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Objectives: Increased blood pressure variability (BPV) has
been associated with an increased risk of subclinical organ
damage and cardiovascular events, independently of
elevated average BP values. We aimed to investigate the
association of BPV indices with micro- and macrovascular
parameters, some of them not previously studied.

Methods: We evaluated 344 individuals (233 never-
treated/newly diagnosed hypertensive and 111
normotensive individuals). BPV was assessed using average
real variability (ARV) during 24-h, daytime and night-time
ambulatory blood pressure monitoring, and systolic
weighted standard deviation (wSD). Retinal microvascular
diameter was assessed by nonmydriatic retinal
photography. Arterial stiffness was assessed by pulse wave
velocity (PWV) and aortic augmentation index (AIx);
subendocardial variability ratio (SEVR) was used as an index
of myocardial perfusion. Carotid intima-media thickness
(cIMT) was measured by ultrasound. Data were analyzed
using multiple regression analysis.

Results: After adjusting for potential confounders, PWV
and cIMT were independently associated with ARV
components in the total sample (P<0.023 and P<0.014,
respectively). Within hypertensives only PWV and cIMT
were independently associated with ARV components
(P<0.002 for PWV and P<0.003 for cIMT). In contrast,
within normotensives, only retinal parameters and AIx
were associated with ARV components (P<0.017 and
P¼0.013, respectively). None of the univariate correlations
between vascular parameters and wSD remained
significant after adjustment for potential confounders.

Conclusion: Short-term BPV as assessed by ARV is
independently associated with macrovascular parameters in
untreated hypertensive patients, and with microvascular
parameters in normotensive individuals.

Keywords: average real variability, blood pressure
variability, macrocirculation, microcirculation, target organ
damage

Abbreviations: ABPM, ambulatory blood pressure
monitoring; AIx, aortic augmentation index; ARV, average
real variability; AVR, arteriovenous ratio; BP, blood
pressure; BPV, blood pressure variability; cIMT, carotid
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intima-media thickness; CRAE, central retinal artery
equivalent; CRVE, central retinal vein equivalent; CV,
coefficient of variance; DBP, diastolic blood pressure; PWV,
pulse wave velocity; SBP, systolic blood pressure; SD,
standard deviation; SEVR, subendocardial variability ratio;
TOD, target organ damage; wSD, weighted standard
deviation
INTRODUCTION
E
levated blood pressure (BP) is a leading modifiable
risk factor for cardiovascular morbidity and mortality
worldwide [1,2]. Structural and functional alterations

in both macro- and microvasculature are associated with
hypertension [3–5]. However, it has been established that
BP is not a fixed variable and it shows profound fluctuations
over short-term and long-term periods [6]. Thus, wider use
of out-of-office BP measurement with home or ambulatory
blood pressure monitoring (ABPM) has been suggested by
the guidelines [7,8] as an option to confirm the diagnosis of
hypertension, detect white-coat and masked hypertension,
and monitor BP. The use of ABPM has been documented of
a greater value over office BP for the prediction of cardiovas-
cular events [9]. In addition, existing data suggest that out-of-
office BPmeasurements are superior to officemeasurements
in regard to their association with preclinical target organ
damage (TOD) [10]. The presence of subclinical TOD has
significant prognostic and therapeutic implications in the
DOI:10.1097/HJH.0000000000003300
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management of patients with arterial hypertension, as ac-
knowledged by international guidelines [7].

Besides the elevated BP values, indices of augmented
blood pressure variability (BPV) have been independently
associated with a greater risk of cardiovascular events
[11,12] and severity of preclinical TOD [13–15]. BP values
show substantial variation within 24 h (short-term BPV),
betweenmeasurements of different days (mid-term BPV) or
between follow-up office visits performed over weeks,
months, or years (long-term BPV) [16]. Long-term BPV
can be estimated by recurrent office BP measurements;
however, these measurements are subject to limitations
such as the white-coat and masked hypertension effect.
Short-term BPV over 24 h can bemeasured using ABPM and
the classic distribution indices used for BPV quantification
are standard deviation (SD), and coefficient of variance
(CV) of average BP. However, the short-term BPV derived
by 24-h ABPM can be influenced by several factors, such as
insufficient number of BP readings, which may result in an
inaccurate estimation of the true BPV [17].

