in central sys-
tolic blood pressure and 1.137 (95% CI, 1.063-1.215) for a
10 mm Hg increase in central pulse pressure. The risk asso-
ciated with a 10% absolute increase in central augmenta-
tion index was 32% for total cardiovascular events and 38%
for all-cause mortality. In five studies, the risk of cardio-
vascular events was reported for both central and brachial
pulse pressure. The cumulative analysis of these studies
showed that central pulse pressure was associated with a
marginally, but not significantly, higher relative risk of clin-
ical events (P=0.057) compared with brachial pulse pressure.

Despite the fact that the analysis neither evaluated indi-
vidual data nor accounted for potential methodological
problems of the original studies, the study’s conclusion sup-
ports the concept that central pressure components and
indices independently predict future clinical events. In
particular, the augmentation index predicts clinical events
independently of peripheral pressures, while the effect is
only marginal for central blood pressure. The results of
ongoing studies should provide data on a wider range of
populations and disease states. In addition, the results
should be analyzed to continue assessing the ability of
central indexes to discriminate, calibrate, and reclassify
the risk of patients in clinical practice.

Prediction of cardiovascular events and all-cause mortality with
central haemodynamics: a systematic review and meta-analysis  

C. Vlachopoulos, K. Aznaouridis, M. F. O’Rourke, M. E. Safar, K. Baou, C. Stefanadis  

Eur Heart J. 2010;31:1865-1871
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n recent years, central blood pressure (ie, pressure
at the aortic root) has gained popularity as a po-
tentially useful measurement of the “true” pressure
affecting target organs that have been damaged by
arterial hypertension (ie, the heart, brain, and kid-

neys). Central blood pressure can now be noninvasively
estimated using a variety of validated techniques. In addi-
tion, the association between an increase in central blood
pressure and subsequent cardiovascular events and mor-
tality has become more evident, highlighting the clinical
importance of estimating central systolic blood pressure
and amplification. However, no reference values are avail-
able, despite having used different devices to measure cen-
tral systolic blood pressure and amplification for at least
25 years.

In this study, Herbert et al aimed to establish reference
values for a worldwide general population and standardize
the most frequently used methods of measurement. Using
a validated tonometry or calibrated distension wave tech-
nique, the authors analyzed all the data collected in pop-
ulation surveys and clinical trials for people >14 years old.
Out of a total number of 82 930 subjects participating in
77 studies from 53 centers, 45 436 subjects were included
in the analysis and divided into the following 4 groups: (i)
normal population of healthy subjects, ie, subjects without
cardiovascular risk factors (18 183); (ii) subjects with car-
diovascular risk factors (15 831); (iii) subjects with essential
hypertension, but no other cardiovascular risk factors (1012);
and (iv) reference population, ie, essential hypertensive
subjects with other cardiovascular risk factors (10 410). In-
cluded subjects were apparently healthy, not being treat-
ed for hypertension or dyslipidemia, and free from overt
cardiovascular disease and diabetes. Reference values for
central systolic blood pressure and amplification were cal-
culated as percentiles for “normal” and “reference” popula-
tions. Values of central systolic blood pressure and amplifi-
cation were stratified by brachial blood pressure categories
and age decade in turn, and both were stratified by sex. 

Along with the calculation of reference values, the main
determinants of pulsatile hemodynamic parameters were

examined in detail. Risk factors affected normotensives
and hypertensives differently; all risk factors, except glu-
cose, had a statistically significant impact on central sys-
tolic blood pressure in normotensives, whereas only smok-
ing, male sex, and heart rate were significantly related to
central systolic blood pressure in hypertensives. Male sex
was associated with a lower central systolic blood pres-
sure in hypertensives, and the opposite was observed in
normotensives, indicating a strong interaction between
age, sex, and blood pressure.

Amplification decreased with age, but to a different degree
in males and females. Sex was the most powerful factor
associated with amplification, with a 6.6 mm Hg (5.8 to
7.4) higher amplification in males than females, possibly
due to the influence of height. Amplification was margin-
ally, but significantly, influenced by cardiovascular risk
factors. Smoking and dyslipidemia decreased amplifica-
tion, whereas hyperglycemia increased amplification.
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wide geographical representation, provides an important
tool to continue evaluating whether central blood pres-
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stratification.
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At the age of 16, Lewis Clarke from Bristol, UK 
becomes the youngest person to trek to the South
Pole; a previously unknown copy of Shakespeare’s
the First Folio (1623) is discovered in northern
France; and an underground city estimated to be
around 5000 years old is discovered in Turkey
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