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Relationships between 24-h blood pressure variability
and 24-h central arterial pressure, pulse wave velocity
and augmentation index in hypertensive patients
Stefano Omboni1, Igor N Posokhov2 and Anatoly N Rogoza3
Twenty-four-h blood pressure variability (BPV) predicts cardiovascular complications in hypertension, but its association with
pulse wave indices (central arterial pressure, pulse wave velocity (PWV) and augmentation index (AIx)) is poorly understood. In
the present study, we assessed the degree of the effect of 24-h BPV on 24-h pulse wave indices. Brachial blood pressure was
measured non-invasively over the 24 h with an electronic, oscillometric, automated device (BPLab) in 661 uncomplicated
treated or untreated hypertensive patients. Digitalized oscillometric waveforms were analyzed with a validated algorithm to obtain
pulse wave indices. Twenty-four-h BPV was calculated as the unweighted (SDu) or weighted s.d. (SDw) of the mean blood
pressure or as the average real variability (ARV). Twenty-four-h systolic BPV showed a direct and signiﬁcant relationship with the
central arterial systolic pressure (r = 0.28 SDu, r = 0.40 SDw, r = 0.34 ARV), PWV (r = 0.10 SDu, r = 0.21 SDw, r = 0.19 ARV)
and AIx (r = 0.17 SDu, r = 0.27 SDw, r = 0.23 ARV). After adjustment for age, sex, body mass index, antihypertensive treatment
and 24-h systolic blood pressure, the relationship lost some power but was still signiﬁcant for all measures, except for the AIx.
Pulse wave indices were higher in patients with high BPV than in those with low BPV: after adjustment, these differences were
abolished for the AIx. The diastolic BPV showed a weak association with the pulse wave indices. In conclusion, in hypertensive
patients, 24-h systolic BPV is moderately and independently associated with 24-h central arterial pressure and stiffness.
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INTRODUCTION
Twenty-four-h blood pressure variability (BPV) has been recognized
in several longitudinal studies as a predictor of hypertension-related
cardiovascular (CV) complications,1–4 as well as a marker of target
organ damage, speciﬁcally of carotid artery alteration and left
ventricular hypertrophy.5–8 Recently, an increased BPV has been
independently associated with increased left atrium dimension in
drug-naive hypertensive patients, whereas an increased heart rate (HR)
variability during the night has been indicated as a predictor of the
progression of cerebral small-vessel disease in community-dwelling
elderly people.9,10 The easiest and most widely used approach to
assessing 24-h BPV is the calculation of the s.d. of 24-h average BP
values, obtained non-invasively by automated, oscillometric, intermittent ambulatory BP monitoring (ABPM).11 More recently, new
parameters such as the weighted s.d (SDw; the average of the daytime
and nighttime s.d. weighted for the duration of the daytime and
nighttime interval) and the average real variability (ARV, the average
of the absolute differences between consecutive BP readings) have
been proposed to capture 24-h BPV because of their stronger

association with the increased CV risk than unweighted
s.d. (SDu).3,12–15
Arterial stiffness measured by carotid-to-femoral pulse wave velocity
(PWV), as well as estimates of central hemodynamics and wave
reﬂections, such as central arterial pressure and augmentation
index (AIx),16,17 are also independent predictors of future CV events
and all-cause mortality in both general and hypertensive populations.18–20 Arterial stiffness, central hemodynamics and wave reﬂections may also be assessed in daily life conditions with oscillometric
ABPM devices using speciﬁc algorithms for pulse wave analysis
(PWA).21–24
Recent studies have suggested that an increased 24-h BPV may be
associated with arterial stiffness, as determined at rest by measurement
of PWV in young healthy subjects25,26 as well as in cases of
hypertension.27–29 Such a relation appears to be stronger with
measures of BPV focusing on short-term changes, such as ARV and
SDw.28
At present, there is no information on the association between
different measures of 24-h BPV and estimates of 24-h vascular
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function and structure, such as central arterial pressure, PWV and AIx.
However, such information could be of practical value, complementing current knowledge of arterial physiology and offering new
perspectives for the diagnosis and management of arterial hypertension. For this reason, we performed a BPV analysis on previously
published data obtained on hypertensive patients through a noninvasive, clinically validated PWA technology embedded in an
oscillometric BP measuring device.30
METHODS
Study population and design
Details on the study design and methods have been described elsewhere.30
Brieﬂy, the present non-randomized cross-sectional study included treated or
untreated uncomplicated hypertensive adults recruited from among consecutive
patients with a known history of high BP presenting at the outpatient clinic of
the Cardiology Research Complex in Moscow between September 2008 and
December 2012. Patients with previous or current CV disease or any other
concomitant signiﬁcant systemic condition were excluded. All individuals were
subjected to a 24-h ABPM preceded by ofﬁce automatic BP determination
with the same device used for ambulatory monitoring. Three sequential
(2-min interval) ofﬁce BP measurements were obtained in sitting position
after 5 min of rest, and the average of the three measurements was taken as a
reference.
The study was conducted according to Good Clinical Practice guidelines and
the Declaration of Helsinki, and the protocol was approved by the Ethics
Committee of the study center. Written informed consent was obtained from
all eligible patients before their inclusion into the study.