The average real variability (ARV) has been introduced
as one of the most recent measures of BPV [18]. ARV is
calculated as the average of the absolute differences be-
tween every two consecutive BP readings; it is affected by
the sequence of individual BPmeasures and is less sensitive
to low sampling frequency. According to previous studies,
ARV performed better than the SD and the other BPV
indices regarding both the prognostic value [18,19] and
reproducibility [20]. As reported in a recent meta-analysis
by Mena et al. [21], early studies showed that increased ARV
in hypertensive patients is associated with more severe
TOD and increased risk of cardiovascular events. Previous
studies investigating the relation of ARV with subclinical
TOD included predominantly patients with hypertension
[22–26] or patients with comorbidities such as chronic
kidney disease [27,28] and diabetes [29]. To the best of
our knowledge, there is no prior investigation on the rela-
tionship of ARV with retinal microvascular lesions and myo-
cardial microvascular perfusion. The retinal vascular calibers
are vascular parameterswhich are easy to assess and arewell
correlated with cardiovascular events [30]. Furthermore,
SEVR was used as an index of the function of the cardiac
microvasculature, another TOD in hypertension that is
difficult to directly assess. A recent meta-analysis [31] dem-
onstrated that retinal vascular calibers were independently
associated with an increased risk of hypertension and the
associations persist in those with optimal BP at baseline.
Similarly, we hypothesized that individuals with increased
ARVmight, even being normotensives, have increased TOD.

The aimof thepresent studywas to investigate the associa-
tionofBPV indiceswithmicro-andmacrovascularparameters
in a population of normotensive and untreated hypertensive
individuals without cardiovascular comorbidities.

METHODS

Patient population
The study population consisted of individuals who
attended the Outpatient Unit of Hypertension, because
of increased BP, for participating in vascular assessment
studies, or for routine follow-up. Inclusion criteria were:
Journal of Hypertension
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Caucasians aged older than 18 years; absence of current use
of antihypertensive or any type of long-term medication
known to affect BP; absence of any other known disease,
such as clinically overt cardiac disease, arrhythmias, diabe-
tes mellitus and renal disease, verified through medical
history, physical examination and routine laboratory tests;
absence of diagnosed or suspected secondary causes of
hypertension assessed by history and clinical and routine
laboratory tests. Blood samples were collected from all
patients after an overnight fast, and serum total cholesterol,
high- and low-density lipoprotein cholesterol, and triglyc-
eride levels were estimated. The study protocol was con-
ducted in accordance with the principles of the Helsinki
Declaration and was approved by the Hospital Scientific/
Ethics Committee. Signed informed consent was obtained
by all participants.

Office and ambulatory BP measurement
Office BP was measured with the patient after a 5-min rest,
using a validated automatic upper-arm cuff oscillometric
device (Microlife Exact BP; Microlife AG, Widnau,
Switzerland) according to standard recommendations for
office BP measurement [16], using appropriate cuff size
according to each participant’s arm size. After a 5-min seated
rest, three consecutivemeasurements were taken on the arm
with the higher BP (with a 1-min interval in between) and the
mean of the last two BP readings was considered as the
patient’s office BP.

Twenty-four-hour ABPM was performed within 1 week
from themicroormacrovascularparameters assessment. The
validated Spacelabs 90217A device (Spacelabs Medical, Isse-
quah, Washington, USA) was used to monitor ambulatory
blood pressure. Appropriate cuffs were placed according to
the arm size of eachpatient, and the devicewas programmed
to perform measurements every 20 min during daytime
(0600–2200 h) and every 30 min during the night (2200–
0600h).Daytimeandnight-time intervalswerecustomized to
each participant’s reported actual sleeping hours (from the
time thepatientwent tobeduntil awaking). Participantswere
advised to maintain their usual activities. At least 70% of
recorded readings and>20 awake or>7 asleepBPmeasure-
ments during 24h had to be valid, in order to be used for the
analysis. Average 24-h, day (awake) and night-time (asleep)
systolic and diastolic BP (SBP/DBP) were calculated.

Based on office BP and ABPM levels participants were
classified into two groups: hypertensives of any phenotype
(office BP � 140/90mmHg or daytime ABPM � 135/
85mmHg), or both; and normotensives (office BP < 140/
90mmHg and daytime ABPM < 135/85mmHg).
Short-term blood pressure variability
measurement
According to a recent meta-analysis [12], indices unaffected
by day-to-night changes, such as ARV or weighted 24-h SD,
should bepreferred for 24-hBPV. Short-termBPVof SBP and
DBP over 24-h, daytime and night-time periods was evaluat-
ed by the read-to-read ARV [18]. ARV was calculated as:

ARV ¼ 1

N � 1

XN�1

k¼ 1

jBPkþ1 � BPkj
www.jhypertension.com 75
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whereN denotes the number of valid BPmeasurements, and
k is the order of measurements. In-house software was
developed in collaboration with the Institute of Computer
Science, Foundation for Research and Technology – Hellas,
for the automated computationofARVusing rawABPMdata.
The weighted standard deviation (wSD) of 24-h systolic BP
was also calculated as a classic BPVmeasure (i.e. the average
of daytime and night-time SD corrected for the respective
duration of day and night) using the same software.

