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Introduction. Cardiovascular diseases represent one of the leading causes of
mortality worldwide. Arterial hypertension plays a crucial role in the development
of pathophysiological processes characteristic of cardiovascular pathology,
regardless of age and sex. Indeed, arterial hypertension is a primary risk factor for
the development of cardiovascular disease manifestations; however, it can be
effectively managed to minimize its adverse impact on the human cardiovascular
system [1; 2; 3].

A substantial body of literature addresses the problem of arterial hypertension
in general; nevertheless, certain aspects—specifically the duration of arterial
hypertension — have received insufficient attention from researchers [4; 5; 6].
Temporal parameters characterizing the course of pathophysiological processes
inherent in arterial hypertension can yield additional insights into the functional
and physiological reserves of the human body, taking into account treatment
protocols, age, sex, and other factors. Alongside this aspect, the prediction and
diagnosis of changes in the physiological systems that mediate cardiovascular
regulatory mechanisms merit particular attention. Such indicators may include
central hemodynamic parameters and integrative hemodynamic indices, as well as

the dependence of these indicators on the duration of arterial hypertension.
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Accordingly, the objective of our study was to evaluate the effect of arterial
hypertension duration (less than 5 years, 5 to 10 years, and more than 10 years) on
central hemodynamic parameters and integrative hemodynamic indices.

Methods. The present study is based on the results of a comprehensive
examination of 120 patients with arterial hypertension (AH), aged 25-55 years
(mean age 41.3x12.9 vyears). All participants underwent standard clinical
evaluations, including complete blood count and biochemical blood analysis,
alongside the assessment of central hemodynamic parameters (accounting for
diurnal variations: day and night). All enrolled patients had a diagnosis of stable,
uncomplicated arterial hypertension.

The control group consisted of 25 apparently healthy individuals. The second
group comprised 25 volunteers with a duration of AH of less than 5 years; the
third group included 25 volunteers with an AH duration ranging from 5 to 10
years; and the fourth group comprised 20 volunteers with an AH duration
exceeding 10 years (mean age 40.5+£11.4 years). Written informed consent was
obtained from all volunteers prior to participation. The study participants received
medical treatment in accordance with prescribed medical guidelines.

The functional state of the cardiovascular system (CVS) was evaluated based
on the following parameters: heart rate, systolic and diastolic blood pressure, pulse
pressure (PP), stroke volume (SV), and cardiac output (CO). Pulse arterial
pressure (PAP/PP): reflects the difference between systolic (SBP) and diastolic
(DBP) blood pressure, characterizing the amplitude of arterial wall oscillations
during the cardiac cycle [7; 8].

Its value was calculated using the formula:

PAP = SBP — DBP (1)

where:

- SBP is systolic blood pressure (mmHg);
- DBP is diastolic blood pressure (mmHg).

Stroke volume (SV) was calculated using Starr's formula:
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SV =97.7+0.5XPP-0.6 X DBP - 0.6 X B (2)
where: SV is stroke volume (mL); PP is pulse pressure (mmHg); DBP is
diastolic blood pressure (mmHg); B is the age of the subject (years).
Cardiac output (CO) was determined by the following formula:
CO=HR X SV (3)
where: CO is cardiac output (mL/min); HR is heart rate (bpm); SV is stroke
volume (mL). [7; 8; 9].
The circulation efficiency coefficient (CEC) was calculated using the
formula:
CEC = HR X PP (4)
where: CEC is the circulation efficiency coefficient (a.u.); HR is heart rate
(bpm); PP is pulse pressure (mmHg).
The Robinson index (RI, also known as the Double Product) was calculated
as follows:
RI=HR X SBP/100 (5)
where: Rl is the Robinson index (a.u.); HR is heart rate (bpm); SBP is
systolic blood pressure (mmHg) [7: 8].

