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Background-—Central blood pressure (BP) is a promising marker to identify subjects with higher cardiovascular risk than expected
by traditional risk factors. Significant results have been obtained in populations with high cardiovascular risk, but little is known
about low-cardiovascular-risk patients, although the differences between central and peripheral BP (amplification) are usually
greater in this population. The study aim was to evaluate central BP over 24 hours for cardiovascular event prediction in
hypertensive subjects with low cardiovascular risk.

Methods and Results-—Peripheral and central BPs were recorded during clinical visits and over 24 hours in hypertensive patients
with low cardiovascular risk (Systematic Coronary Risk Evaluation ≤5%). Our primary end point is the occurrence of a
cardiovascular event during follow-up. To assess the potential interest in central pulse pressure over 24 hours, we performed Cox
proportional hazard models analysis and comparison of area under the curves using the contrast test for peripheral and central BP.
A cohort of 703 hypertensive subjects from Bordeaux were included. After the first 24 hours of BP measurement, the subjects
were then followed up for an average of 112.5�70 months. We recorded 65 cardiovascular events during follow-up. Amplification
was found to be significantly associated with cardiovascular events when added to peripheral 24-hour pulse pressure (P=0.0259).
The area under the curve of 24-hour central pulse pressure is significantly more important than area under the curve of office BP
(P=0.0296), and there is a trend of superiority with the area under the curve of peripheral 24-hour pulse pressure.

Conclusions-—Central pulse pressure over 24 hours improves the prediction of cardiovascular events for hypertensive patients
with low cardiovascular risk compared to peripheral pulse pressure. ( J Am Heart Assoc. 2018;7:e008225. DOI: 10.1161/JAHA.
117.008225.)
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H igh blood pressure (BP) is the principal modifiable
cardiovascular risk, and its prevalence increases with

age.1 Because a large proportion of the general population is
affected by high BP, a desirable goal is to focus on prevention
strategies in subjects most at risk of cardiovascular events.

To this end, improvement of BP measurement has been
identified as a priority.2 Although office BP measurements are
still useful, the superiority of ambulatory BP measurements
over office measurements in cardiovascular prognosis has
been shown,3 and today ambulatory BP measurements serve
as the reference for diagnosis of hypertension and assess-
ment of BP phenotypes.4-6 Central aortic BP is yet another
interesting hemodynamic parameter, as it incorporates
several components such as arterial stiffness (a determinant
of aorta-to-peripheral pulse pressure amplification), location
of reflecting sites, and the level of peripheral vascular
resistance.

In essence, central BP measurements could be the ideal
tool to assess cardiovascular risk.7 A certain number of
studies investigating subjects at high cardiovascular risk
substantiate this argument8-10; however, data on subjects
with low cardiovascular risk are less documented. Because BP
amplification reduces with age and vascular aging,11 the
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prognostic value of central BP is likely to be greater in young
subjects with low cardiovascular risk, who are found to have
the largest difference between central and peripheral pres-
sure measurements. Our study therefore aimed to investigate
if 24-hour monitoring of central BP in a young hypertensive
population with a low cardiovascular risk (SCORE [Systematic
Coronary Risk Evaluation] ≤5%) provides a more accurate
assessment of cardiovascular risk than 24-hour monitoring of
peripheral BP.

Materials and Methods

Study Population
The study population consists of a cohort of hypertensive
subjects in Bordeaux, a prospective monocentric registry,
which includes all patients who have been referred to our
center for essential hypertension management before being
initiated on any antihypertensive treatment.

We limited our study sample to subjects with low cardio-
vascular risk (SCORE≤5%), as they are supposed to have a
healthier arterial network and thus amore significant difference
in BP between peripheral and central sites. Subjects should
have a BP recorded over 24 hours coupled with the monitoring
of timing of Korotkoff sounds (QKD), either at entry into the
cohort, before any treatment, or during treatment follow-up.
The first available record during the 24 hours is therefore
considered as the starting point of the follow-up.

We excluded patients with atrial fibrillation or a thyroid
dysfunction from our study because these are the limits of the
QKD measurements.

Methods
The data, analytic methods, and study materials will be made
available from the corresponding author to other researchers

for purposes of reproducing the results or replicating the
procedure on reasonable request.