Assessment of micro and macrovascular
parameters

Retinal vascular calibers
All patients underwent bilateral, nonmydriatic digital fun-
dus photography using a NIDEK AFC-230/210 camera
(NIDEK, Fremont, California, USA). Two images were
obtained from each eye, centered in the mid-fundus be-
tween the optic disc and the macula, and the best one was
examined by a trained grader blinded to the participant’s
identity and clinical characteristics. To achieve retinal vessel
measurement and analysis, semiautomated computer soft-
ware was developed by our Hypertension Unit in collabo-
ration with the Institute of Computer Science, Foundation
for Research and Technology – Hellas [32]. Retinal photo-
graphs were assessed according to a standard protocol,
which has been described in detail elsewhere [33]. In brief,
the software consisted of a measurement module that
estimates vessel diameter in the input images and a graphi-
cal user interface module that facilitates user intervention at
points of interest. The measurement area of the images was
defined as the area from one half to one disc diameter from
the optic disc margin. Parr and Hubbard formula, as modi-
fied in the Atherosclerosis Risk in Communities protocol
[34], was calculated automatically to summarize indices of
the average retinal arteriolar and venular diameters, re-
ferred to as the central retinal artery equivalent (CRAE)
and central retinal vein equivalent (CRVE), respectively
[34,35], as well as their ratio (arteriovenous ratio (AVR)¼
CRAE/CRVE).

Arterial stiffness parameters
Carotid�femoral pulse wave velocity (PWV) and augmen-
tation index (AIx) were assessed with applanation tonom-
etry as indices of arterial stiffness. The Sphygmocor device
(AtCor Medical, Sydney, Australia) was used for their as-
sessment according to a standard protocol after overnight
fasting. Participants were instructed to abstain from caf-
feine, smoking, and alcohol for at least 2 h before assess-
ment of arterial properties and intense physical activity for
24 h. Regarding PWV, waveforms at the right common
carotid and right femoral site were recorded sequentially
after a 15-min supine rest position. Surface distance be-
tween the two recording sites was measured (sternal notch
to carotid site and sternal notch to femoral site). Wave
transit time was calculated using a simultaneously recorded
electrocardiogram as a reference. Two successive measure-
ments were recorded and their average was used.

The radial pressure waveform was detected in the radial
artery with a micromanometer-tipped probe using appla-
nation tonometry with the Sphygmocor device (AtCor
76 www.jhypertension.com
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Medical), and was subsequently analyzed to estimate the
aortic pressure waveform. AIx is assessed as the ratio of
the late systolic component, which consists mainly of the
pressure wave reflected back from the peripheral arteries to
the early systolic component in the pulse and is thought to
detect a degree of functional arterial stiffening in the distal
muscular conduit arteries. Aortic augmentation pressure
was calculated as the difference between the first and
second systolic peaks of the ascending aortic waveform,
obtained from applanation tonometry. For our analysis, we
used AIx corrected for the mean heart rate of 75 bpm.

Microvascular coronary perfusion
The subendocardial viability ratio (SEVR), proposed by
Buckberg et al. [36] as the ‘supply:demand’ ratio, was used
as a functional index of microvascular coronary perfusion.
SEVR was noninvasively estimated by applanation tonom-
etry in the radial artery with the SphygmoCor device (AtCor
Medical). The software calculates the SEVR as the ratio of
the area under the diastolic segment of the derived aortic
pressure waveform (diastolic pressure-time index � DPTI),
to the area under the systolic segment of the waveform
(tension-time index� TTI), which represent themyocardial
supply and demand, respectively. Three successive, high-
quality measurements were taken in the supine position
after a 15-min rest, and the average value was used for the
analysis. Lower values of SEVR correspond to poorer per-
fusion of the myocardium [36–38].

Carotid intima-media thickness
An Aloka ProSound A7 Ultrasound System with a high
resolution, linear array probe was used for the assessment
of carotid intima-media thickness (cIMT). Images were
obtained in the longitudinal plane in the supine position.
Measurements were performed in the far wall of the distal
1 cm of the common carotid artery. cIMT was calculated
as the mean value of three consecutive sets of readings
between the inner echogenic line representing the intima
blood interface and the outer echogenic line representing
the adventitia-media junction, and the average cIMT of
the left and right carotid artery was used for the analysis
[39].

Statistical analysis
All data are expressed for continuous variables as mean �
standard deviation or as median (interquartile range) for
non-normally distributed variables, and for categorical var-
iables as frequencies. Continuous variables were tested for
normality of distribution by examining the standard scores
(z-values) for skewness and kurtosis and the respective
histograms, normal Q�Q plots, and boxplots. Statistical
analyses were performed using Student’s t-test or the non-
parametric Mann–Whitney test to compare differences
between two groups. Relationships between the continu-
ous variables were assessed by calculation of Pearson’s or
Spearman’s rank correlation coefficient depending on the
data distribution, whereas the chi-square test was used for
comparing categorical variables. Logarithmic transforma-
tion was performed for non-normally distributed variables.
The data are presented in the original form for ease of
interpretation.
Volume 41 � Number 1 � January 2023
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We performed interaction analyses for ‘hypertension
status’ to precede the rest of the investigation. Initially,
we visualized the moderation interaction by creating scatter
plots of the association between ARV and the micro-macro-
vascular parameters and by adding the respective fit lines
for the subgroups using ‘hypertension status’ as a dichoto-
mized grouped moderator. In order to examine if the lines
are significantly nonparallel at different levels of the cate-
gorical predictor (hypertension) we tested for differences
between the two groups (‘Hypertensive’ and ‘Normoten-
sive’ groups) in their relationship between ARV and vascu-
lar damage parameters; a test for the differences between
the simple slopes was estimated, using the method de-
scribed by Robinson et al. [40] for testing moderation effects
in regression models. The respective P-values were calcu-
lated using the t-statistic.

