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Abstract 

Introduction:  Structural and functional changes of the vascular wall in women occur already at the very early 
stages of reproductive aging. An emergence of applanation tonometry made it possible to evaluate arterial stiffness 
and central hemodynamic parameters non-invasively, which considerably expanded the information that had been 
provided previously by invasive methods used for studying these parameters during cardiac catheterization. Whereas 
a few studies have assessed central aortic pressure (CAP) parameters and reflected pulse wave in women at different 
phases of their reproductive aging, none investigated the daily profile of CAP and reflected pulse wave parameters 
in women undergoing different stages of the menopause. Background: assessment of the daily variability in CAP 
and daily profile of amplification and augmentation of pulse blood pressure (PBP) in women at different menopause 
phases.

Methods:  The study involved 384 climacteric women. The first group included 168 women undergoing perimeno-
pause, the second group comprised of 216 women in their early postmenopausal stage. A 24-h blood pressure (BP) 
monitoring in the brachial artery and aorta (BPLab® Vasotens® system, Petr Telegin LLC, Russia) was performed via 
the measurements of the following indicators: systolic blood pressure (SBP), pulse blood pressure (PBP), central aortic 
systolic pressure (CASP), central aortic pulse pressure (CAPP), aortic augmentation index (AIxao), and pulse pressure 
amplification (PPA).

Results:  When investigating PPA values in the brachial artery and aorta, we detected smaller amplification and 
higher aortic augmentation index at night than in daytime, which reflected a disproportionately higher CAP level dur-
ing night hours. This pattern was more pronounced in postmenopausal women. We calculated the logistic regression 
equation (adjusted R2 = 0.49, log-likelihood = − 50.3, chi-square (19) = 97.6, p < 0.001), in which dependent variable 
was represented by the menopausal status, whereas body mass index with all indicators of a 24-h BP monitoring 
represented independent variables. In this model, two indicators (body mass index and AIxao) were, independently 
of each other, associated significantly with the menopause phases. Differences among women at various climacteric 
phases in terms of remaining indicators of a 24-h BP monitoring, apparently, matched the differences in their body 
mass index values.
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Introduction
Along with shared risk factors for cardiovascular disease 
(CVD) in men and women, women have a unique risk 
factor: the development of estrogen deficiency in post-
menopausal period [1, 2]. Available contemporary data 
on the mechanisms of estrogenic influence on cardiovas-
cular system indicate the complexity and multidirectional 
nature of their biological effects, provided by their impact 
on metabolic risk factors [3, 4], along with other direct 
impacts on the vascular wall [5–7]. Estrogens cause vas-
odilation by affecting the synthesis of nitric oxide (NO) 
and prostacyclin, reducing synthesis of endothelin-1, and 
promoting the opening of calcium channels in the cell 
membranes of vascular smooth muscle cells [8].

The effect of estrogen deficiency on CVD development 
can be mediated by various mechanisms. On one hand, 
age-related estrogen deficiency promotes the redistri-
bution of adipose tissue resulting in abdominal obesity, 
development of insulin resistance, and occurrence of 
adverse metabolic changes, all of which create the basis 
for the formation of menopausal metabolic syndrome [9, 
10].

On the other hand, the consequence of estrogen defi-
ciency is an imbalance of vasoactive mediators with 
a predominance of vasoconstrictor production and a 
decrease in the secretion of vasodilators. As a result, the 
conditions are created for the development of endothelial 
dysfunction and changes in elastic properties of the vas-
cular wall [7, 11].

Structural and functional changes of the vascular wall 
in women occur already at the very early stages of repro-
ductive aging. They accelerate significantly after the onset 
of menopause, which is largely due to the loss of protec-
tive effect of female sex hormones on the cardiovascular 
system [11–13].

In most studies, the menopause onset has been asso-
ciated with an imbalance among the production of 
vasoconstrictor and vasodilating factors: a decrease in 
endothelium-dependent vasodilation, related to insuffi-
cient NO production [14], and increase in vasoconstric-
tor factors [5, 11, 15].