Assessing Cardiovascular Risk Using the SCORE Model

The 10-year prediction of the occurrence of a fatal cardio-
vascular event is calculated using the SCORE, which is based
on age, sex, systolic BP measured during an office visit,
smoker status, and total cholesterol. The results of subjects
diagnosed with diabetes mellitus were multiplied 2-fold for
men and 4-fold for women.

Smokers are defined as active smokers or as former
smokers who quit smoking less than 3 years before the study.
Dyslipidemia in subjects is defined by a level of total
cholesterol greater than 5.2 mmol/L or the use of statin
treatments. Type 2 diabetes mellitus is defined by fasting
blood glucose greater than 7 mmol/L or antidiabetic treat-
ment intake.

BP Measurements

Office BP Measurements. Office BP measurements were
carried out according to the European Society of Hyperten-
sion/European Society of Cardiology guidelines12 by a trained
nurse assigned to the hypertension unit or by a cardiologist in
the unit. The subject was first made to sit down and rest for at
least 5 minutes before the measurement. Three consecutive
measurements with a mercury sphygmomanometer were
taken and then averaged to obtain both systolic and diastolic
BP. This measurement was done just before setting up the
ambulatory BP monitoring.

Ambulatory BP Measurements. A DIASYS Integra II�

monitor (Novacor�, Rueil-Malmaison, France) was used to
measure peripheral BP. This involved an auscultatory method
graded A/B by the British society of Hypertension.13 BP was
automatically measured and recorded every 15 minutes
during daytime and nighttime. Only records with more than
50% of the measurements were validated and included in the
study. We therefore were able to collect a minimum of 48
measurements, which largely meets the European Society of
Cardiology quality criteria (14 daytime and 7 nighttime
recordings).14

Measurements of Central BP. Central systolic BP mea-
surements were obtained using the same measuring device
and were based on the same 24-hour recordings as peripheral
pressure measurements. The central systolic BP estimate was
based on mean BP, arterial stiffness (QKD interval), heart rate,
and height of subject. This technique was validated using
invasive and noninvasive methods and through the dynamic
fluctuations in BP induced by head-up tilt.15,16

Clinical Perspective

What Is New?

• Central pulse pressure monitoring over 24 hours improves
cardiovascular event prediction in the low-cardiovascular-
risk hypertensive population.

• Monitoring central pulse pressure over 24 hours is easily
feasible in clinical practice.

What Are the Clinical Implications?

• Central pulse pressure over 24 hours is helpful to identify
young hypertensive patients with low cardiovascular risk
who are in fact at risk of facing a cardiovascular event.

• It could then modify our medical strategies and encourage
us to pay closer attention to these patients.
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The 24-hour peripheral pulse pressure (PP) is the differ-
ence between 24-hour peripheral systolic BP and 24-hour
peripheral diastolic BP recorded.

The 24-hour central PP is the difference between 24-hour
central systolic BP and 24-hour and peripheral diastolic BP.

Amplification is the difference between 24-hour peripheral
systolic BP and 24-hour central systolic BP.

The PP ratio, another way to estimate amplification,17 is
calculated as the ratio of peripheral 24-hour PP to central 24-
hour PP.

Follow-up and Cardiovascular Events. Information related
to cardiovascular events was collected through regular
contact with patients. The patients were contacted either
during the follow-up visits in the health center or by
telephone. Contact by telephone was systematically carried
out every 2 years on average by a dedicated staff member
(eg, the research coordinator). In case of an event of
interest, the medical team thereafter verified the reported
events based on the patients’ medical files from the general
practitioner and from hospitalization or operative reports.
Recorded cardiovascular events included cardiovascular
death, acute coronary syndromes with or without ST
elevation, and ischemic or hemorrhagic cerebral strokes
confirmed by cerebral computed tomography scan or
magnetic resonance imaging. In the case of death, the
cause was determined by the medical team using data
collected from hospital records or by contacting the patient’s
general practitioner.

Ethical Considerations
Patients had to give their consent to participate in the study
before being listed in the registry. The registry was thereafter
approved by our local committee of ethics and protection for
the individual (Committee for Protection of Persons in the
South-West and Overseas III).

Statistical Analyses
The principal characteristics of patients were presented in a
descriptive manner, with useful variables extracted for the
calculation of the SCORE result.

We then built a Kaplan-Meier curve for time to event to
illustrate the survival of the population sample.