Measurement of ambulatory brachial and central arterial pressure,
AIx and PWV
Twenty-four-h ABPM was performed with an electronic, oscillometric, automated BPLab device (BPLab GmbH, Schwalbach am Taunus, Germany), which
has been found to be accurate for estimation of BP in properly conducted
validation studies.31–33 Ambulatory BP was measured automatically every 15–
30 min during waking hours (from 0600 to 2200 hours) and every 30–60 min
during nighttime sleep (from 2200 to 0600 hours) through a cuff wrapped
around each subject’s non-dominant arm. Each recording started in the
morning. After the device was ﬁtted, patients were sent home, asked to resume
normal activities and to return 24 h later for removal of the device.
The oscillometric BP monitor also allowed ambulatory central BP, AIx and
PWV determination. As detailed in previous publications,21,30,34,35 these
measurements were possible through recording of the pulsatile pressure
changes at the brachial artery level during a step-by-step cuff deﬂation and
by analysis of the digitalized pressure signal with proprietary mathematical
algorithms. The PWA technology is based on a specially developed hemodynamic model to obtain the PWV and a transfer function that utilizes a
modiﬁcation in a certain frequency range within the acquired pulse signal to
derive the central arterial pressure wave and thus assess central BP and AIx.
Because measures of arterial stiffness depend on BP and HR values,16 the PWV
was normalized to a systolic BP (SBP) of 100 mm Hg and an HR of 60 b.p.m.
by a regression analysis of 24-h PWV to 24-h SBP and 24-h HR in
each individual, whereas the AIx was corrected for an HR of 75 b.p.m. The
accuracy of the BPLab device for the assessment of vascular indices has been
documented in validation studies in which it was compared with a non-invasive
gold standard.35,36

Statistical analysis
As has been described elsewhere,30 in valid ABPM recordings, all the BPs and
PWA indices estimated in each single BP measurement were averaged for each
patient to obtain the 24-h mean value. For the purpose of the present study,
BPV was obtained for both the SBP and diastolic BP (DBP) by calculating
(i) the SDu, deﬁned as the s.d. of the 24-h mean value of brachial SBP and
DBP;11 (ii) the SDw, deﬁned as the s.d. of the average of all brachial SBP and
DBP values during daytime and nighttime, with weights corresponding to the
duration of daytime and nighttime;12 and (iii) the ARV, deﬁned as the mean of
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Table 1 Demographic and clinical characteristics of the study
population
n = 661
Age (years)
Gender
Males

58.1 ± 14.9

292 (44.2)

Females

369 (55.8)

Height (cm)
Weight (kg)

170.8 ± 10.2
78.6 ± 11.6

BMI (kg m − 2)
Antihypertensive treatment

26.9 ± 2.9
159 (24.1)

Ofﬁce SBP (mm Hg)

135.2 ± 11.9

Ofﬁce DBP (mm Hg)
24-h brachial SBP (mm Hg)

78.5 ± 8.0
129.3 ± 11.6

24-h brachial DBP (mm Hg)
24-h central arterial SBP (mm Hg)

74.3 ± 6.6
119.3 ± 10.7

24-h central arterial DBP (mm Hg)
24-h PWV (m s − 1)

75.6 ± 6.7
10.3 ± 1.2

24-h AIx (%)
24-h unweighted s.d. SBP (mm Hg)