Multiple linear regression models were constructed
using the enter method in order to adjust for potential
confounders and assess the independent relationship of
BPV with the microvascular and macrovascular parameters
(dependent variables). The models included all variables
with important relations with the microvascular and macro-
vascular parameters derived from the univariate correlation
analyses, using P-value >0.10 as a threshold to enter the
model. In the regression models, age, sex, smoking habits
(current vs. past/never smokers), body mass index, fasting
plasma glucose, dyslipidemia, and 24-h mean SBP or DBP
(the one with the highest correlation coefficient) were
considered as possible confounding factors. For each
BPV component (24-h, daytime, and night-time) a separate
regression model was constructed with the microvascular
and macrovascular parameters as dependent variables.
Graphical inspection of scatter plots between predicted
values of the dependent variable and regression
TABLE 1. Baseline characteristics of the study population

Clinical characteristics All patients (n¼344) Normote

Age (years) 44.5�12.1 4

Male (%) n 58.4 (201)

Body mass index (kg/m2) 27.0 (24.3–29.8) 27.1

Current smoking (%) n 38.4 (132)

Office SBP (mmHg) 135.7�18.2 1

Office DBP (mmHg) 86.9�12.2

Office pulse rate (beats/min) 71.3�10.9

eGFR (ml/min per 1.73 m2) 116.5�33.0 1

Serum glucose (mg/dl) 88.0 (81.5–94.0) 86.0

Total cholesterol (mg/dl) 206.4�39.4 2

Triglycerides (mg/dl) 97.0 (69.0–139.0) 93.0

LDL-cholesterol (mg/dl) 135.1�33.5 1

Vascular parameters
CRAE (mm) 87.5 (80.6–95.6) 93.48

CRVE (mm) 118.0 (106.3–128.0) 121.7

AVR 0.75 (0.69–0.82) 0.80

SEVR (%) 149.7 (135.4–167.0) 156.8

PWV (m/s) 7.4 (6.5–8.5) 6.

AIx (%) 21.2�13.4 1

cIMT (mm) 0.57 (0.52–0.66) 0.56

�Comparison between normotensive and hypertensive patients. Continuous variables are presen
distribution.
AIx, augmentation index; AVR, arteriovenous ratio; cIMT, carotid intima-media thickness; CRAE,
diastolic blood pressure; eGFR, estimated glomerular filtration rate; LDL, low-density lipoprotein
ratio.
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standardized residuals excluded any heteroscedasticity of
distribution. The final models were evaluated for other
linear relationships among variables in the model (collin-
earity), by examining the variance inflation factor values,
which all were < 2, indicating no collinearity among the
covariates in the models.

An additional analysis was performed by categorizing
the participants into groups of low and high BP variability
(below and above the 50th percentile of the BPV distribu-
tion, respectively) for the 24-h systolic and diastolic ARV to
determine their relationship to the microvascular and
macrovascular parameters.

A P-value <0.05 was considered as statistically signifi-
cant. All analyses were carried out with SPSS software
(version 22.0; SPSS Inc., Chicago, Illinois, USA).

RESULTS

In total 364 individuals fulfilled the inclusion criteria and in
344 (95%) of them the technical quality of the ABPM
recording was deemed adequate for analysis. The clinical
characteristics and all the vascular parameters of the par-
ticipants are presented in Table 1. Hypertensive individuals
were more frequently male, and their office BP, 24-h BP,
and BPV were higher than the normotensive group. The
ABPM parameters of the study population are reported in
Table 2.

The results of the interaction analyses for the association
between ARV and vascular parameters based on hyperten-
sion status are presented in Figure 1, Supplemental Digital
Content, http://links.lww.com/HJH/C77, Table 1, Supple-
mental Digital Content, http://links.lww.com/HJH/C78 and
Table 2, Supplemental Digital Content, http://links.lww.
com/HJH/C79. For the majority of the micro-macrovascular
nsives (n¼111) Hypertensives (n¼233) P-value�

