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Variable association of 24-h peripheral and central
hemodynamics and stiffness with hypertension-
mediated organ damage: theVASOTENSRegistry

Stefano Ombonia,b, Igor Posokhovc, Gianfranco Paratid,e, Ayana Arystanf, Isabella Tang,
Vitaliy Barkanh, Natalia Bulanovab, Maria Derevyanchenkoi, Elena Grigorichevaj,
Irina Minyukhinak, Giuseppe Mulèl, Iana Orlovam, Anna Painin, João M. Peixoto Maldonadoo,
Telmo Pereirap, Carlos G. Ramos-Becerraq, Ioan Tilear, Gabriel Waismans, on behalf
of the VASOTENS Registry Study Group

Objective: In this analysis of the telehealth-based Vascular
health ASsessment Of The hypertENSive patients Registry,
we checked how 24-h central and peripheral
hemodynamics compare with hypertension-mediated organ
damage (HMOD).

Methods: In 646 hypertensive patients (mean age 52� 16
years, 54% males, 65% treated) we obtained ambulatory
brachial and central SBP and pulse pressure (PP), SBP, and
PP variability, pulse wave velocity and augmentation index
with a validated cuff-based technology. HMOD was
defined by an increased left ventricular mass index (cardiac
damage, evaluated in 482 patients), an increased intima–
media thickness (vascular damage, n¼368), or a
decreased estimated glomerular filtration rate or increased
urine albumin excretion (renal damage, n¼388).

Results: Ambulatory SBP and PPs were significantly
associated with cardiac damage: the largest odds ratio was
observed for 24-h central SBP [1.032 (1.012, 1.051),
P¼0.001] and PP [1.042 (1.015, 1.069), P¼0.002], the
weakest for brachial estimates. The association was less
strong for vascular damage with a trend to the superiority
of 24-h central [1.036 (0.997, 1.076), P¼0.070] over
brachial PP [1.031 (1.000, 1.062), P¼0.052]. No
statistically significant association was observed for renal
damage. SBP and PP variabilities, pulse wave velocity and
augmentation index were not associated with any form of
HMOD. In the multivariate analysis, age was associated
with any type of HMOD, whereas central SBP and PP were
predictive of an increased risk of cardiac damage.

Conclusion: In hypertensive patients a variable association
exists between peripheral and central hemodynamics and
various types of HMOD, with the most predictive power
being observed for central SBP and PP for cardiac damage.

Keywords: arterial stiffness, augmentation index, blood
pressure, blood pressure telemonitoring, central arterial
pressure, hypertension, pulse wave velocity, vascular
biomarkers

Abbreviations: ABPM, ambulatory blood pressure
monitoring; AIx, augmentation index; ARV, average real

variability; BP, blood pressure; CAP, central arterial
pressure; e-CRF, electronic case report forms; eGFR,
estimated glomerular filtration rate; HMOD, hypertension-
mediated organ damage; HR, heart rate; IMT, intima–
media thickness; LV, left ventricular; LVH, left ventricular
hypertrophy; LVM, left ventricular mass; LVMI, left
ventricular mass index; PP, pulse pressure; PWA, pulse
wave analysis; PWV, pulse wave velocity; VASOTENS,
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INTRODUCTION

C
urrently, strong evidence exists that, when mea-
sured at rest, central rather than peripheral, hemo-
dynamics are more closely related to hypertension-

mediated organ damage (HMOD), though evidence has not
always been consistent [1]. In particular, a positive and close
relationship has been documented between central arterial
pressure (CAP) and left ventricular (LV) mass index (LVMI)
and intima–media thickness (IMT), markers of heart and
carotid damage, whereas poor or no relation has been
shown with impaired renal function [1].

The introduction in recent years of cuff-based technolo-
gies able to provide an indirect measurement of central
hemodynamics, arterial stiffness and wave reflections over
the 24-h through pulse wave analysis (PWA) of oscillomet-
ric brachial tracings has the advantage of providing infor-
mation on the behavior of vascular health in dynamic
conditions during the waking hours and notably during
the night sleep hours [2]. As it is well known that HMOD is
more closely related to ambulatory than to office blood
pressure (BP) [3–5] and since some proof exists that this
also applies to measurements of CAP [6,7] and to a lesser
extent of pulse wave velocity (PWV) [8], routine measure-
ments of ambulatory central hemodynamics may have
some potential for a more affordable and detailed assess-
ment of vascular health in daily-life conditions.

The VASOTENS (Vascular health ASsessment Of The
hypertENSive patients) Registry [9] is a large web-based
repository of ambulatory BP monitoring (ABPM) recordings
obtained with an electronic monitor, which is able to
determine CAP, PWV, and augmentation index (AIx) over
the 24-h, based on a clinically validated technology of PWA
of oscillometric BP measurements [10,11]. Consistency and
integrity of data collection are ensured in the study through
a telehealth platform, which also provides the engine for
the PWA of brachial oscillograms and the extraction of
study parameters. As detailed in the publication relative
to the study protocol, the study has several objectives [9]. In
the current article, we present the results relative to the
relationship of peripheral and central hemodynamics, arte-
rial stiffness and wave reflections with HMOD evaluated at
the heart, carotid artery and kidney.