We carried out survival analysis using a proportional-
hazards model to evaluate the interest of PP in its different
patterns (office, peripheral, and central over 24-hours) to
predict future cardiovascular events. These 3 main variables
are continuous, and we therefore verified their log-linearity.
The time axis is represented by the follow-up period starting
from the date of the first 24-hour BP measurement.

In a first step, analysis for each variable of interest was
done in a univariate way and in a second step adjusted with
age, sex, total cholesterol, and smoker status.

Then, to study the potential added value of the central BP
parameters, we first built model 1, adding amplification to
peripheral PP, and then model 2, adding PP ratio to peripheral
PP adjusted for age, sex, dyslipidemia, and smoking status.
The proportional-hazards assumption was verified by the
Schoenfeld residuals for the selected variables.

Finally, we plotted receiver operating characteristic curves
for PP measurements obtained during clinic visits, 24-hour
peripheral PP, and 24-hour central PP. We then compared the
areas under the curve (AUC) using the contrast test with the
office peripheral PP measurement as reference.

The statistical threshold (a) is set to 5% without adjust-
ment for multiplicity. The software SAS 9.4 (SAS Institute,
Cary, NC) was used to carry out the analyses.

Results
A total of 703 subjects from the Bordeaux Hypertensive
Cohort met the study inclusion criteria, having a SCORE result
≤5% (Table 1). The study sample comprised equal numbers of
men and women, with a mean age of 51.5 (�13.6) years.
From the first 24-hour BP measurement, the subjects were
followed up for 112.5 (�70) months on average; 65 cardio-
vascular events were recorded over the course of the follow-
up period including 4 deaths, 27 strokes, and 34 coronary

Table 1. Main Characteristics of Subjects, Bordeaux
Hypertensive Cohort, N=703

Mean (SD) or Proportion

Age, y 51.5 (13.6)

Male 49.8

BMI 25.6 (4.0)

SBP 151.0 (16.1)

DBP 92.5 (10.8)

24-h SBP 128.6 (15.0)

Amplification 4.9 (5.8)

24-h PP 44.0 (10.9)

Dyslipidemia 116 (16.5)

Smoker 110 (15.6)

Diabetes mellitus 0

Amplification in millimeters of mercury; dyslipidemia was defined by a cholesterol level
greater than 5.2 mmol/L or a hypolipidemic treatment; smokers are defined as active
smokers or as former smokers who quit smoking less than 3 years before the study;
diabetic mellitus was defined by a level of fasting blood glucose greater than 7 mmol/L
or the intake of antidiabetic treatment (oral treatment or insulin). BMI indicates body
mass index; DBP, diastolic blood pressure (mm Hg); PP, pulse pressure (mm Hg); SBP,
systolic blood pressure (mm Hg).
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syndromes (Table 2). The Kaplan-Meier curve illustrates the
survival of our population sample (Figure 1).

In the univariate analysis, PP is associated with the
outcome however it was measured. Hazard ratio (HR)
increases from office PP (HR=1.023; confidence interval [CI]
1.004-1.041; P=0.0166) to 24-hour peripheral PP (HR=1.047;
CI 1.026-1.069; P<0.001) and to 24-hour central PP (HR
=1.071; CI 1.043-1.100; P<0.0001) (Table 3). After multiple
adjustments, we confirm the previous observations (Table 4)
(for office PP: HR=1.016; CI 0.996-1.037, P=0.1239, for
peripheral 24-hour PP: HR=1.033; CI 1.011-1.056; P=0.0033,
for central 24-hour PP: HR=1.062; CI 1.031-1.094; P<0.0001)
(Table 4).

When amplification is added to peripheral 24-hour PP in
the multivariate model (model 1), for every 1–mm Hg increase
of amplification, the risk of a cardiovascular event is observed
to decrease by 9%. This result is statistically significant with a
P-value of 0.0032 (Table 4). With PP ratio instead of
amplification (model 2), we note the same kind of result with
a significant decrease of the HR to face a cardiovascular event
(P=0.056) (Table 4).

During the secondary analysis based on the receiver
operating characteristic curve, the AUC for prediction of
cardiovascular events is observed to increase between office
peripheral PP and 24-hour PP curves, and with a maximum
AUC observed for 24-hour central PP (Figure 2). This
observed increase between 24-hour central PP and office

peripheral PP is statistically significant (P=0.0296). On the
other hand, the upward trend observed of the AUC between
the 24-hour peripheral and central PP is not significant
(Table 5).