5.4�12.3 44.0�12.0 NS

42.3 (47) 66.1 (154) <0.001

(24.0–29.5) 26.9 (24.4–29.9) NS

42.3 (47) 36.5 (85) NS

19.1�10.0 143.6�15.7 <0.001

76.6�6.9 91.8�11.1 <0.001

68.6�9.8 72.6�11.2 0.001

12.7�32.5 118.3�33.2 NS

(81.0–93.0) 88.0 (82.0–94.0) NS

10.6�39.0 204.2�39.5 NS

(64.0–130.0) 98.0 (72.0–143.8) NS

37.7�35.6 133.8�32.4 NS

(85.9–101.5) 85.7 (79.8–92.6) <0.001

(109.1–130.7) 117.5 (106.3–127.0) NS

(0.71–0.84) 0.74 (0.68–0.81) 0.006

(140.5–172.3) 145.0 (132.3–164.8) 0.006

6 (6.0–7.5) 7.8 (7.0–8.8) <0.001

9.2�13.9 22.2�13.0 0.053

(0.51–0.64) 0.58 (0.52–0.67) NS

ted as mean� SD or as median (interquartile range) according to the shape of their

central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; DBP,
; PWV, pulse wave velocity; SBP, systolic blood pressure; SEVR, sub-endocardial viability
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TABLE 2. Ambulatory blood pressure monitoring and variability parameters of the study patients

Parameters All patients (n¼344) Normotensives (n¼111) Hypertensives (n¼233) P-value�

24-h SBP 129.3�15.4 114.5�8.5 136.4�12.7 <0.001

24-h DBP 81.6�11.0 71.9�6.1 81.6�11.0 <0.001

Day-SBP 134.5�15.7 118.7�8.8 141.9�12.5 <0.001

Day-DBP 85.7�11.1 75.6�6.1 90.4�9.6 <0.001

Night-SBP 117.5�15.4 105.0�8.5 123.4�14.3 <0.001

Night-DBP 72.3�11.1 64.1�6.9 76.1�10.6 <0.001

24-h ARV systolic 9.2�1.8 8.5�1.5 9.5�1.8 <0.001

24-h ARV diastolic 7.5�1.6 7.1�1.4 7.6�1.6 0.003

Day ARV systolic 9.4�2.0 8.8�1.9 9.7�2.0 <0.001

Day ARV diastolic 7.7�1.9 7.4�1.8 7.8�1.9 NS

Night ARV systolic 8.7�3.1 8.0�2.9 9.1�3.2 0.002

Night ARV diastolic 7.2�2.5 6.5�2.6 7.5�2.4 0.001

Weighted SD 11.1�2.7 10.0�2.3 11.6�2.7 <0.001

�Comparison between normotensive and hypertensive patients.
ARV, average real variability; DBP, diastolic blood pressure; SBP, systolic blood pressure; SD, standard deviation.
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parameters, the slopes of the association with ARV compo-
nents were significantly different between hypertensives
and normotensives.

The bivariate correlation analyses between BPV indices
and the vascular parameters are presented in detail in Table
3 for all patients and for the two subgroups (of hypertensive
and normotensive individuals). After controlling for poten-
tial confounders with the multiple regression models, PWV
and cIMT were independently associated with ARV com-
ponents in the total population (Table 4). Specifically, PWV
was associated with 24-h systolic, daytime systolic, night-
time systolic and night-time diastolic ARV; and cIMT was
associated with 24-h systolic and daytime systolic ARV.
TABLE 3. Correlation coefficients between blood pressure variability a
groups of normotensive and hypertensive individuals

BPV measure CRAE CRVE AVR

All patients (n¼344)
24-h ARV systolic �0.058 0.030 �0.087

24-h ARV diastolic �0.036 0.087 �0.126#

Day ARV systolic �0.006 0.043 �0.065

Day ARV diastolic �0.051 0.033 �0.087

Night ARV systolic �0.030 0.046 �0.066

Night ARV diastolic �0.017 0.125# �0.110

Weighted SD �0.077 �0.013 �0.075

Normotensives (n¼111)
24-h ARV systolic �0.088 0.323�� �0.323��

24-h ARV diastolic �0.077 0.374� �0.407�

Day ARV systolic �0.024 0.480� �0.428�

Day ARV diastolic �0.052 0.261�� �0.304��

Night ARV systolic �0.086 �0.013 0.048

Night ARV diastolic 0.009 0.252# �0.212

Weighted SD �0.081 0.245# �0.264��

Hypertensives (n¼233)
24-h ARV systolic 0.022 �0.056 0.055

24-h ARV diastolic 0.008 0.004 �0.001

Day ARV systolic 0.040 �0.094 0.096

Day ARV diastolic �0.033 �0.063 0.015

Night ARV systolic 0.041 0.084 �0.061

Night ARV diastolic 0.051 0.134# �0.063

Weighted SD �0.050 �0.070 0.016

Pearson’s r or Spearman’s rho correlation coefficients were used according to the normality of
AIx, augmentation index; ARV, average real variability; AVR, arteriovenous ratio; cIMT, carotid in
venular equivalent; PWV, pulse wave velocity; SD, standard deviation; SEVR, sub-endocardial via
� P<0.01, �� P<0.05, # P< 0.1.
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However, in the multiple regression models, none of the
univariate correlations between the vascular parameters
and wSD remained significant after adjustment for potential
confounders. Within the hypertensive group of patients,
PWV was independently correlated with night-time systolic
and night-time diastolic ARV; and cIMT was associated with
24-h systolic and daytime systolic ARV (Table 4). Within the
group of normotensive individuals, CRVE was significantly
correlated with 24-h systolic, 24-h diastolic and daytime
systolic ARV. The AVR was associated with daytime systolic
ARV; and AIx was associated with daytime diastolic ARV
(Table 4). However, in the multiple regression models,
none of the univariate correlations between the vascular
nd vascular parameters in the total study population and the two