METHODS

Study design and population
A detailed description of the VASOTENS Registry study
protocol may be found elsewhere [9]. The study has an
international, multicenter, observational, nonrandomized,
prospective design. It is registered with ClinicalTrials.gov at
number NCT02577835 and formally endorsed by the Italian
and Russian Societies of Hypertension. A total of 24 centers
worldwide are involved in the study. For the purpose of the
present analysis 14 of these centers provided data: five
centers located in Russia, two in Italy, two in Portugal, and
one each in Australia, Mexico, Argentina, Romania, and
Kazakhstan.

The eligibility criteria for the inclusion of patients into the
study were male or female sex; age at least 18 years; a
previous diagnosis of arterial hypertension (AH) of any

stage or severity or referral to one of the study centers for
routine diagnostic evaluation of a suspected hypertension;
a need to perform an ABPM for diagnostic purposes.
Exclusion criteria were all those conditions preventing from
obtaining reliable automated BP measurements with the
oscillometric technique (e.g. atrial fibrillation, frequent
ectopic beats or second or third-degree atrioventricular
blocks, and mid-upper arm circumference <22 cm), and
pregnancy. Patients with an arm circumference larger
than 32 cm were not excluded from the study, rather an
appropriately sized cuff was used to obtain accurate BP
measurements.

The study was performed following the Guidelines for
Good Clinical Practice and the Declaration of Helsinki. The
protocol was reviewed and approved by the ethics com-
mittees of each participating center. All eligible patients
willing to participate were fully informed about the study
design, purposes, and procedures, and asked to give writ-
ten informed consent prior to enrolment into the study.

The project did not involve any type of diagnostic
evaluation or pharmacological intervention specifically
designed for the study and the Investigator was free to
manage the patients included in the Registry according to
the requirements of clinical practice and current guidelines.
However, as guidelines recommend, once enrolled each
patient had to be followed-up with visits occurring at
regular intervals: ideally every 6 months, and not less than
once a year, for a minimum follow-up of 2 years. In the
present report data on HMOD collected on the occasion of
the enrolment visit were considered and presented.

Data collection was ensured through a certified web-
based telehealth platform (THOLOMEUS; Biotechmed Ltd.,
Somma Lombardo, Varese, Italy) [12]. At each study visit an
ABPM was performed and patient’s clinical data, such as
family history, anthropometric data (height, weight, and
waist circumference), smoking and drinking habits, past
and current diseases, therapies, office BP, and laboratory
tests, including evaluation of HMOD, were collected and
entered on the electronic case report form (e-CRF) located
on the study website. ABPM recordings were uploaded on
the telehealth platform and handled as detailed in the
next section.

Office and ambulatory blood pressure
measurement
Conventional (office) BP was measured in duplicate in the
seated position at 2–3-min intervals in all patients, before
starting the ABPM and subsequently recorded on the e-CRF.
Readings were obtained with the same device used for
ABPM or with a validated automatic or manual BP measur-
ing device, after 5min of rest and under standardized
conditions, as recommended by current guidelines. ABPM
recordings were performed according to current recom-
mendations [13]. For this purpose, the clinically validated
and accurate electronic, automated, upper arm BPLab
device (BPLab GmbH, Schwalbach am Taunus, Hessen,
Germany) was employed [10,11,14].

The ABPM device was programmed to have intervals
between measurements of at least 20min during the day
(providing a minimum of three readings per hour) and at
least 30 min during the night (providing a minimum of two
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readings per hour). The monitoring cuff was placed around
the nondominant arm. Patients were free to attend their
usual daily activities during ABPM. However, they were
required to refrain from strenuous exercise during the
monitoring period and to remain motionless during each
automated BP measurement. They had to complete a diary
in which daily activities such as time of sleeping, time of
meals, etc. had to be reported together with the time of
occurrence of unusual events or poor night sleep quality.
The patient had to come back to the outpatient clinic 24 h
after fitting the device and starting the recording to have the
monitor removed and the recording uploaded on the web-
based telemedicine platform. To this purpose, the ABPM
device was plugged to the personal computer through a
universal serial bus cable. Then, ABPM data were uploaded
and transmitted to the website, where they were analyzed
in real-time with the production of an electronic report sent
by e-mail to the Investigator and simultaneously published
in the user-restricted area of the website. Once the results
were obtained from the web-based analysis software, the
Investigator checked each recording for compliance with
quality criteria (see below for details).

Pulse wave analysis
The oscillometric BPLab device allows simultaneous mea-
surement of oscillometric brachial BP, arterial stiffness, and
central hemodynamics in ambulatory conditions. Accord-
ing to the technique used in this study, vascular biomarkers
were obtained by recording pulsatile pressure changes at
the brachial artery level during a step-by-step upper arm
cuff deflation. When data stored in the device memory were
uploaded on the web-based telemedicine platform, the
software processed the signal using proprietary mathemat-
ical algorithms. These were based on a specifically devel-
oped hemodynamic model to get the PWV and transfer
function that utilizes a modification in a certain frequency
range within the acquired pulse signal to derive the central
pressure wave, and thus to assess CAP and AIx. CAP was
estimated relative to measured brachial SBP and DBP, as
common for other type I devices. A detailed description of
the methodology may be found elsewhere [2,10,11]. The
accuracy of the BPLab device for the assessment of vascular
indices has been tested and validated in studies against
noninvasive measurements of the same parameters
obtained with the Sphygmocor device [10,11].