Currently, non-invasive methods for assessing early 
structural and functional changes in the vascular wall are 
actively studied. Such methods include ultrasound exam-
ination of the carotid arteries, evaluation of endothelial 
function and coronary calcification, characterization of 
the central pulse wave, and investigation of the vascular 

wall for arterial stiffness. All of the above belong to sub-
clinical vascular CVD markers, enabling the assessment 
of the vascular wall condition at different stages of CVD 
continuum [16, 17].

An emergence of applanation tonometry made it pos-
sible to evaluate arterial stiffness and central hemody-
namic parameters non-invasively, which considerably 
expanded the information that had been provided previ-
ously by invasive methods used for studying these param-
eters during cardiac catheterization. The development of 
techniques, combining the brachial artery blood pressure 
(BP) measurements with a cuff and the analysis of the 
central pulse wave, permitted to evaluate the functional 
parameters of the arterial wall via the method of outpa-
tient daily monitoring [16, 17], which expanded the pos-
sibilities of early cardiovascular screening of the patients 
at risk for CVD.

The phenomenon of pulse pressure amplification (PPA) 
from the central arteries to the peripheral arteries, mainly 
because of a rise in systolic pressure, makes it incorrect 
to use pulse pressure in the brachial artery as a substitute 
for pulse pressure in aorta.

Taking into account that central aortic pressure (CAP) 
reflects blood flow in the coronary and cerebral vascula-
tures to a greater extent and is a more significant predic-
tor of cardiovascular complications, the assessment of 
central pulse wave parameters has additional advantages 
for characterizing the state of the cardiovascular system 
than assessment of arterial stiffness indicators alone [17].

Whereas a few studies have assessed CAP parameters 
and reflected pulse wave in women at different phases of 
their reproductive aging [18–20], none investigated the 
daily profile of CAP and reflected pulse wave parameters 
in women undergoing different stages of the menopause. 
Our preliminary results established an association of 
menopause phases with some hemodynamic parameters 
(CAP parameters, vascular stiffness, and reflected pulse 
wave) [21]. Nonetheless, an impact of some cardiovascu-
lar risk factors (e.g., hypertension and obesity), as well as 
complex structure of revealed association deserves fur-
ther comprehensive investigation.

The objective of our study was to assess daily variability 
in CAP and daily profile of amplification and augmenta-
tion of pulse blood pressure (PBP) in women at differ-
ent menopause phases, with regards to the presence, or 
absence, of some cardiovascular risk factors, such as 
hypertension and obesity.

Conclusion:  Rising CAP, in combination with declining PPA and augmenting reflected pulse wave amplitude, may be 
associated with an increased risk of cardiovascular complications.

Keywords:  Menopause, Arterial stiffness, Central aortic pressure, Augmentation index, Pulse pressure amplification
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Materials and methods
Patients
The study included 384 women with a median age of 
51  years old (lower and upper quartiles: 48, 56) with 
menstrual dysfunction and manifestations of menopausal 
syndrome of varying severity and duration. According to 
the criteria for the aging of the female reproductive sys-
tem—STRAW + 10, study subjects were assigned to the 
late perimenopausal and early postmenopausal stages 
[22]. For patients with hypertension, an additional inclu-
sion criterion was the absence of regular antihypertensive 
therapy during the last three months before enrollment 
in the study. All subjects underwent a complete clinical 
examination prior to their enrollment. It should be also 
noted that among 189 hypertensive patients included 
in the study, 77 subjects (40.7%) had hypertension diag-
nosed for the first time during the preliminary clinical 
examination.

The non-inclusion criteria for our study were as fol-
lows: the presence of a clinically manifested atherosclero-
sis; type 1 and type 2 diabetes mellitus; the development 
of reproductive arterial hypertension and symptomatic 
arterial hypertension; cardiac arrhythmias; thyroid dis-
ease; premature or early menopause; hysterectomy; ova-
riectomy; severe somatic disorders.

After obtaining written consent to participate in the 
study, all examined patients were split among two groups 
based on their menopausal status: Group 1 consisted of 
168 women undergoing perimenopause, while Group 2 
included 216 women in their early postmenopausal stage.