PWV AIx SEVR cIMT

0.240� 0.148�� �0.106# 0.239�

0.043 �0.007 �0.016 �0.012

0.195� 0.201� �0.082 0.239�

0.012 0.038 0.017 0.034

0.199� �0.092 �0.069 0.085

0.153�� �0.054 �0.040 �0.024

0.232� 0.084 �0.064 0.287�

0.215�� 0.205�� 0.023 0.135

�0.151 0.128 �0.032 �0.163

0.196�� 0.280� �0.015 0.119

�0.093 0.193�� �0.079 �0.116

0.068 �0.084 0.085 0.145

�0.037 �0.012 0.114 �0.014

0.140 0.185 �0.037 0.259��

0.150�� 0.099 �0.051 0.262�

0.049 �0.071 0.052 0.056

0.125# 0.144�� �0.020 0.286�

0.020 �0.034 0.080 0.097

0.162�� �0.110 �0.109 0.037

0.144�� �0.094 �0.064 �0.049

0.157�� 0.005 �0.021 0.279�

the variables distribution.
tima-media thickness; CRAE, central retinal arteriolar equivalent; CRVE, central retinal
bility ratio.
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TABLE 4. Multiple linear regression models with the significant associations between average real variability indices and vascular
parameters (dependent variables)

All patients

Vascular parameter ARV index included in the model Model R2 Unstandardized B (95% CI) Standardized b P-value

PWV (1) 24-h systolic ARV 0.475 0.015 (0.006, 0.024) 0.137 0.002

Daytime systolic ARV 0.467 0.010 (0.001, 0.018) 0.099 0.023

Night-time systolic ARV 0.472 0.008 (0.003, 0.013) 0.129 0.003

Night-time diastolic ARV 0.468 0.009 (0.002, 0.015) 0.111 0.012

cIMT (2) 24-h systolic ARV 0.451 0.015 (0.003, 0.027) 0.137 0.014

Daytime systolic ARV 0.451 0.013 (0.003, 0.023) 0.134 0.014

Normotensives

Vascular parameter ARV index included in the model Model R2 Unstandardized B (95% CI) Standardized b P-value

CRVE (3) 24-h systolic ARV 0.254 3.997 (1.262, 6.732) 0.378 0.005

24-h diastolic ARV 0.220 3.464 (0.646, 6.281) 0.321 0.017

Daytime systolic ARV 0.285 3.866 (1.546, 6.185) 0.448 0.002

AVR (4) Daytime systolic ARV 0.193 �0.020 (�0.036, �0.005) �0.363 0.011

AIx (5) Daytime diastolic ARV 0.568 1.337 (0.285, 2.389) 0.177 0.013

Hypertensives

Vascular parameter ARV index included in the model Model R2 Unstandardized B (95% CI) Standardized b P-value

PWV (6) Night-time systolic ARV 0.407 0.011 (0.005, 0.018) 0.190 0.001

Night-time diastolic ARV 0.402 0.014 (0.005, 0.023) 0.178 0.002

cIMT (7) 24-h systolic ARV 0.471 0.022 (0.008, 0.036) 0.196 0.003

Daytime systolic ARV 0.471 0.020 (0.007, 0.032) 0.198 0.003

(1) Model adjusted for age, sex, BMI, fasting plasma glucose, smoking, dyslipidemia, and 24-h DBP.
(2) Model adjusted for age, BMI, fasting plasma glucose, dyslipidemia, and 24-h SBP.
(3) Model adjusted for age, BMI, and 24-h DBP.
(4) Model adjusted for age, fasting plasma glucose, and 24-h DBP.
(5) Model adjusted for age, sex, dyslipidemia, and 24-h DBP.
(6) Model adjusted for age, BMI, fasting plasma glucose, dyslipidemia, and 24-h DBP.
(7) Model adjusted for age, BMI, fasting plasma glucose, dyslipidemia, and 24-h SBP.
AIx, augmentation index; ARV, average real variability; AVR, arteriovenous ratio; BMI, body mass index; CI, confidence interval; cIMT, carotid intima-media thickness; CRVE, central
retinal venular equivalent; PWV, pulse wave velocity.
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parameters and wSD remained significant after adjustment
for potential confounders.