24.7 ± 16.0
14.4 ± 3.7

24-h unweighted s.d. DBP (mm Hg)
24-h weighted s.d. SBP (mm Hg)

10.1 ± 2.2
12.3 ± 3.3

24-h weighted s.d. DBP (mm Hg)
24-h ARV SBP (mm Hg)

8.6 ± 1.9
11.5 ± 3.1

24-h ARV DBP (mm Hg)

8.4 ± 2.1

Abbreviations: AIx, Augmentation Index; ARV, average real variability; BMI, body mass index;
DBP, diastolic blood pressure; PWV, pulse wave velocity; SBP, systolic blood pressure.
Data are reported as means ± s.d. or as absolute (n) and relative (%) frequencies.

the successive absolute differences between adjacent brachial SBP and DBP
values over the 24 h.13 Mean values obtained for each individual patient were
averaged over the whole study population. Pearson’s correlation coefﬁcients (r)
between the BPV (estimated by the three methods) and 24-h PWA indices
(central BP, PWV and AIx) were determined before adjustment and after
accounting for age, sex, body mass index, antihypertensive drug treatment and
the 24-h mean BP (partial correlation coefﬁcient). Adjustment for the 24-h
mean BP was not applied to PWV because this measure was already normalized
to an SBP of 100 mm Hg and to central arterial pressure.
The study cohort was also subdivided according to BPV values (separately for
SDw and ARV) into two groups of patients with BPV either above or below the
median value of the whole study population. Then a comparison of the central
arterial pressure, AIx and PWV was made between the two subgroups through
analysis of variance. The level of statistical signiﬁcance was kept at 0.05
throughout the whole study. Data are shown as the mean ± s.d. or 95%
conﬁdence intervals for continuous variables and as absolute (n) and relative
(%) frequencies for discrete variables.

RESULTS
Demographic and clinical characteristics of the study population
As summarized in Table 1, the mean age of the patients was
58.1 ± 14.9 years, and there was a larger prevalence of females
(55.8%). Most of the studied patients (75.9%) were untreated. As
expected, the brachial SBP was higher than the central arterial SBP.
The SDw and ARV were smaller than the SDu for both SBP and DBP.
The SBPV was always greater than the DBPV for all BPV measures.
SBPV, central arterial SBP, PWV and AIx
As shown in Figure 1, the SBPV was directly related to the central
arterial SBP, PWV and AIx (correlation coefﬁcient ranging between
0.10 and 0.40). The strongest relationship was observed for the SDw
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Figure 1 Scatterplots of unweighted s.d., weighted s.d. and ARV vs central arterial SBP, PWV and AIx. Unadjusted Pearson’s correlation coefﬁcients (r) and
the corresponding P-values are reported in each panel together with the regression line. AIx: Augmentation Index; ARV: average real variability; PWV: pulse
wave velocity; SBP: systolic blood pressure.

Table 2 Unadjusted and adjusted (partial) correlation coefﬁcients of unweighted and weighted s.d. and of average real variability (ARV) of 24-h
systolic (SBP) and diastolic blood pressure (DBP) vs central arterial SBP and DBP, pulse wave velocity (PWV) and augmentation index (AIx) in
661 hypertensive patients
SBP

Unadjusted

Central arterial SBP (mm Hg)a
PWV (m s − 1)a

AIx (%)b

Unweighted s.d.
Weighted s.d.
ARV
Unweighted s.d.
Weighted s.d.
ARV
Unweighted s.d.
Weighted s.d.
ARV

DBP

Adjusted

r

P-value

Partial r

P-value

0.28
0.40
0.34
0.10
0.21
0.19
0.17
0.27
0.23

0.0001
0.0001
0.0001
0.008
0.0001
0.0001
0.0001
0.0001
0.0001

0.25
0.33
0.26
0.11
0.18
0.16
0.07
0.10
0.05

0.0001
0.0001
0.0001
0.004
0.0001
0.0001
0.067
0.013
0.214

Unadjusted

Central arterial DBP (mm Hg)a
PWV (m s − 1)a

AIx (%)b

Unweighted s.d.
Weighted s.d.
ARV
Unweighted s.d.
Weighted s.d.
ARV
Unweighted s.d.
Weighted s.d.
ARV