Major clinical characteristics of examined women are 
presented in Table  1. The age of study participants in 

Group 1 was 49 years old (48, 50); whereas in Group 2, it 
was 53 years old (50, 55). Women in the early postmen-
opausal period (Group 2) exhibited an increase in the 
frequency of occurrence of major risk factors for CVD 
(hypertension, lipid metabolism disorders, overweight 
condition and obesity, and metabolic syndrome), as well 
as in their severity, compared with women undergoing 
menopausal transition (Group 1). Such trends were quite 
expected, given the difference in their menopausal sta-
tus, underlying the assignment of patients into the study 
groups, since the menopause onset is thought to be asso-
ciated with an increase in the frequency and severity of 
major cardiovascular risk factors [1, 2].

Antihypertensive therapy in all examined women with 
arterial hypertension was conducted with a medication 
from the group of angiotensin II receptor antagonists—
losartan, with a gradual dose titration up to 100 mg per 
day. Whenever it was necessary to prescribe a combina-
tion therapy, a sustained-release formulation of indapa-
mide was added at a fixed dose of 1.5  mg per day: in 4 
(5.6%) subjects of Group 1 and in 64 (54.8%) patients of 
Group 2. In Group 2, 14 (11.9%) women required triple 
antihypertensive therapy with the addition of 5  mg of 
amlodipine per day (Table 1).

Taking into account the heterogeneity of our experi-
mental groups, along with the possibility of impact by 
some cardiovascular risk factors on the studied param-
eter values, we additionally investigated the daily changes 
in the amplification and augmentation of pulse pressure 
in healthy women of the climacteric period. Hence, we 
identified separate subgroups of women without arterial 
hypertension, overweight condition or obesity at the time 

Table 1  Clinical characteristics of women included in the study

The quantitative data are presented as Me (LQ, UQ); the qualitative indicators are in the form of absolute and relative frequencies; p1-2 represents the significance of 
differences between the women of Groups 1 and 2; BMI is a body mass index; WC stands for waist circumference; WC/TC is the ratio of the waist circumference to the 
circumference of thighs

Indicators Group 1 (n = 168) Group 2 (n = 216) p1-2

Age of patients, years 48.7(48.0, 50.0) 53.0 (50.0, 55.0)  < 0.001

Menopause duration, years – 3.5 (2.0, 5.0) –

Hypertension, n (%) 72 (38.1) 117/61.9 0.020

BMI, kg/m2 25.6(24.0, 26.5) 28.6(25.9, 33.2)  < 0.001

BMI > 25 kg/m2, n (%) 87 (51.8%) 170 (78.7%)  < 0.001

WC, cm 87.0(74.0, 94.0) 94.0(87.0, 108.0)  < 0.001

WC > 80 cm, n (%) 84 (50%) 191 (88.4%)  < 0.001

WC/TC 0.81 (0.77, 0.86) 0.86 (0.82, 0.92)  < 0.001

Metabolic syndrome, n (%) 39/23.2 116/54  < 0.001

Antihypertensive therapy regimen for women with hypertension: (n = 72) (n = 117)

Losartan (100 mg per day), n (%) 68 (94.4%) 39 (33.3%)  < 0.001

Losartan (100 mg per day) + indapamide (1.5 mg per day), n (%) 4 (5.6%) 64 (54.8%)  < 0.001

Losartan (100 mg per day) + indapamide (1.5 mg per day) + amlodipine 
(5 mg per day), n (%)

0 (0%) 14 (11.9%) 0.057
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of inclusion in the study from previously formed groups 
of women undergoing menopausal transition (Group 
1a, n = 78) and early postmenopausal period (Group 2a, 
n = 41). The subgroups in question were comparable in 
all clinical characteristics, except for age (46.4 ± 4.9 years 
in the subgroup 1a vs. 51.7 ± 5.6 years in the subgroup 2a, 
p < 0.001), which was expected, given their different men-
opausal statuses.

Data recording
A 24-h monitoring of blood pressure and the study of 
arterial stiffness were performed by the oscillometric 
method using the MnSDP-2 apparatus and the BPLab® 
software in the expanded Vasotens® edition.