In a complementary analysis, when all the patients were
divided in low/high BPV groups (Fig. 1), there were signifi-
cantdifferencesbetween the lowvs.highsystolicARVgroups
for PWV [7.20 (6.40–8.10) vs. 7.67 (6.60–8.80), respectively,
P¼ 0.008], for cIMT [0.557 (0.510�0.617) vs. 0.603
(0.523�0.678), respectively, P¼ 0.008] and a trend for SEVR
(155.0� 26.9 vs. 149.9� 21.0, respectively, P¼ 0.065).

DISCUSSION

Our study showed that in people without established
cardiovascular disease, several ARV indices were signifi-
cantly associated with microvascular and macrovascular
parameters. In contrast, after adjustment for potential con-
founders, none of univariate correlations between wSD and
the vascular parameters remained significant. Moreover, an
interesting finding was revealed in the subgroup analyses
showing that ARV indices correlate with macrocirculation
parameters (PWV and cIMT) in hypertensives, whereas in
normotensives they reflect mostly microcirculation damage
(correlation with retinal calibers and AIx).

This is a comprehensive investigation examining simul-
taneously the relationship between ARV and several micro-
and macrovascular parameters, in a meticulously selected
treatment-naı̈ve population. Notably, the results of our
investigation revealed a different pattern for the two groups
Journal of Hypertension
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of hypertension phenotype regarding the associations be-
tweenARV indices andmicroandmacrovascularparameters.
In normotensives, only the microvascular parameters were
associated with ARV, whereas in untreated hypertensives
only the macrovascular parameters were related to ARV. A
plausible mechanism for this difference based on hyperten-
sion status could be speculated. Microcirculation is the site
where the earliestmanifestations of cardiovascular disease�
in particular, inflammatory processes� occur. An important
function of the microcirculation is to avoid large fluctuations
in hydrostatic pressure at the level of the capillaries causing
disturbances in capillary exchange [41].Wemay hypothesize
that the microcirculation is more sensitive to high blood
pressure variability and may be damaged earlier that the
macrocirculation, even before the onset of hypertension.
This could potentially explain the independent association
of ARVwith microcirculation but not macrocirculation in the
normotensive group. On the other hand, there is evidence to
suggest that microvascular abnormality might initiate the
pathogenic sequence in primary hypertension. If, as seems
likely, microvascular abnormalities can both result from and
contribute to hypertension, a ‘vicious cycle’ may exist in
which the microcirculation maintains or even amplifies an
initial increase inbloodpressure. In thegroupofpatientswith
established hypertension, we might hypothesize that the
fluctuations in BP levels as reflected by the ARV are not
affecting any longer the microcirculation as strongly as the
actual BP elevation itself.
www.jhypertension.com 79
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FIGURE 1 Target organ damage parameters (PWV, cIMT and SEVR) according to low vs. high systolic ARV groups (only significantly different groups are displayed). ARV,
average real variability; cIMT, carotid intima-media thickness; PWV, pulse wave velocity; SEVR, sub-endocardial viability ratio.
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Based on these findings, short-term BPV assessed by ARV
could potentially serve as a surrogate marker to identify
individuals that are at higher risk of subclinical TOD or
development of hypertension, even among a normotensive
population, using anaffordable andwidely availablemethod
such as the 24-h ABPM. A strength of this study is that
normotensive participants were true normotensives (low
office and ambulatory BP), whereas the hypertensive group
included individuals with white-coat and masked hyperten-
sives. If in thehypertensivegrouponlypeoplewith sustained
hypertension (elevated office and ambulatory BP) were
included, the differences vs. normotensives would be
expected to be larger.

Relation of blood pressure variability with
microvascular parameters
Our results showed that in the normotensive individuals the
retinal vascular calibers were independently associated
with several ARV components, both systolic and diastolic.
In our study the ARVs were independently associated with
CRVE and AVR, but not CRAE. A previous study found that
CRAE was more strongly influenced by BP than CRVE [42],
however it is necessary to keep in mind that BPV is a
different parameter that BP and previous research findings
on BP association with retinal parameters may not apply
automatically when BPV is investigated. Importantly, retinal
venular widening has been shown to be related to systemic
inflammation, measures of atherosclerosis, and metabolic
abnormalities [43]. Moreover, retinal venular widening has
been hypothesized to be a general marker of retinal ische-
mia and hypoperfusion secondary to microvascular rare-
faction [44] andmay reflect endothelial dysfunctionwhich is
involved in microvascular remodeling [45]. A recent meta-
analysis [31] showed that retinal vascular calibers are inde-
pendently associatedwith an increased risk of hypertension
and the associations persist in those with optimal BP at
80 www.jhypertension.com
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baseline. The authors’ findings suggested that generalized
microvascular dysfunction, seen in the retinal vasculature,
precedes the onset and development of hypertension.