Discussion
So far, a few studies about added value of central BP have
been conducted on hypertensive subjects with medium to low
cardiovascular risk. The Australian National Blood Pressure
study is a randomized controlled trial studying elderly female
hypertensive subjects (65-84 years) and compares 2 antihy-
pertensive medications (diuretic or angiotension-converting
enzyme inhibitor).18 In this study, central BP measurements
were carried out by applanation tonometry of the right
common carotid using the SphygmoCor� (AtCor Medical,
Sydney, Australia) device. Among 484 women with an average
age of 72 years, 53 cardiovascular events were recorded. The
key central parameters measured did not differ between
women with and without a recorded cardiovascular event. On
the other hand, peripheral measurements differed, with
systolic BP and PP statistically greater in the subjects who
had experienced a cardiovascular event (P<0.01 and P<0.001,
respectively). Elderly female subjects are known to have the
smallest pressure difference between the peripheral and
aortic arteries (because of the age, sex, and height).11 Thus,
they were probably not the best population for studying the
potential benefit of the central BP versus the peripheral BP.

The BP guide study is another randomized study that tests
the hypothesis that knowledge of central BP will help provide
better treatment for hypertensive patients at medium to low
cardiovascular risk.19 Consequently, 286 hypertensive sub-
jects an average of 64 years of age were randomly assigned
to 2 groups—a conventional control group with adjustment of
treatment depending on existing knowledge (eg, out-of-office
BP measurement, left ventricular hypertrophy) and an inter-
ventional group with an extra measurement of central BP in
addition to the information provided for the control group.
During the 12-month follow-up, it was shown that the use of
central BP measurements significantly reduced the amount of
antihypertensive treatments and improved quality of life while
maintaining the same objectives as PP measurements.

Some authors examined the surrogate markers in hyper-
tensive subjects with low cardiovascular risk. The first cross-
sectional study subsequently included 153 hypertensive
patients without any treatment.19 Only 23 subjects were
found to have high central BP according to the reference
values established by Herbert et al.11 These subjects had an
inferior S-wave velocity across the mitral valve (P=0.05) and a
greater proportion of glomerular filtration flow <60 mL/min
(P=0.0125) compared with subjects with normal central
pressure. There are, however, some limitations in this study,

Table 2. Description of the Occurrence of a Cardiovascular
Event, Bordeaux Hypertensive Cohort, N=703

Cardiovascular
Death

Stroke (Ischemic
or Hemorrhagic)

Acute Coronary
Syndrome or
Revascularization Total

N 4 27 34 65

Figure 1. Kaplan-Meier survival curve; n=705, events=65.
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in particular the small sample size and the absence of
longitudinal follow-up. Despite these limitations, the study
raises questions about this low-risk population.

A recent work studied 208 hypertensive patients aged
57�12 years, 34% women. Office (mean of 4 measurements)
and 24-hour central and peripheral BP were measured by the
oscillometric Mobil-O-Graph device (I.E.M. GmbH, Stolberg,
Germany).20 Peripheral systolic or pulse pressures were
associated with left ventricular hypertrophy, arterial stiffness,
and renal abnormalities after multiple adjustments, but
central BP was not. However, the small sample size and the
cross-sectional design are 2 major limits that should atten-
uate this study’s conclusions.

With a cohort of 703 hypertensive subjects and a mean
follow-up of 10 years, our study is the first to offer a long
enough follow-up to present data on the occurrence of hard
clinical end points in a low-risk population.

Nevertheless, justifying the contribution of a new cardio-
vascular risk marker in the domain of hypertension is always
difficult. In essence, the majority of cardiovascular risk
markers are strongly interconnected, and this interconnection
is evident between peripheral and central BP. The choice of
selecting hypertensive patients with a SCORE of <5% as an

inclusion criterion was taken on the ground that studying a
homogeneous sample of patients might allow limiting the
number of variables in statistical analysis and thereby improve
the chance to show a different predictive value of central
versus peripheral PP. Moreover, splitting central BP as
peripheral PP and amplification limits the risk of overadjust-
ment bias.21 As a second step, the comparison of AUC for the
3 levels of PP supports the findings from the survival analysis.