Heart rate (HR), systolic, and diastolic blood pressure (SBP and DBP) were
measured using a Gamma Control automatic blood pressure monitor (United
Kingdom) [9]. All measurements were performed in triplicate, and the arithmetic
mean values were subsequently used for statistical analysis.

This work was conducted at the Department of General Biology and Methods
of Teaching Natural Sciences, Volodymyr Hnatyuk Ternopil National Pedagogical
University.

The study was conducted in accordance with bioethical norms, complying
with the relevant principles of the Declaration of Helsinki, the Council of Europe

Convention on Human Rights and Biomedicine, and the applicable laws of
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Ukraine. All volunteers provided written informed consent to participate in the
study [10; 11 ].
Table 1.
Assessment of the cardiovascular system's functional reserves based on the
Robinson Index (adapted from Maltseva & Liakhovets, 2022)

Robinson State Characteristics of Functional Reserves
Index (a.u.) Assessment
69 and less Excellent Functional reserves of the cardiovascular
system are in excellent condition.
20— 84 Good Functional reserves of the cardiovascular
system are within the normal range.
85 _ 04 Fair /| Signs of insufficient functional capacity of
Moderate the cardiovascular system are observed.
95 _ 110 Poor Ther_e are signs (_)f_lmpalred regulation of
cardiovascular activity.
Regulation of the cardiovascular system
111 and more Very poor activity is significantly disrupted.

The results of our study are presented in Table 1. Heart rate (HR) in
volunteers with arterial hypertension demonstrated statistically significant
differences compared to both the control group and reference values.
Pathophysiological processes associated with arterial hypertension lasting le 5
years led to a significant decrease in HR and an increase in the mean cardiac cycle
duration by 13 % and 12 %, respectively, compared to controls. Conversely, in
patients with an arterial hypertension history of 5 to 10 years, HR was
significantly higher, while the mean cardiac cycle duration was significantly
lower, differing by 16 % compared to control values. In the group of volunteers
with arterial hypertension duration exceeding 10 years, HR was significantly
higher, and the mean cardiac cycle duration was significantly lower compared to

controls by 9 % and 10 %, respectively (Table 1). The most pronounced
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significant changes in heart rate and mean cardiac cycle duration were observed in

volunteers with arterial hypertension lasting from 5 to 10 years. Notably, a

decrease in heart rate was observed in patients with an arterial hypertension

duration of less than 5 years compared to the control group.

Table 1.

24-hour ambulatory monitoring of central hemodynamic parameters

Parameters | Reference | Control | AH patients (<5 | AH patients (5- | AH patients (>10
values group years) 10 years) years)
HR, bpm 50-90 75.81 65.7+2.1* 88.3+2.2*N" 82.4+2.3%1%
+1.29
Mean cycle | 1.2-0.66 | 0.81+0.0 | 0.91+0.05* 0.68+0.04*" 0.73+0.03*"
duration, 4
ms
SBP, 110-120 119.05+ | 139.03+1.65** 147 442 . 75%#A 142.2+2.1*%
mmHg 1.35
DBP, 70-80 77.0£0.3 | 86.71+1.30** 05.6+1.78*#n 91.6+1.25*#1%
mmHg 4
PP, mmHg | 40-60 42.2+0.8 | 53.4+1.36* 52.4+ 0.87* 50.5£1.1*A
6
MAP, 80.0-100 | 91.1+0.5 | 104.5+1.2** 113.3+2.23*#A 108.5+1.7**
mmHg 8
SV, mL 44-60 43.240.1 | 43.2+0.97 41.6+1.2" 43.4+1.1%
2
CoO, 3000- 3274.9+ | 2858.3+6.5*" 3673.318.75*" 3577.2+4.54*1
mL/min 4000 9.3
Secondary | 50-67 54.6 47.74+0.12* 61.3+£0.25*" 59.63+0.31*1%
blood +0.16
volume, mL
CEE 2000- 32745+ | 3511.2+16.8* 4627.4+18.6*" 4162.6+14.3*18
(CEQ), 5400 10.8
arbitrary
units
RI, - 90.3+1.1 | 93.4+1.2* 128.9£2.5*" 118.3+1.8*1
arbitrary
units
Notes:

*

p<0,05;

statistically significant differences compared to the

control group;:

# - statistically significant differences compared to reference values: p<0,05.
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A - statistically significant differences compared to AH patients (le 5 years):
p<0,05;

$-statistically significant differences compared to AH patients (5-10 years):
p<0,05.