In addition, we observed that in normotensive individuals
the correlation between ARV and AIx remained significant
after adjustment for potential confounders. Noteworthy, in a
longitudinal community-based cohort study [46], the inves-
tigators demonstrated prospectively that AIx is related to
future systolic blood pressure, pulse pressure, and incident
hypertensionand that initialmeasuresofendothelial function
and microcirculation are associated prospectively with
incident hypertension, even after considering the potential
confounding effect of initial blood pressure. Although AIx
depends upon the elastic properties of the entire arterial tree,
it seems to reflect more the circulation in the peripheral
arteries than in the aorta, since the principal determinant
of AIx is the reflection coefficient, which is strongly influ-
enced by peripheral vasomotor tone [47]. These findings
highlight the potential value of 24-h ARV and its components
to identify individuals at higher risk to develop hypertension,
using an accessible method such as the 24-h ABPM.

Notably, in our population SEVR was not associated with
any of the BPV indices. It has been hypothesized that higher
BPV may predispose to a greater variation in tissue perfu-
sion, which may be harmful to some sensitive tissues. We
could speculate that since the microvasculature of the
myocardium is experiencing some physiological variations
of blood flow due to its contraction during the cardiac cycle,
it may be less sensitive to blood pressure variability.

Relation of blood pressure variability with
macrovascular parameters
Our results also corroborate previous clinical studies in
hypertensive patients [24,48,49], which described a signifi-
cant association between ARV and large-artery stiffness, as
assessed by PWV. In agreement with these reports, we
Volume 41 � Number 1 � January 2023
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found that this association mainly present for the systolic
components of the ARV (24-h, daytime, and night-time).
Furthermore, previous data suggest that BPV expressed by
ARV is positively related to the cIMT in treated and untreat-
ed hypertensive patients [22,23,25,26,29], which is also
confirmed by our results. In the normotensive individuals
the association of ARV with macrovascular parameters was
not significant after adjusting for confounding factors. As
previously mentioned, we might hypothesize that in the
group of untreated hypertensive patients the fluctuations in
BP levels as reflected by the ARV are not affecting any
longer the microcirculation as strongly as the actual BP
elevation itself.

Possible mechanisms involved in blood
pressure variability and target organ damage
The underlying mechanisms of the association between
short-term BPV and target organ damage have been inves-
tigated by several researchers. Evidence based on animal
data [50,51] showed that elevated BPV induced by arterial
baroreceptor denervation in rats, without an accompanying
increase in average BP levels, was associated with reduced
arterial distensibility and increased collagen content and
density in arterial walls. A possible mechanism for the
structural and functional changes in the carotid artery wall
is based on the hypothesis that high BPV increases oscil-
latory shear stress in the walls of large arteries [52,53], which
ultimately leads to vascular wall remodeling and, in some
arterial beds, to atherosclerosis [54].

Furthermore, there is a potential role for hemodynamic
effects. Higher BPV may predispose to a greater variation
in tissue perfusion, which may be harmful to some sensi-
tive tissues. Cellular metabolism may be disturbed by such
a variation. Using a chronic SAD rat model, Miao et al. [55]
hypothesized that a large variation of BP may produce a
direct effect on endothelial cells of arteries through me-
chanical effects, which leads to unbalance of endothelium-
derived vasodilators and vasoconstrictors and/or direct
lesion of endothelium, resulting in arterial remodeling.
It is possible that the activation of neurohumoral systems
may be associated with sinoaortic denervation-induced
vascular remodeling. In addition, the investigators found
that aortic angiotensin II concentration was significantly
increased, whereas plasma angiotensin II concentration
was unchanged, after 10-week sinoaortic denervation.
These data suggest that activation of tissue RAS, rather
than circulating RAS, might have been related to arterial
wall thickening.

Limitations
These data should be evaluated by considering several
limitations. Our population was selected to have relatively
low cardiovascular risk; the exclusion of patients with
diabetes and previous cardiac or renal disease makes our
findings not directly applicable to the entire general hyper-
tensive population. Moreover, we did not adjust for possi-
ble magnification effects in the calculation of CRAE and
CRVE. In addition, the cross-sectional design of our work
does not allow investigating a causal link of BPV with micro
and macrovascular parameters. It should be noted that ARV
also has technical limitations. First, no existing ABPM
Journal of Hypertension
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devices incorporate automatic quantification of ARV or
other novel BPV indices. To partly overcome this difficulty,
we used in-house developed software to automatically
calculate ARV directly from the ABPM raw data. Another
issue is that the minimum number of valid BP readings
needed to provide accurate evaluation of BPV is uncertain
and may not be feasible to obtain in real-world patients.

In conclusion, our study showed that short-term BPV
represented by ARV indices is independently associated
with macrovascular parameters in untreated hypertensive
patients and with microvascular parameters in normoten-
sives. Further studies are warranted to investigate which
BPV cut-off values may determine a subgroup of individu-
als at high risk of TOD and future development of hyper-
tension regardless of the average BP measures.
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