The BPLab® Vasotens® system (Petr Telegin LLC, Rus-
sia; URL: http://​vasot​ens.​com/) registers a pulse wave on 
the brachial artery and, possessing a transforming func-
tion, allows obtaining additional information on CAP 
and vascular wall stiffness. There are publications on suc-
cessful validation of this device and its use for general 
population [23–26].

We analyzed daily averages of systolic blood pressure 
(SBP) and pulse blood pressure (PBP). The average shape 
of pulsations in the ascending aorta was used to calcu-
late the CAP parameters: central aortic systolic pressure 
(CASP), central aortic pulse pressure (CAPP), aortic 
augmentation index (AIxao) and pulse pressure amplifi-
cation [16]. Pulse pressure amplification (PPA, mmHg) 
was estimated by the difference between PBP и CAPP: 
PPA = PBP – CAPP.

Statistical analysis
Statistical data processing was performed using the STA-
TISTICA 10.0 software package (StatSoft, USA; URL: 
http://​stats​oft.​ru/​produ​cts/​STATI​STICA_​Base/). For 
quantitative parameters, in case of a normal distribution, 
the studied characteristics were presented as means with 
their standard deviations, M ± SD. Whenever the stud-
ied traits did not comply with a normal distribution, they 
were presented as medians with lower and upper quar-
tiles, Me (LQ, UQ). We investigated how well the distri-
bution types of the measured variables matched to the 
law of normal distribution using the Shapiro–Wilk test. 
The following variables exhibited a normal distribution: 
SBP, PBP, CASP, CAPP, PPA, and AIxao (in subgroups 1a 
and 2a). All quantitative clinical parameters (age, meno-
pause duration, body mass index, waist circumference, 
the ratio of the waist circumference to the circumference 
of thighs), and AIxao (in Groups 1 and 2) were non-nor-
mally distributed. For qualitative indicators, absolute and 
relative frequencies were calculated.

For quantitative indicators, differences between the 
groups were analyzed using the unequal variance t-test in 

case of a normal distribution (note: on most occasions, 
the Levene’s test yielded unequal variances for the traits 
among the compared groups), otherwise we employed 
non-parametric Mann–Whitney criterion. Multiple 
logistic regression analysis was used to assess multiple 
relationships between the parameters. The significance 
level in our study was set at p < 0.05.

Results
We compared the absolute values of the SBP, PBP, CASP, 
CAPP and the PPA phenomenon among women during 
their perimenopause (Group 1) and early postmenopause 
(Group 2), separately for daytime and nighttime hours. 
A comparison of the daily BP profile indicators in the 
brachial artery vs. aorta with simultaneous non-invasive 
24-h BP monitoring in women undergoing different 
phases of the menopause is presented in Table 2.

The dynamics of SBP and PBP during the 24-h period 
in women of both groups matched the changes in 
similar indicators measured in the brachial artery. For 

Table 2  Indicators of a 24-h BP monitoring in the brachial artery 
and aorta in women at various climacteric phases

The data are presented in the form of M ± SD or Me (LQ, UQ); p1-2 represents 
the significance of differences between the women of Groups 1 and 2; asterisks 
show the significance level of the differences between the daytime and 
nighttime monitoring periods (*p < 0.05; **p < 0.01); SBP stands for systolic blood 
pressure; PBP indicates pulse blood pressure; CASP is central aortic systolic 
pressure; CAPP is central aortic pulse pressure; AIxao is aortic augmentation 
index; PPA represents pulse pressure amplification