Assessment of hypertension-mediated organ
damage
HMOD was defined by the presence of LV hypertrophy
(LVH), an increased IMT, or renal impairment. All the
measurements required for quantification of HMOD were
performed at local sites, following current guidelines rec-
ommendations. Ultrasound examinations for determination
of LVH and IMT were performed by one expert sonogra-
pher at each center, whereas blood and urine samples for
evaluation of renal function were analyzed at the central
laboratories of the single study centers.

Cardiac damage was evaluated through a standard echo-
cardiography examination, following the recommenda-
tions of the American Society of Echocardiography [15].
A two-dimensional examination was performed in each

participant while lying in a left lateral decubitus position.
The interventricular septum thickness, posterior wall thick-
ness, and LV internal diameter were measured at the end of
diastole and averaged over three consecutive cardiac
cycles. LV mass (LVM) was then calculated according to
the formula of Devereux and normalized by the BSA to
obtain the LVMI [16]. Cardiac damage was determined by
the presence of an LVH, defined by an LVMI greater than
115 g/m2 in males and greater than 95 g/m2 in females [17].

Carotid ultrasound examinations were performed to
determine the presence of carotid plaque or stenosis. The
IMT was measured by carotid ultrasonography at the level of
the common carotid artery and averaged over two replicate
measurements: an IMT more than 0.9mm was deemed
compatible with the presence of vascular damage [17].

Renal function assessment was based on the calculation
of estimated glomerular filtration rate (eGFR) according to
the Cockcroft–Gault equation and/or on the estimation of
24-h albumin excretion, as recommended by current guide-
lines [17,18]. An eGFR less than 60 ml/min per 1.73 m2 and/
or a urinary albumin excretion at least 30mg/24-h were
considered for renal damage [17].

Statistical analysis
For the purpose of the present analysis two study popula-
tions were identified: first, a full-analysis set, consisting of
individuals with a valid estimate of any HMOD and a valid
ABPM; and second, one population consisting of patients
with all valid estimates of HMOD and valid ABPM. The latter
datasetwasused for the confirmatory (or sensitivity) analysis.

The analysis of each 24-h ABPM recording was preceded
by removal of artifacts according to previously described
editing criteria [19]. Recordings were considered valid when
at least 70% of the expected number of readings was
obtained, and at least 20 valid awake and seven valid asleep
readings were available over the 24-h, as recommended by
current guidelines [13]. ABPMs matching the aforemen-
tioned quality criteria were analyzed to obtain 24-h average
of brachial SBP, DBP, and pulse pressure (PP, the difference
between SBP and DBP); 24-h average of central SBP, DBP,
and PP; 24-h average of PWV; 24-h average of AIx; 24-h
brachial and central SBP, DBP, and PP variability quantified
by the average real variability (ARV), calculated by averag-
ing the successive absolute differences between adjacent
BP values over the 24 h [20]. Averages were computed also
for the daytime and night time subperiods (defined accord-
ing to the actual night sleep and waking hours). As AIx
depends on heart rate (HR), in each individual AIx was
normalized to an HR of 75 bpm [21].

Basic demographic and clinical variables were collected
for each individual, including a history of AH, dyslipidemia,
diabetes mellitus, and cardiovascular disease. Overweight
or obesity was defined by a waist circumference at least
94 cm in males and at least 80 cm in females for white
patients or at least 90 cm in males and at least 80 cm in
females for Asian and Hispanic patients. When waist cir-
cumference was missing a BMI of at least 25 kg/m2 was used
to evaluate overweight or obesity.

Descriptive statistics were provided for all demographic,
clinical, and hemodynamic variables by calculating abso-
lute and relative frequencies (categorical variables) and

24-h ambulatory pulse wave analysis
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average value� SD or 95% confidence interval (CI) (con-
tinuous variables). The analysis was run for subgroups
according to the type of HMOD assessment cardiac (LVH
absent vs. present); vascular (carotid thickening absent vs.
present); renal (reduced renal function or albuminuria
absent vs. present). In each subgroup differences in hemo-
dynamic indices were assessed by analysis of variance with
no adjustment (crude estimate) and after accounting for the
center effect and for those factors resulting significantly
different between groups in the univariate test (usually age,
sex, AH, dyslipidemia, diabetes, cardiovascular disease,
and obesity). To address the potential influence within
each HMOD group of other types of HMOD, adjustment
for the type of HMOD was also entered in the model. In the
case of comparisons affecting AIx and ARV an additional
adjustment for the mean BP level was also applied.