Adjusted

r

P-value

Partial r

P-value

0.13
0.19
0.07
− 0.12
0.02
− 0.001
− 0.11
− 0.01
− 0.02

0.001
0.001
0.076
0.001
0.542
0.977
0.006
0.746
0.707

0.12
0.19
0.07
− 0.04
0.06
0.02
− 0.06
− 0.02
− 0.04

0.003
0.0001
0.066
0.299
0.154
0.628
0.140
0.617
0.352

P-values indicate the level of the statistical signiﬁcance of the correlation coefﬁcients.
aAdjusted by age, gender, body mass index and antihypertensive drug treatment.
bAdjusted by age, gender, body mass index, antihypertensive drug treatment and 24-h SBP.
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(range 0.21–0.40) followed by the ARV (range 0.19–0.34), whereas it
was the weakest for the SDu (range 0.10–0.28).
As shown in Table 2, after adjustment for confounding variables,
the strength of the relationship was attenuated (partial correlation
coefﬁcient ranging from 0.05 to 0.33) and was no more statistically
signiﬁcant for AIx vs SDu (r = 0.07, P = 0.067) and ARV (r = 0.05,
P = 0.214).
The central arterial SBP, PWV and AIx were signiﬁcantly higher in
patients with high SBPV than in those with low SBPV (Figure 2).
However, after adjustment for age, sex, body mass index, antihypertensive treatment and 24-h SBP, the difference between the high and
low SBPV groups was still statistically signiﬁcant for the central arterial
SBP and PWV but not for the AIx.

Adjusted

SD <12 mmHg or ARV <11.2 mmHg

Unadjusted

Adjusted

SD ≥12 mmHg or ARV ≥11.2 mmHg

Figure 2 Unadjusted and adjusted estimates of the central arterial SBP,
PWV and AIx in the study patients grouped according to the median value of
the weighted 24-h s.d. of the SBP (s.d.o or ⩾ 12.0 mm Hg) or the median
value of the ARV of the SBP (ARV o or ⩾ 11.2 mm Hg). P-values indicate
the level of statistical signiﬁcance of the comparisons. Symbols and
abbreviations are as described in the preceding ﬁgure.

DBPV, central arterial DBP, PWV and AIx
The relationships among the peripheral DBPV and central arterial
DBP and stiffness were weaker than that observed for the SBPV. The
average 24-h DBPV showed a weak direct relationship with central
arterial DBP (range 0.07–0.19), which was statistically signiﬁcant for
only the SDu and SDw. An inverse or scarcely positive correlation was
observed between the DBPV and PWV and AIx (r ranging from − 0.12
to 0.02) (Table 2). The degree and direction of the correlation was
unchanged after adjustment for confounding factors.
The average 24-h central arterial DBP was signiﬁcantly higher in
patients with a high 24-h DBPV in the case of SDw but not for ARV.
No signiﬁcant trends according to the DBPV level were observed for
the PWV and AIx, with the exception of signiﬁcantly (P = 0.011) larger
adjusted PWV values at high SDw and signiﬁcantly (P = 0.023) larger
adjusted AIx at low ARV (Table 3).
DISCUSSION
In the present study, we documented a statistically signiﬁcant,
although moderate, relation between the 24-h SBPV and vascular
indices such as the central arterial SBP, PWV and AIx obtained in
ambulatory conditions. The relationship was only occasionally statistically signiﬁcant and was weaker for the 24-h DBPV. Furthermore,
the association was independent of age, sex, body mass index, use of
antihypertensive medication and 24-h absolute BP level for all
measures, except for AIx. These ﬁndings suggest that the link between
short-term BP ﬂuctuations and central arterial pressure and stiffness is
independent of, and additive to, the relationship between arterial
indices and 24-h BP, which we have reported in a recent paper based

Table 3 Unadjusted and adjusted estimates of central arterial diastolic blood pressure (DBP), pulse wave velocity (PWV) and augmentation
index (AIx) in 661 hypertensive patients grouped according to the median value of the weighted 24-h DBP variability (s.d. o or ⩾ 8.4 mm Hg)
and the median value of the average real variability for DBP (ARV o or ⩾ 8.2 mm Hg)
S.d. o8.4 mm Hg (n = 331)
Central arterial DBP (mm Hg)
Unadjusted
74.5 (73.8, 75.3)
Adjusteda
74.6 (73.8, 75.3)