Abbreviations: AH — arterial hypertension; HR — heart rate; SBP —
systolic blood pressure; DBP — diastolic blood pressure; PP — pulse pressure;
MAP — mean arterial pressure; SV — stroke volume; CO — cardiac output;

CEE (CEC) — coefficient of circulatory efficiency; Rl — Robinson index.

Systolic blood pressure (SBP), diastolic blood pressure (DBP), pulse pressure
(PP), and mean arterial pressure (MAP) in patients with arterial hypertension were
significantly higher compared to control values. Specifically, SBP, DBP, PP, and
MAP in the group of volunteers with an arterial hypertension duration of less than
5 years were significantly higher than in controls by 17 %, 13 %, 27 %, and 15 %,
respectively. In patients with an arterial hypertension duration of 5 to 10 years,
SBP, DBP, PP, and MAP values were significantly higher compared to controls,
each showing a 24 % increase. In patients with arterial hypertension lasting more
than 10 years, SBP, DBP, PP, and MAP were significantly higher than control
values, each by 19 %.

Furthermore, SBP and DBP values across all patient groups with arterial
hypertension were significantly higher than reference values: by 16 % and 8.4 %
for a disease duration up to 5 years; by 23 % and 20 % for a duration of 5 to 10
years; and by 19 % and 15 % for a duration exceeding 10 years, respectively. In
our opinion, such alterations in blood pressure parameters associated with
pathophysiological processes of varying durations (less than 5 years, 5 to 10 years,
and more than 10 years) are driven by impairments in the regulatory systems
governing blood circulation, as well as by the implementation of treatment
protocols for arterial hypertension that account for the duration of the pathology
itself.
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The most pronounced, statistically significant changes in SBP, DBP, PP, and
MAP were observed in the group of volunteers with arterial hypertension duration
of 5 to 10 years compared to both controls and patient groups with a disease
duration of less than 5 years and more than 10 years. We suggest that this pattern
indicates the development of maximum functional and physiological stress on the
regulatory systems controlling cardiovascular function, as well as signs of
functional exhaustion of the body's adaptive capacity in patients with an arterial
hypertension duration exceeding 10 years.

Stroke volume (SV) values in volunteers suffering from arterial hypertension
for less than 5 years and more than 10 years showed no statistically significant
differences compared to control values. However, in individuals with an arterial
hypertension history of 5 to 10 years, SV was 4 % lower than in controls. These
changes in SV parameters may be attributed to the implementation of
antihypertensive treatment protocols.

Cardiac output (CO) values in patients with an arterial hypertension duration
of less than 5 years were significantly lower compared to controls and reference
values by 13 % and 5 %, respectively. In volunteers with arterial hypertension
lasting from 5 to 10 years and more than 10 years, CO was significantly higher
than in controls by 12.2 % and 9 %, respectively. Changes in CO parameters are
primarily dependent on heart rate values.

Secondary blood volume values across all patient groups with arterial
hypertension differed significantly from controls. Specifically, in volunteers with
arterial hypertension lasting less than 5 years, secondary blood volume was
significantly lower than control values by 13 %. In contrast, secondary blood
volume during an arterial hypertension course of 5 to 10 years and more than 10
years was significantly higher compared to controls by 12 % and 9 %,

respectively.
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Overall, the most significant changes in SV, CO, and secondary blood
volume were observed in volunteers with an arterial hypertension duration ranging
from 5 to 10 years.