Indicators Group 1 (n = 168) Group 2 (n = 216) p1-2

SBP—24-h period, 
mmHg

115.7 ± 11.3 126.2 ± 13.3  < 0.001

SBP—day, mmHg 118.5 ± 11.8 130.7 ± 13.9  < 0.001

SBP—night, mmHg 106.5 ± 12.1 116.8 ± 14.9 0.001

PBP—24-h period, 
mmHg

43.7 ± 6.2 49.3 ± 9.5 0.014

PBP—day, mmHg 45.6 ± 6.5 52.0 ± 10.0 0.032

PBP—night, mmHg 40.9 ± 6.2 47.4 ± 9.6 0.013

CASP—24-h period, 
mmHg

108.4 ± 10.8 118.2 ± 12.0  < 0.001

CASP—day, mmHg 109.7 ± 10.7 119.6 ± 12.3 0.001

CASP—night, mmHg 99.3 ± 10.1 110.5 ± 15.6 0.012

CAPP—24-h period, 
mmHg

34.1 ± 5.8 39.9 ± 8.0  < 0.001

CAPP—day, mmHg 34.4 ± 6.0 40.6 ± 8.4 0.002

CAPP—night, mmHg 32.3 ± 5.4 39.4 ± 11.9 0.001

PPA—24-h period, 
mmHg

9.6 ± 2.1 9.5 ± 2.2 0.326

PPA—day, mmHg 11.2 ± 2.2 11.4 ± 2.2 0.188

PPA—night, mmHg 8.6 ± 1.9** 8.0 ± 1.7** 0.002

AIxao—24-h period, 
%

22 (15–28) 28 (20–35) 0.004

AIxao—day, % 20 (12, 25) 27.5 (22, 35) 0.018

AIxao—night, % 23.5 (17, 28)* 32 (22, 38)* 0.001

http://vasotens.com/
http://statsoft.ru/products/STATISTICA_Base/
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postmenopausal women, we discovered higher values 
of SBP and PBP both in the brachial artery and aorta 
during the 24-h period, in daytime hours (when stay-
ing awake) and at night (during sleep), compared with 
women undergoing menopausal transition.

For women of both groups, our results demonstrated 
that CAPP at night declined less than peripheral PBP; 
while in women of Group 2, the decrease of CAPP at 
night was less pronounced than in Group 1. The reduc-
tion in CAPP at night was 2.1 ± 1.1 mmHg in Group 1 
and 1.2 ± 1.0 mmHg in Group 2 (p = 0.001). The decline 
in peripheral PBP at night in women of Group 1 was 
4.7 ± 1.4  mmHg, while in women of Group 2, it was 
4.6 ± 1.2 mmHg (p = 0.452).

With similar changes in the 24-h BP profile in women 
of both groups, a smaller decline in central PBP at night 
may indicate a greater CASP augmentation during this 
time of the day.

In connection with revealed disproportionality in the 
degree of a night-time decline in peripheral and cen-
tral BP, we analyzed AIxao (Table  2). To diminish the 
dependence of AIxao on the heart rate, the normalized 
value of the former, corresponding to the heart rate of 
75 beats per minute, was calculated. Thus, we leveled 
off the effect of different heart rate values on the stud-
ied parameter in daytime and nighttime hours.

In women of the early postmenopausal stage, com-
pared with those in perimenopause, we detected lower 
PPA values over 24-h period, at night, and a clear trend of 
its decrease in daytime hours.

In subjects of both groups, PPA values at night were 
lower than daytime values, although a more pronounced 
difference was noted in women of the early postmeno-
pausal stage. These changes were associated with higher 
values of AIxao during 24-h period, daytime and night-
time in women at early postmenopausal phase versus the 
women undergoing perimenopause.

Analyzing 24-h AIxao dynamics, we noticed its higher 
nighttime values, compared with daytime monitor-
ing period, with more pronounced changes detected in 
women of the early postmenopausal stage.

Twenty-four-hour changes in amplification and aug-
mentation of pulse pressure in subgroups 1a and 2a are 
presented in Table 3.

The discovered dynamics in the 24-h PPA profiles of 
healthy women (subgroups 1a and 2a) matched the iden-
tified changes in groups of climacteric women (Groups 1 
and 2): the CAPP at night declined less than the periph-
eral BP, measured on the brachial artery, and the PPA at 
night was less pronounced than in daytime hours.