The association of each SBP and PP estimate, AIx and
PWV, with the presence of HMOD was assessed by means
of stepwise logistic regression analyses, by calculating odds
ratio (OR) and 95% CI adjusted for confounding factors, as
in the analysis of variance test. Due to the collinearity
between the different BP indices, these parameters were
introduced in each model one at a time. A logistic regres-
sion analysis was also performed by introducing in the
model at the same time all the peripheral and central BPs,
separately for SBP and PP. Data management and analysis
were carried out by SPSS for Windows version 25 (IBM
Corp., Armonk, NY, USA). A P less than 0.05 was consid-
ered as the minimum level of statistical significance.

RESULTS

Demographic and clinical data
A total of 646 patients with at least one type of HMOD
assessment and with valid 24-h ABPMs were included in
this analysis. The average number of valid ambulatory BP
readings was 49.6 (range 21–76) during the daytime and
16.4 (range 7–33) during the night-time. Mean patients’ age
was 51.6� 15.8 years, 54.0% of them were males, 72.8%
reported a previous diagnosis of AH (65.3% were treated
with antihypertensive medications), 44.9% had dyslipide-
mia, 10.7% diabetes, 20.1% a cardiovascular disease, and
76.0% were overweight or obese.

Of these 646 patients, 482 (74.6%) had an evaluation of
cardiac damage, 368 (57.0%) of vascular damage and 388
(60.0%) of renal damage (264 only eGFR, 66 only urine
albumin excretion and 58 both). Cardiac damage was
detected in 232 of 482 patients (48.1%), vascular damage
in 206 of 368 patients (56.0%) and renal damage in 61 of 388
patients (15.7%). Details on demographic and clinical data
of the study population according to subgroups of HMOD
are reported in Table 1. These data were homogenous
across HMOD subgroups.

Cardiac damage
In the 482 patients in which echocardiograms were avail-
able, LVMI averaged to 132.8� 26.2 g/m2 in case of LVH, a
value which was significantly higher than that measured in
patients without LVH (86.3� 16.3 g/m2, P¼ 0.0001).
Adjusted 24-h, daytime and night-time brachial and central
SBP and PP values (Fig. 1) and clinic brachial SBP and PP
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FIGURE 1 24-h, daytime, and night-time averages of brachial and central SBP and pulse pressure, average real variability of brachial and central SBP and pulse pressure,
augmentation index and pulse wave velocity in patients without (hypertension-mediated organ damage�, open bars; n¼250) and in those with (hypertension-mediated
organ damageþ, closed bars; n¼232) left ventricular hypertrophy. Data are shown as averages adjusted for center, vascular damage, renal damage, age, sex, hyperten-
sion, dyslipidemia, cardiovascular disease, and overweight or obesity (and blood pressure for average real variability and augmentation index) and 95% confidence intervals.
The P values refer to the level of statistical significance of the comparison between each subgroup. HMOD, hypertension-mediated organ damage.

24-h ambulatory pulse wave analysis
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values (Table 2) were significantly higher in patients with
than in those without LVH, whereas no statistically signifi-
cant between-groups difference was observed for DBP.
Brachial and central SBP variability, central PP variability,
AIx, and PWV were significantly higher in presence of LVH,
before, but not after adjustment (Table 3 and Fig. 1).

Vascular damage
In the subset of 206 patients in which carotid ultrasonogra-
phy was successfully performed, IMT averaged to
1.6� 0.8mm in the presence vs. 0.7� 0.2mm in the absence
of wall thickening or plaque (P¼ 0.0001 between groups).
Most of the patients with vascular damage (128, 62.1%) had a
simple wall thickening, whereas a carotid plaque was
detected in 78 patients (37.9%). Unadjusted 24-h, daytime
and night-time average values of brachial and central SBP
and PP were significantly larger in case of increased IMT
(Table 3), but the difference was no more statistically signifi-
cant after correction for confounding factors (Fig. 2). No
statistically significant between-groups differences were
observed for clinic BP, ambulatory DBP mean values and
all BP variabilities (Tables 2 and 3 and Fig. 2). PWV was
significantly higher in the presence of carotid vascular dam-
age, but the statistical significance of the difference was lost
after adjustment (Table 3 and Fig. 2). No between-groups
difference was observed for AIx (Table 3 and Fig. 2).

Renal damage
In 322 patients serum creatinine could be assessed and
eGFR calculated, whereas 124 patients had urine collected
for determination of 24-h urine albumin excretion. In the
61 patients with impaired kidney function, eGFR averaged
to 68.6� 41.3 ml/min per 1.73 m2 and albuminuria to
142.1� 217.1 mg/24-h: these values were significantly

(P¼ 0.0001) different from those reported in case of normal
kidney function (106.1� 31.9 ml/min per 1.73 m2 and
9.0� 3.8 mg/24-h, for eGFR and albuminuria, respectively).
The majority of patients with renal damage had a moder-
ately impaired kidney function (eGFR between 60 and
30ml/min per 1.73 m2, 68.3%); only 7.3% had a severe form
(eGFR< 30ml/min per 1.73 m2). In the adjusted model, an
impaired kidney function was not associated with a signifi-
cantly increased brachial or central SBP and PP (Fig. 3);
however, in the unadjusted model, a significantly larger
brachial and central PP was observed in case of renal
damage (Table 3). Clinic BPs, ambulatory DBP averages,
and all BP variabilities were unaffected by renal disease
(Table 2 and Fig. 3). Both PWV and AIx were significantly
increased in patients with renal damage, but the statistical
significance of the difference was lost after adjustment for
confounding factors (Table 3 and Fig. 3).