S.d. ⩾ 8.4 mm Hg (n = 330)

P-value

ARV o8.2 mm Hg (n = 330)

ARV ⩾ 8.2 mm Hg (n = 331)

P-value

76.6 (75.9, 77.3)
76.6 (75.9, 77.3)

0.0001
0.0001

75.2 (74.5, 75.9)
75.2 (74.5, 75.9)

75.9 (75.2, 76.7)
75.9 (75.2, 76.7)

0.159
0.152

PWV (m s − 1)
Unadjusted
Adjusteda

9.6 (9.4, 9.8)
9.5 (9.3, 9,7)

9.8 (9.6, 10.0)
9.8 (9.6, 10.0)

0.150
0.011

9.7 (9.5, 9.9)
9.6 (9.4, 9.8)

9.6 (9.5, 9.8)
9.7 (9.5, 9.9)

0.886
0.403

AIx (%)
Unadjusted
Adjustedb

22.1 (20.1, 24.3)
22.3 (20.5, 24.1)

20.8 (18.7, 22.9)
20.6 (18.9, 22.4)

0.961
0.195

22.6 (20.5, 24.7)
22.9 (21.2, 24.7)

20.4 (18.3, 22.5)
20.0 (18.2, 21.8)

0.139
0.023

Data are shown as mean and 95% conﬁdence interval. P-values indicate the level of the statistical signiﬁcance of the comparisons.
aAdjusted by age, gender, body mass index and antihypertensive drug treatment.
bAdjusted by age, gender, body mass index, antihypertensive drug treatment and 24-h SBP.
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on the same population of the present study.30 However, the
contribution of BPV to increased aortic stiffness and BP, although
statistically signiﬁcant, was limited, thus emphasizing the possible
importance of other factors.
BPV evaluated by non-invasive intermittent ABPM has been found
to be associated with CV morbidity and mortality in hypertensive
patients as well as in the general population.1–4,15 Previous studies
have also reported a signiﬁcant relation between large-artery stiffness,
as assessed by carotid–femoral PWV and 24-h BPV in hypertensive
patients27–29 as well as in young healthy subjects.25,26 However, unlike
our study, in these previous studies, PWV was evaluated noninvasively, at rest, in a recumbent or seated position, in controlled
laboratory conditions, by pletismography, applanation tonometry or
through a mechano-transducer, and no evaluation of central arterial
pressure and AIx was provided. Thus, to our knowledge, this is the
ﬁrst study evaluating the relationship between BPV and vascular
indices in daily life conditions over 24 h.
Interestingly, the magnitude of the correlation coefﬁcient between
SBPV or DBPV and PWV in our study was very similar to that found
in previous studies, with respect to not only hypertensive
populations27–29 but also healthy young adults, adolescents and
children.25,26 We also showed that when patients were subdivided
into two groups with BPV above and BPV below the median value of
the whole study population, those with a higher BPV had higher
central arterial SBP, PWV and AIx values. Finally, we conﬁrmed that
DBPV is weakly related to PWV, as has been suggested in previous
studies, extending this evidence to central DBP and AIx.25–29 The
observation that SBPV and not DBPV is associated with aortic stiffness
is not surprising. In fact, arterial stiffness is strongly associated with
pulse pressure, and a change in the SBP but not the DBP is the major
determinant of pulse pressure increase in different aortic stiffening
models.37,38
Unfortunately, given the observational design of our study, we were
unable to investigate the nature of the mechanisms underlying the
relationship between BPV and PWA indices. We did not collect all the
relevant clinical information nor did we evaluate organ damage or
metabolic abnormalities. In particular, we were not able to retrospectively obtain information on smoking habits, dyslipidemia or
diabetes mellitus, which are common risk factors for hypertension and
increased arterial stiffness. However, because the close relationship
between increased BPV and alteration of vascular indices was
maintained after adjustment for their main determinants, including
age, sex, body mass index, antihypertensive treatment and the mean
24-h BP level, we hypothesize that an increased BPV may precede the
increase of arterial stiffness and the decrease in the compliance of large
elastic arteries in patients with high BP, as has been suggested by
animal data.39–41 Such studies, performed in rats, have shown that the
increase in BPV induced by arterial baroreceptor denervation or by
discontinuous treatment with a BP-lowering drug is associated with
aortic atherosclerosis, decreased arterial distensibility and increased
collagen content and density in the arterial wall. Because this is a fairly
new research ﬁeld, mechanistic studies must be performed to elucidate
whether BPV has a causative role or is a result of arterial stiffening.
The strength of the relationship between the BPV and the central
arterial pressure, PWV and AIx was different with the different
measures of BPV; this relationship was closest for the SDw, followed
by the ARV, and the weakest with the SDu. These ﬁndings conﬁrm
previous observations by Schillaci et al.28 that the strength of the
association between BPV and aortic stiffness may be sensitive to how
BPV is deﬁned. In our study, we added to the current evidence by
extending the ﬁnding to central arterial pressure and AIx.