Clinical implications include identifying hypertensive
patients with a high risk of a cardiovascular event, which is
an important goal. Apart from the question of the BP
threshold, there is the question of what component of BP
we have to measure. Vascular aging is a process that makes
our BP components evolve through our lifetime.20

BP and arterial stiffness are known to be 2 major
components of central BP, and both have been shown to be
predictive of cardiovascular events. BP and arterial stiffness
increase with aging with the consequences of a reduced
amplification and an increase in BP variability. It explains that
the best markers of cardiovascular events may change with
aging: central BP for young patients and possibly BP variability
for older patients.22,23 Our work supports the interest of
monitoring central BP for hypertensive patients with low
cardiovascular risk.

Limitations
Our technique to measure central BP is not considered as the
gold standard even if it has been developed and validated in
different population samples against invasive central BP15 and
against noninvasive “gold standard”: the SphymoCor�.16 With
a mean 24-hour amplification of 5 mm Hg in a population
with average age of 50 years (4 mm Hg for women and
6 mm Hg for men), our results are consistent with the
reference values established recently.11 Indeed, the expected
amplification at this age is about 6 mm Hg for women and
9 mm Hg for men based on office pressure measurements,
whereas our method is based on 24-hour BP measurements,
which could smooth the results.

A SCORE result ≤5% determined which subjects were
included in the study sample. However, the study sample was

Table 3. Cox Analysis: Results From the Univariate and Multivariate Analyses of Risk of Cardiovascular Events According to 24-
Hour Pulse Pressure, N=703, Events=65

Variable

Univariate Analysis Multivariate Analysis

HR 95% CI P Value HR 95% CI P Value

Office peripheral PP 1.023 1.004 to 1.041 0.0166 1.016 0.996 to 1.037 0.1239

24-h peripheral PP 1.047 1.026 to 1.069 <0.0001 1.033 1.011 to 1.056 0.0033

24-h central PP 1.071 1.043 to 1.100 <0.0001 1.062 1.031 to 1.094 <0.0001

Adjustment variables are sex, age, dyslipidemia, and smoking status. CI indicates confidence interval; HR, hazard ratio; PP, pulse pressure.

Table 4. Cox Analysis: Results From the Multivariate
Analyses of Risk of Cardiovascular Events According to 24-
Hour Pulse Pressure and Amplification (Model 1) or Pulse
Pressure Ratio (Model 2) After Adjustment for Age, Sex,
Dyslipidemia, and Smoking Status, N=703, Events=65

Variable HR 95% CI P Value

Model 1

Peripheral 24-h PP 1.067 1.035 to 1.100 <0.0001

Amplification 0.912 0.858 to 0.970 0.0032

Model 2

Peripheral 24-h PP 1.054 1.027 to 1.081 <0.0001

PP ratio 0.038 0.004 to 0.385 0.0056

Amplification is peripheral 24-hour PP minus central 24-hour PP; PP ratio is peripheral
24-hour PP/central 24-hour PP. CI indicates confidence interval; HR, hazard ratio; PP,
pulse pressure.
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somewhat heterogeneous, as a proportion of the subjects did
not undergo ambulatory BP monitoring at the time of
hypertension diagnosis, and as a result, the antihypertensive
treatments received from the time of diagnosis to the
ambulatory BP monitoring may have modified our findings.
With this taken into consideration, a longitudinal follow-up
approach was put into practice starting from the first
ambulatory BP measurement and therefore does not question
the statistical analysis. On the other hand, the proportion of
subjects treated for hypertension underestimates a priori the
strength of the study and consequently does not cast doubt
on the results.

The improvement of the prediction by using the central PP
rather than the peripheral PP remains modest. Regardless of
the comparison of AUC, the improvement is not significant
between central and peripheral PP even if there is a positive
trend. Our study sample has a low cardiovascular risk, and so
a long follow-up is required to collect cardiovascular events.

However, the observation of a larger AUC from the office to
24 hours of central PP favors the interest in measuring
central BP, which must be confirmed by other studies.

Conclusion and Perspectives
Central PP over 24 hours improves the cardiovascular
prognosis prediction compared with peripheral PP (both office
and 24 hours) in hypertensive subjects with low cardiovas-
cular risk.

Because this population represents a large majority of
hypertensive patients, it could help to identify patients with a
higher risk of cardiovascular complications.

If these results are supported by further research, we could
open the door for interventional trials to investigate central BP
thresholds in this population of interest.

Disclosures
None.
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