Association of vascular biomarkers with
hypertension-mediated organ damage
Figure 4 presents the adjusted ORs for each mmHg increase
of office and ambulatory BP for the three different types of
HMOD. All brachial and central estimates were significantly
associated with cardiac damage, with the largest OR in case
of ambulatory central BP and the weakest in case of brachial
clinic BP. The association between HMOD and BP was less
strong in case of vascular damage: the largest OR was
observed for PP, with a trend to the superiority of central
over brachial PP. Neither meaningful nor statistically signif-
icant association was observed between renal damage and
BP estimates. As shown in Table S1, http://links.lww.com/
HJH/B175 no statistically significant association between
estimates of BP variability, AIx or PWV, and HMOD
was observed.

TABLE 2. Clinic blood pressure, 24-h, daytime, and night-time DBP average values and average real variabilities according to the absence
(�) or presence (þ) of hypertension-mediated organ damage

Cardiac�,

n¼250

Cardiacþ,

n¼232 P value

Vascular�,

n¼162

Vascularþ,

n¼206 P value

Renal�,

n¼327

Renalþ,

n¼61 P value

Brachial BP (mmHg)

Clinic SBP 135.9 (132.4, 139.5) 142.4 (138.9, 145.9) 0.002 133.9 (127.8, 140.1) 136.7 (130.8, 142.7) 0.292 141.1 (137.3, 144.9) 139.9 (134.5, 145.3) 0.671

Clinic DBP 90.0 (87.2, 92.7) 89.5 (86.9, 92.2) 0.794 86.7 (81.8, 91.5) 88.7 (84.0, 93.5) 0.329 89.8 (86.9, 92.7) 90.0 (85.9, 94.1) 0.926

Clinic PP 46.0 (43.2, 48.8) 52.8 (50.1, 55.6) 0.0001 47.3 (42.4, 52.1) 48.0 (43.3, 52.7) 0.723 51.3 (48.0, 54.6) 49.9 (45.2, 54.5) 0.564

24-h DBP 79.6 (77.9, 81.3) 80.9 (79.2, 82.5) 0.205 77.8 (75.0, 80.7) 77.9 (75.1, 80.6) 0.973 80.0 (78.2, 81.9) 79.4 (76.8, 82.0) 0.639

Daytime DBP 82.7 (80.9, 84.4) 83.5 (81.8, 85.2) 0.442 80.6 (77.6, 83.6) 80.7 (77.8, 83.6) 0.918 83.1 (81.1, 85.0) 82.3 (79.6, 85.0) 0.596

Night-time DBP 70.6 (68.7, 72.4) 73.2 (71.4, 75.0) 0.013 69.9 (66.9, 72.8) 69.9 (67.0, 72.8) 0.980 71.8 (69.9, 73.7) 72.0 (69.3, 74.6) 0.908

Central DBP (mmHg)

24-h 80.9 (79.2, 82.6) 82.1 (80.5, 83.8) 0.201 78.9 (76.0, 81.8) 79.2 (76.4, 81.9) 0.857 81.3 (79.4, 83.2) 80.6 (78.0, 83.3) 0.646

Daytime 83.9 (82.1, 85.7) 84.7 (83.0, 86.5) 0.409 81.7 (78.7, 84.8) 82.0 (79.0, 85.0) 0.821 84.3 (82.3, 86.3) 83.5 (80.7, 86.3) 0.611

Night-time 72.0 (70.2, 73.9) 74.6 (72.8, 76.4) 0.015 71.2 (68.2, 74.2) 71.2 (68.3, 74.1) 0.984 73.1 (71.2, 75.0) 73.3 (70.6, 76.0) 0.920

Brachial ARV DBP (mmHg)

24-h 8.8 (8.3, 9.3) 9.0 (8.5, 9.5) 0.442 8.5 (7.7, 9.3) 8.3 (7.5, 9.1) 0.593 8.5 (7.9, 9.0) 8.5 (7.8, 9.3) 0.851

Daytime 8.9 (8.3, 9.5) 9.2 (8.6, 9.8) 0.344 8.7 (7.7, 9.7) 8.4 (7.4, 9.3) 0.463 8.6 (7.9, 9.2) 8.9 (8.0, 9.8) 0.522

Night-time 8.2 (7.7, 8.8) 8.2 (7.7, 8.7) 0.887 7.6 (6.7, 8.5) 8.1 (7.2, 9.0) 0.190 7.7 (7.1, 8.3) 7.5 (6.7, 8.3) 0.716

Central ARV DBP (mmHg)

24-h 8.5 (8.0, 9.0) 8.8 (8.3, 9.3) 0.266 8.4 (7.6, 9.1) 8.0 (7.3, 8.8) 0.321 8.3 (7.8, 8.8) 8.3 (7.6, 9.0) 0.845