The decrease of peripheral PBP at night in women was 
5.4 ± 1.6 mmHg in the subgroup 1a and 5.6 ± 1.6 mmHg 
in the subgroup 2a (p = 0.259). Despite the absence 

Table 3  Indicators of a 24-h BP monitoring in the brachial artery and aorta in healthy women at various climacteric phases 
(subgroups 1a and 2a)

The data are presented in the form of M ± SD; p1a-2a represents the significance of differences between the women of subgroups 1a and 2a; asterisks show the 
significance level of the differences between the daytime and nighttime monitoring periods (*p < 0.05; **p < 0.01); CAPP stands for central aortic pulse pressure; AIxao 
is aortic augmentation index; PBP indicates pulse blood pressure in the brachial artery; PPA is pulse pressure amplification

Indicators Subgroup 1a, n = 78 Subgroup 2a, n = 41 p1a-2a

SBP—24-h period, mmHg 111.3 ± 11.8 116.2 ± 12.1 0.460

SBP—day, mmHg 114.5 ± 12.1 118.5 ± 12.9 0.096

SBP—night, mmHg 104.8 ± 10.5 109.4 ± 12.8 0.037

PBP—24-h period, mmHg 41.2 ± 7.4 43.6 ± 9.2 0.125

PBP—day, mmHg 43.8 ± 7.6 48.4 ± 8.3 0.029

PBP—night, mmHg 38.4 ± 7.2 42.8 ± 8.5 0.018

CASP—24-h period, mmHg 103.5 ± 10.2 106.8 ± 10.9 0.104

CASP—day, mmHg 106.4 ± 10.9 112.2 ± 11.5 0.007

CASP—night, mmHg 98.5 ± 9.3 102.6 ± 9.8 0.026

CAPP—24-h period, mmHg 32.1 ± 6.1 34.7 ± 6.2 0.030

CAPP—day, mmHg 32.4 ± 5.8 36.7 ± 6.6 0.001

CAPP—night, mmHg 29.6 ± 5.6 34.3 ± 5.9 0.001

PPA—24-h period, mmHg 9.2 ± 4.3 9.0 ± 2.9 0.394

PPA—day, mmHg 11.4 ± 5.8 11.8 ± 3.2 0.443

PPA—night, mmHg 8.8 ± 1.9** 8.5 ± 2.1** 0.411

AIxao—24-h period, % 21.8 ± 11.3 26.2 ± 11.8 0.049

AIxao—day, % 19.5 ± 9.2 24.5 ± 10.8 0.014

AIxao—night, % 23.0 ± 10.6* 28.2 ± 11.2* 0.034
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of significant differences in the degree of the CAPP 
decrease, women in subgroup 2a showed a clear tendency 
towards a smaller CAPP decline at night than subjects in 
the subgroup 1a (2.4 ± 1.2 vs. 2.8 ± 1.2 mmHg, p = 0.086).

The 24-h AIxao dynamics indicated its higher night-
time values ​​in both groups, whereas more pronounced 
changes were noted in postmenopausal women.

Thus, in women of early postmenopausal phase, com-
pared with those undergoing menopausal transition, we 
detected a decrease in 24-h and nighttime PPA profiles, 
and a clear trend of PPA decline in daytime hours as well, 
combined with higher augmentation index values ​​ during 
the day, night, and over a 24-h monitoring period. Analy-
ses of 24-h PPA and AIxao profiles in women of both 
groups demonstrated PPA reduction accompanied by 
its higher values at night, compared with daytime hours, 
with more distinct changes noted in women of the early 
postmenopausal period.

We conducted multiple logistic regression analysis, in 
which the menopausal status was used for dependent 
variable. Body mass index and all indicators of a 24-h BP 
monitoring in the brachial artery and aorta in women 
of Groups 1 and 2 were included in the regression 
model as independent variables. The outcomes of logis-
tic regression analysis are presented in Table 4. General 

characteristics of the calculated logistic regression equa-
tion included adjusted R2 = 0.49, log-likelihood = − 50.3, 
chi-square (19) = 97.6, p < 0.001. We conducted multi-
ple regression analysis, in which the menopausal status 
was used for dependent variable. For each independent 
trait, a standardized value of the regression coefficient 
(beta) was calculated. The beta coefficients for various 
parameters were as follows: 0.652 (p = 0.007) for CAPP, 
0.609 (p = 0.044) for AIxao, − 0.580 (p = 0.081) for PPA, 
0.028 (p = 0.204) for CASP, 0.215 (p = 0.385) for SBP, and 
0.205 (p = 0.326) for PBP. General characteristics of the 
obtained multiple regression equation included adjusted 
R2 = 0.80, F(13.69) = 26.9, p < 0.001.