This study has a number of limitations. First, its cross-sectional
design did not allow us to separate cause from effect; thus we cannot
deﬁnitively conclude whether BPV causes vascular stiffness or instead
whether high BP causes vascular alterations that are responsible for the
increased BPV. However, we will be able to properly address this
question in an ongoing longitudinal prospective study, the VASOTENS (Vascular health ASsessment Of The hypertENSive patients)
Registry, which will also collect long-term survival data and information on organ damage status.42 Second, most of the studied patients
were untreated, and all of them were free from CV diseases or major
comorbidities and thus represented a relatively low-risk subset of the
hypertensive population. For this reason, we cannot generalize the
ﬁndings of the study to the entire hypertensive population. Third,
antihypertensive treatment may affect BPV as well as vascular indices.
Although our sample comprised a small proportion of treated patients,
we deliberately chose to pool subjects together irrespective of treatment because our main hypothesis was to assess the relationship
between BPV and vascular indices rather than to investigate the origin
and nature of this relationship. However, the results obtained after
adjustment for antihypertensive treatment did not differ from
unadjusted ones. Fourth, we determined central BP, PWV and AIx
non-invasively over the 24 h through PWA of reconstructed waveforms from oscillometric readings rather than via a direct intra-arterial
method. BP and vascular markers were also assessed with the same
device and technique, which might potentially have made these
estimates not completely independent from one another. However,
this technique allowed us to obtain, in an easy, convenient and
affordable way, information on large artery stiffness and hemodynamics in daily life conditions while causing minimal discomfort to
the patients. Because proper validation studies of the technique vs
established radial tonometry methods have demonstrated its accuracy
and reliability, we can reasonably rely on its validity.35,36 Fifth, we
evaluated short-term BPV on the basis of BP measurements taken
discontinuously every 15–30 min during waking hours and every
30–60 min during sleeping hours. Thus our estimation of the BPV
may not accurately reﬂect the extent and features of BP ﬂuctuations
occurring during daily life conditions, as recorded during beat-to-beat
measurement over the 24 h.11 However, oscillometric intermittent
ABPM is currently the most affordable and widely adopted technique
for assessing absolute BP and its variations in dynamic conditions.
Sixth, owing to the different daily activities (for example, working and
relaxation periods, including nap and night sleep), the BPV and
arterial hemodynamics and stiffness dynamically changed during a full
24-h cycle and varied among subjects. For this reason, we performed
our analysis by disregarding the classical separation of the 24 h in
daytime and nighttime subperiods. Finally, although statistically
signiﬁcant, the correlation between the SBPV and indices obtained
through the PWA was not particularly strong, and its magnitude was
in line with that observed in previous studies in which vascular indices
were measured at rest and not in ambulatory conditions.27–29
In conclusion, the ﬁndings of the present study indicate that an
increased 24-h BPV is signiﬁcantly associated with increased 24-h
arterial stiffness and pressure in hypertensive patients. Because both
BPV and PWA indices are independent predictors of CV morbidity
and mortality in hypertensive patients, increased BPV and central BP
and arterial wall stiffness can adversely affect one another and thereby
contribute to the adverse CV prognosis of the hypertensive patients.
Further larger longitudinal studies are needed to assess the long-term
effects of BPV on the progression of arterial stiffness in hypertension
and to determine the causative effects of the mechanism underlying
the relationships between BPV and indices of vascular health.
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