Daytime 8.5 (7.9, 9.0) 9.0 (8.4, 9.5) 0.131 8.5 (7.6, 9.4) 7.9 (7.0, 8.8) 0.127 8.3 (7.7, 8.9) 8.6 (7.8, 9.5) 0.517

Night-time 8.3 (7.7, 8.8) 8.3 (7.8, 8.8) 0.931 7.6 (6.7, 8.5) 8.2 (7.3, 9.1) 0.120 7.7 (7.1, 8.3) 7.7 (6.8, 8.5) 0.921

Data are shown as mean values and 95% confidence interval. Cardiac organ damage is adjusted for center, vascular damage, renal damage, age, sex, history of hypertension, history of
dyslipidemia, history of cardiovascular disease, and overweight or obesity (and average DBP for ARV). Vascular organ damage is adjusted for center, cardiac damage, renal damage, age,
sex, history of hypertension, history of dyslipidemia, history of diabetes, history of cardiovascular disease and overweight or obesity (and average DBP for ARV). Renal damage is adjusted
for center, cardiac damage, vascular damage, age and history of diabetes and cardiovascular disease (and average DBP for ARV). The P values refer to the level of statistical significance
of the comparison between each subgroup. ARV, average real variability; BP, blood pressure; PP, pulse pressure.
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FIGURE 2 24-h, daytime, and night-time averages of brachial and central SBP and pulse pressure, average real variability of brachial and central SBP and pulse
pressure, augmentation index and pulse wave velocity in patients without (hypertension-mediated organ damage�, open bars; n¼162) and in those with (hyperten-
sion-mediated organ damageþ, closed bars; n¼206) increased carotid intima media thickness. Data are shown as averages adjusted for center, cardiac damage,
renal damage, age, sex, hypertension, dyslipidemia, diabetes, cardiovascular disease, and overweight or obesity (and blood pressure for average real variability and
augmentation index) and 95% confidence intervals. The P values refer to the level of statistical significance of the comparison between each subgroup. HMOD,
hypertension-mediated organ damage.
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FIGURE 3 24-h, daytime, and night-time averages of brachial and central SBP and pulse pressure, average real variability of brachial and central SBP and pulse pressure,
augmentation index and pulse wave velocity in patients with a normal (hypertension-mediated organ damage�, open bars; n¼327) and in those with an impaired
(hypertension-mediated organ damageþ, closed bars; n¼61) renal function. Data are shown as averages adjusted for center, cardiac damage, vascular damage, age,
diabetes, and cardiovascular disease (and blood pressure for average real variability and augmentation index) and 95% confidence intervals. The P values refer to the level
of statistical significance of the comparison between each subgroup. HMOD, hypertension-mediated organ damage.
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In the multivariate analysis model, age always resulted as
a major determinant of any type of HMOD (Table 4). An
elevated central SBP or PP was associated with an increased
risk of LVH, whereas no association was observed between
central hemodynamics and vascular or renal damage.

Sensitivity analysis
A total of 201 of the 646 patients included in the full-analysis
set for the different types of HMOD, had simultaneous
estimates of all HMOD markers. These patients were
included in the sensitivity analysis. In general, as shown in
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FIGURE 4 Odds ratio and 95% confidence interval and corresponding P values for each mmHg increase of the association of clinic brachial SBP and pulse pressure, 24-h,
daytime and night-time average brachial and central SBP and pulse pressure, with different types of hypertension-mediated organ damage. The asterisks refer to the level
of the statistical significance of the association (�P<0.05 and ��P<0.01).
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Table S2, http://links.lww.com/HJH/B176, patients in which
an HMOD was detected had a worse cardiovascular risk
profile, though the between-groups differences were less
striking than in the full-analysis set, allegedly because of the
smaller size of this group as respect to the full analysis set.

As for the main analysis, 24-h brachial and central SBP
and PP averages were significantly larger in patients with
than in patients without LVH, whereas no statistically sig-
nificant difference was observed for these estimates in case
of vascular or renal damage (Fig. 5). This figure was
replicated also for the daytime and night-time subperiods
(Table S3, http://links.lww.com/HJH/B177). No between-
groups difference was observed for any HMOD for BP
variability, AIx, and PWV (Table S3, http://links.lww.
com/HJH/B177). Also in case of the association between
HMOD and BP estimates, results of the full-analysis
dataset could be replicated: cardiac damage showed
strong association with HMOD, particularly in case of
central estimates, whereas other vascular biomarkers and
other HMOD subtypes did not (Table S4, http://links.
lww.com/HJH/B178).

As for the full-analysis set, age was the major determinant
of HMOD, whereas a significant association between cen-
tral SBP or PP and HMOD was observed only for LVH
(Table S5, http://links.lww.com/HJH/B179).

DISCUSSION
In our study, we evaluated the association of peripheral and
central hemodynamics, arterial stiffness and wave reflec-
tions with HMOD in a large sample of hypertensive patients
in daily life ambulatory conditions. We were able to docu-
ment that both peripheral and central SBP and PP are

strongly associated with cardiac, but not with carotid or
renal damage; ambulatory CAP is more strongly associated
with cardiac damage than peripheral BP; ambulatory arte-
rial stiffness and to a less extent wave reflections (estimated
by PWV and AIx, respectively) tend to be increased in
presence of HMOD, though the strength of the association
is lost in adjusted models.