Discussion
The phenomenon of pulse pressure amplification from 
central to peripheral arteries implies that PBP use in 
brachial artery as a substitute for PBP in aorta is quite 
inadequate. It was previously shown that CAP (especially 
CAPP), along with augmentation index, correlate with 
the degree of transformation in large arteries and pulse 
wave velocity as a conventional indicator of the vascular 
wall stiffness [27, 28].

Considering important clinical and prognostic values 
of a 24-h peripheral BP profile, the data on comparability 

Table 4  Relationship between the menopausal status, body mass index and indicators of a 24-h BP monitoring in the brachial artery 
and aorta in women: The results of logistic regression analysis

OR, odds ratio; SE, standard errors; CI, confidential interval; Coef., coefficients; BMI, body mass index; SBP, systolic blood pressure; PBP, pulse blood pressure in the 
brachial artery; CASP, central aortic systolic pressure; CAPP, central aortic pulse pressure; PPA, pulse pressure amplification; AIxao, aortic augmentation index

OR SE 95% CI z p Coef SE

BMI 1.82 0.29 1.32–2.50 3.69  < 0.001 0.60 0.16

SBP—24-h period 1.14 0.18 0.83–1.57 0.83 0.404 0.13 0.16

SBP—day 1.10 0.16 0.83–1.46 0.65 0.518 0.09 0.15

SBP—night 1.03 0.09 0.86–1.23 0.36 0.721 0.03 0.09

PBP—24 h period 2.53 1.44 0.83–7.70 1.63 0.103 0.93 0.57

PBP—day 0.90 0.46 0.33–2.47 − 0.21 0.837 − 0.11 0.52

PBP—night 0.61 0.23 0.29–1.27 − 1.33 0.185 − 0.50 0.37

CASP—24 h period 0.91 0.09 0.76–1.09 − 1.01 0.313 − 0.09 0.09

CASP—day 0.90 0.08 0.76–1.07 − 1.17 0.241 − 0.10 0.09

CASP—night 0.93 0.05 0.84–1.04 − 1.25 0.211 − 0.07 0.06

CAPP—24 h period 0.91 0.09 0.74–1.11 − 0.97 0.333 − 0.10 0.10

CAPP—day 0.45 0.21 0.18–1.13 − 1.71 0.087 − 0.81 0.47

CAPP—night 1.49 0.51 0.77–2.92 1.18 0.239 0.40 0.34

PPA—24 h period 0.44 0.22 0.16–1.19 − 1.62 0.106 − 0.82 0.51

PPA—day 1.24 0.41 0.65–2.36 0.65 0.516 0.21 0.33

PPA—night 1.21 0.27 0.78–1.88 0.84 0.402 0.19 0.22

AIxao—24 h period 0.28 0.14 0.10–0.77 − 2.46 0.014 − 1.29 0.52

AIxao—day 2.30 0.81 1.16–4.58 2.38 0.017 0.83 0.35

Aixao—night 1.51 0.26 1.08–2.13 2.40 0.016 0.42 0.17

_constant 4.96e + 16 8.24e + 17 362.96–6.78e + 30 2.31 0.021 38.44 16.61
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of indicators, recorded during a 24-h BP monitoring in 
the brachial artery vs. aorta, are of indisputable interest. 
Up to now, the problem of a 24-h variability of both CAP 
and parameters of reflected wave in a simultaneous non-
invasive BP monitoring in the brachial artery and aorta in 
climacteric women was not sufficiently addressed, which 
led to this research.

Previously conducted studies have shown compara-
ble circadian rhythms for both central blood pressure 
and peripheral blood pressure; while less pronounced 
decrease in central SBP was observed, compared with the 
peripheral SBP at night in menopausal women. However, 
the mechanisms explaining this phenomenon remain 
insufficiently studied [29].

In our study of climacteric women, we established 
lower PPA values at night than in daytime hours, while 
comparing PBP in the brachial artery and aorta, which 
reflected a disproportionately higher level of CAP at 
night vs. daytime hours. The 24-h AIxao profile was char-
acterized by higher values at night, compared with the 
daytime period. This pattern was more pronounced in 
postmenopausal women.

It could be assumed that age-related estrogen defi-
ciency, leading to structural and functional changes in 
the vascular wall, may affect the amplification and aug-
mentation of pulse pressure.

The research conducted by Kuznetsova et  al. [26] 
included women of an age range comparable to our 
study. However, the study carried out on women in this 
age range requires detailing their menopausal status (the 
period of the menopausal transition or early postmeno-
pause), which was demonstrated by our results. Besides, 
the research of Kuznetsova et al. [26], in contrast to our 
study, involved solely healthy volunteers, thus excluding 
various additional risk factors, largely associated with the 
menopause.

It can be assumed that higher CAPP values, com-
bined with a lower PPA and an amplitude increase of the 
reflected pulse wave, determine the pulse wave damaging 
effect on the blood vessels of the target organs and, there-
fore, may be associated with increased risk of cardiovas-
cular complications, as was shown in a number of studies 
[28, 30].

We were interested in the effect of the menopause per 
se on the discovered phenomenon of disproportionality 
in augmentation and amplification of pulse pressure in 
menopausal women. The data in Tables  1 and 2 clearly 
imply that body mass index and all indicators of a 24-h 
BP monitoring in the brachial artery and aorta differed 
significantly among the groups of women at various cli-
macteric phases. Therefore, the association between the 
body mass index and the studied indicators of a 24-h 
BP monitoring comes as no surprise. However, after 

the inclusion of the body mass index in the regression 
model, the association of climacteric phases with the 
aortic augmentation index persists throughout the 24-h 
cycle, whereas no significant relationship between the 
pulse pressure amplification and menopausal status was 
established (Table  4). The implications of this outcome 
are especially interesting, given that previous studies 
have shown a positive effect of the menopausal hormone 
therapy on amplification increase and pulse pressure aug-
mentation decrease in postmenopausal women [31].

The value of the augmentation index could be poten-
tially considered as a criterion for the magnitude of a 
cardiovascular risk. An increase in the amplitude of the 
reflected central pulse wave leads to a significant increase 
in the afterload, myocardial hypertrophy, augmented 
oxygen demand, and a decrease in the efficiency of sub-
endocardial blood flow [30].

Conclusion
In women at the late phase of the menopausal transi-
tion and early postmenopausal phase, a decrease in the 
differences between central and peripheral nocturnal BP 
was revealed (smaller amplification of peripheral BP at 
night vs. daytime), which was associated with a greater 
CASP augmentation during daytime hours. This pattern 
was more pronounced in women at the postmenopausal 
stage.

Study limitations
An important limitation of our research is related to the 
heterogeneity of the studied groups of women in terms 
of major clinical characteristics, such as percentages of 
hypertensive subjects, patients with a body mass index 
exceeding 25  kg/m2, etc. Such variability is caused pri-
marily by their menopausal status, making it virtually 
impossible to select clinically comparable groups without 
introducing additional systematic errors. We realize that 
these differences may affect the values ​​of blood pressure, 
augmentation index, and other studied parameters. How-
ever, we suggest to consider such unavoidable limitation 
in the context of the differences in menopausal status, 
underlying the assignment of the subjects in our study to 
different experimental groups.

Despite the simplicity and accessibility of technology 
for assessing 24-h monitoring of central hemodynamic 
parameters on outpatients, further studies are certainly 
necessary before such methods are firmly introduced 
into routine clinical practice.

The pulse wave analysis largely depends on the qual-
ity of recorded signals. Therefore, inaccuracies, accom-
panying outpatient measurements, may limit the overall 
evaluation precision. It should be taken into account that 
revealed differences in circadian fluctuations of PPA and 
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augmentation in women of both groups may be related 
to their age (e.g., a regular PPA decrease with age), dif-
ferences in the frequency of occurrence of arterial hyper-
tension and metabolic syndrome, and with differences 
in their body position during daytime versus nighttime 
hours.
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