Our results suggest that noninvasive estimation of CAP
over the 24-h may improve the individualized LVH risk
assessment, beyond the currently available method of 24-h
measurement at the brachial artery level. The stronger
association of 24-h central than brachial SBP or PP to
LVH documented in our study strengthens and confirms
the evidence of previous studies performed at rest and
based on applanation tonometry at the radial or carotid
level [1]. Our results are also in line with those provided by
two different studies performed in ambulatory conditions
with a different cuff-based technology involving in total 518
patients, of which 101 with LVH [6,7]. Two other studies
showed a good association of CAP with LVH, but this was
not different from that observed between peripheral SBP
and LVH [22,23]. In one of these studies, LVH was assessed
through the ECG, using estimates which are not particularly
sensitive for LVH detection [22]. It must be acknowledged
that in all the aforementioned studies the sample of patients
with LVH was limited in size and usually much smaller than
that of patients without LVH. Conversely, in our study, we
enrolled a larger number of patients with LVH, balanced in
a 1 : 1 ratio with those without LVH, and thus our results
have greater statistical power than previous studies.

Ambulatory central and peripheral hemodynamics did
not have predictive power for either carotid or renal dam-
age, in our patients. In previous studies performed at rest

TABLE 4. Determinants of hypertension-mediated organ damage assessed by logistic regression analysis including the main clinical and
demographic variables (age, sex, history of hypertension, dyslipidemia, diabetes or heart disease, obesity) and all the
ambulatory SBP and pulse pressure parameters

Model including only SBP Model including only PP

Cardiac damage, n¼482

Variables
Odds ratio (95%

confidence interval) P value Variables
Odds ratio (95%

confidence interval) P value

Age (1-year increase) 1.029 (1.012, 1.047) 0.001 Age (1-year increase) 1.021 (1.001, 1.042) 0.038

Sex (male vs. female) 0.535 (0.339, 0.844) 0.007 24-h Central PP (1-mmHg increase) 1.170 (1.069, 1.280) 0.001

CV disease (yes vs. no) 1.912 (1.068, 3.421) 0.029

24-h Central SBP (1-mmHg increase) 1.032 (1.015, 1.049) 0.0001

Vascular damage, n¼368

Variables
Odds ratio (95%

confidence interval) P value Variables
Odds ratio (95%

confidence interval) P value

Age (1-year increase) 1.079 (1.051, 1.107) 0.0001 Age (1-year increase) 1.077 (1.049, 1.105) 0.0001

Sex (male vs. female) 2.838 (1.531, 5.263) 0.001 Sex (male vs. female) 2.901 (1.558, 5.403) 0.001

Obesity (yes vs. no) 5.113 (2.043, 12.799) 0.0001 Obesity (yes vs. no) 4.711 (1.866, 11.896) 0.001

Renal damage, n¼388

Variables
Odds ratio (95%

confidence interval) P value Variables
Odds ratio (95%

confidence interval) P value

Age (1-year increase) 1.031 (1.004, 1.058) 0.024 Age (1-year increase) 1.031 (1.004, 1.058) 0.024

CV disease (yes vs. no) 2.732 (1.322, 5.646) 0.007 CV disease (yes vs. no) 2.732 (1.322, 5.646) 0.007

Data are shown as odds ratio and 95% confidence interval with corresponding P value. CV, cardiovascular; PP, pulse pressure.
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and using applanation tonometry at the radial or carotid
site, central SBP and, to a greater extent, central PP were
more strongly associated with an increased IMT than
peripheral BPs [1]. In our study, PP was better associated
with carotid damage than SBP, but we did not observe any
superiority of central over peripheral hemodynamics. Our
results are in line with those of the SAFAR study in which 24-
h brachial and central SBPs were not significantly associ-
ated with an increased IMT [24].

In our study, central BP was not better associated with
renal impairment than peripheral BP, a finding which is in
line with that provided by two previous studies performed in
ambulatory conditions [25,26] and by studies performed at
rest [1]. This may be justified by the fact that CAP is associated
with macrovascular damage, but is not so closely related to
microvascular lesion, typical of renaldamage [1].However, at
variance from previous studies and meta-analyses [1,25,26],
we did not find a positive relation between central or
peripheral BP and renal damage, probably because of the
relative renal impairment of our patients (the majority of our
patients had a mildly or moderately impaired kidney func-
tion, and only 7% had a severe form). Indeed, it has been
suggested that in the early phases of the kidney disease the
relation between BP and renal damage may be weak [27].

Apart from the relationbetween central and peripheral BP
and HMOD, our study provides additional interesting find-
ings about the degree of associationof arterial stiffness, wave
reflections and BP variability with HMOD. In our patients,
ambulatory arterial stiffness, quantified by PWV, was always
significantly higher in presence of HMOD as observed in
several studies performed at rest [28–32] and in two studies
performed in ambulatory conditions [8,25]. AIx (expression
of wave reflection) was significantly larger in the presence of
cardiac and renal, but not vascular damage, a finding which
confirms its predictive value [32]. However, after adjustment
for age, sex, and comorbidities, the difference in PWV or AIx
between patients with and without HMOD was reduced and
did not achieve statistical significance.

An elevated ambulatory BP variability represents a
potent independent predictor of hypertension-related car-
diovascular complications [33], as well as a marker of
HMOD, specifically of carotid artery alteration and LVH,
and to a limited extent also of kidney damage [34–38]. An
increased ambulatory BP variability is also moderately
associated with larger 24-h CAP and stiffness values [39].
In our study 24-h brachial and central SBP variability and
central PP variability were higher in patients with than in
those without LVH, but the difference was lost after adjust-
ment, and central estimates were not superior to peripheral
ones. SBP variabilities did not differ in subgroups according
to the carotid or renal damage. Recent studies showed a
positive association between ambulatory SBP and HMOD,
with contradictory results regarding the superior predictive
value of ambulatory central vs. brachial SBP variability
[24,40,41]. The discrepancy between our results and those
of previous studies may be explained by differences in the
sample size of patients included in the various studies and
in differences in the quality of the ABPM recording. As far as
the first issue is concerned, in our study, we evaluated a
larger sample of patients with HMOD than the other two
studies. As analyses in a group of patients with a low

proportion of HMOD can be easily influenced by the
distribution of other variables, our analysis based on larger
sample size and adjusted for multiple risk factors appears to
be more robust and reliable. Of course, we cannot exclude
that our estimation of BP variability may have been inaccu-
rate in some patients due to a possible limited number of
measurements available. However, the average and the
minimum number of ambulatory BP readings in our
patients was sufficiently high (66 and 28, respectively), to
exclude that this may have substantially influenced our
results. On the contrary, information on quality criteria
for selection of valid ABPMs in the other studies are not
available and we cannot exclude that the quality of BP
variability evaluation in these studies might have been
based on poor quality recordings. Thus, given the contrast-
ing evidence coming from a few studies, whether central BP
variability carries more prognostic value than brachial BP
variability needs to be further addressed and elucidated.

Study limitations
Our results must be interpreted within the context of the
potential study limitations. First, the technology used in our
study for PWA of brachial oscillograms is based on the
brachial SBP and DBP calibration method (type I device).
Invasive studies have clearly shown that mean brachial BP
and DBP calibration method provides an estimation of
central SBP much closer to the invasively determined
reference and thus should be preferred [42,43]. As a matter
of fact, in two previous studies comparing the association
with LVH of the ambulatory central SBP obtained with the
two methods, this was larger when the mean BP/DBP
calibration method was used [6,7].

Second, the cross-sectional nature of our study allows us
to provide only descriptive information on the association
between central hemodynamics and HMOD and cannot
establish any causality. It will be important in the progres-
sion of the data collection to explore the predictive values
of central vs. peripheral BP and vascular biomarkers in the
development, progression, or regression of HMOD.

Third, most patients (88%) had at least one cardiovascu-
lar risk factor among AH, dyslipidemia, diabetes, obesity, or
cardiovascular disease and most of them (77%) were taking
antihypertensive drug treatment. Though these factors
were properly accounted for in the adjusted analysis
our data might not be representative of all hypertensive
patients.

Fourth, given the observational nature of the study
(Registry) standardization of estimation of HMOD across
centers was neither possible nor feasible. However, since
all centers were expert in hypertension management they
followed appropriate international guidelines. Further-
more, to account for potential heterogeneity in the meth-
odology of HMOD assessment and variability across
operators we adjusted results by including the center effect.
Yet, we acknowledge that the reliability of HMOD estima-
tion in our study may not be ideal.

Fifth, the fact that our results are in some aspects in
contrast with previous evidence may not necessarily mean
that our results are flawed. Indeed, we included a much
larger sample of patients with HMOD than previous studies
and thus the power of our results could be greater.
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Although the average 24-h brachial and central BP values
did not differ between our population and those included
in previous studies, the populations show some heteroge-
neity in terms of the proportion of treated hypertensive
patients, as well as for the prevalence of comorbidities.
Finally, a sensitivity analysis including only patients with all
estimations of HMODs shows results for CAP in line with
the full analysis set and with those of a similar study
considering altogether the same three types of HMOD of
our study [44].

In conclusion, our results documented a variable asso-
ciation of ambulatory peripheral and central BP, arterial
stiffness and wave reflections with HMOD. The predictive
value was high in case of cardiac damage, whereas it was
marginal in case of carotid damage and impaired renal
function. These findings corroborate previous evidence
collected with a different technology and suggest that 24-h
PWA, and in particular 24-h central SBP and PP, may be
useful for predicting the risk of HMOD in hypertensive
patients, at least when cardiac damage is considered. As
our study is currently the largest one evaluating the relation
between ambulatory peripheral and central hemodynam-
ics and stiffness and HMOD in hypertensive patients based
on a specific technology, the evidence collected will
help provide some reference to clinicians making use of
the same device employed in this study, for the routine
clinical evaluation of their patients. However, we acknowl-
edge that prospective data are warranted to confirm the
clinical value of the technology in this context. Such
data will be collected in the longitudinal phase of the
VASOTENS Registry.
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