An analysis of integrative hemodynamic indices revealed a statistically
significant increase in both CEE and RI associated with arterial hypertension
compared to control values. Specifically, CEE in volunteers with an arterial
hypertension duration of less than 5 years, 5 to 10 years, and more than 10 years
was significantly higher than in controls by 7 %, 41.3 %, and 27 %, respectively.
The elevation of CEE during arterial hypertension indicates increased energy
expenditure required to maintain blood flow through the vessels; however,
attention should be drawn to the functional relationship between PP values and the
magnitude of CEE. Specifically, PP progressively decreases with an increasing
duration of the disease, whereas CEE values increase proportionally.

Similarly, RI values were significantly higher in patients with arterial
hypertension (less than 5 years, 5 to 10 years, and more than 10 years) compared
to controls by 3 %, 42.7 %, and 31 %, respectively. Such changes in Rl point to
the presence of functional impairments in the regulation of cardiac activity.

The complete set of alterations in central hemodynamics and integrative
indices across the different durations of arterial hypertension is visualized in the
panels of Figure 1.

Dynamics of Blood Pressure Indices (SBP, DBP, MAP, PP)

1. A distinct peak across all blood pressure parameters is
observed in patients with an AH duration of 5 to 10 years, reaching
maximum values for systolic (SBP: 147.4 mmHg) and diastolic blood
pressure (DBP: 95.6 mmHg).

2. In the cohort with a disease duration exceeding 10 years, these
indices exhibit a slight decline; however, they remain significantly higher
than those of the control group.

Heart Rate (HR) and Cardiac Cycle Duration
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1. Patients with an AH duration of le 5 years demonstrate
compensatory bradycardia (HR reduction to 65.7 bpm) accompanied
by a prolongation of the cardiac cycle (0.91 s).

2. Conversely, the 5-10-year AH group displays
pronounced tachycardia (88.3 bpm) with a substantial shortening of the
cardiac cycle duration (0.68 s.).

Stroke Volume (SV) and Cardiac Output (CO)

1. Stroke volume (SV) remains relatively stable across groups,
whereas cardiac output (CO) directly mirrors the trajectory of heart rate,
peaking at 3,673.3 mL/min in the 5-10-year duration cohort.

Integrative Hemodynamic Indices (CEE and RI)

1. The Coefficient of Circulation Efficiency (CEE/ CEC) and the
Rigidity Index (RI) demonstrate synchronous elevation, peaking in the 5—
10-year AH group (CEE/CEC=4,627.4 arbitrary units; R1=128.9 arbitrary
units). This pattern underscores peak energetic load and severe functional
strain on the vascular wall during this period.

Thus, in volunteers diagnosed with arterial hypertension for a duration of 5 to
10 years, all central hemodynamic parameters and integrative hemodynamic
indices were significantly higher compared to both the control group and other AH
cohorts. The exceptions were stroke volume (SV) and the mean cardiac cycle
duration, which were significantly lower in this group compared to control
baseline values as well as the values observed in Group 2 (le 5 years) and Group 4
(>10 years).
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Hemodynamic Profile Shift Across AH Duration

(% Deviation from Control) -—=- Control (0%)
SBP = AH <5 yrs
= AH 5-10 yrs
= AH >10 yrs

CEE MAP

HR

Figure 1. Relative changes in central hemodynamic parameters and
integrative hemodynamic indices across study groups (values expressed as % of

control).

Specifically, the values of heart rate (HR), mean cardiac cycle duration,
systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial
pressure (MAP), stroke volume (SV), cardiac output (CO), blood flow velocity per
second, coefficient of circulation efficiency (CEE), and rigidity index (RI) differed
from those in Group 2 and Group 4 by 25 % and 7 %, 34 % and 10 %, 6 % and
4 %, 9 % and 4 %, 8 % and 4 %, 4 % and 4 %, 22 % and 6 %, 22 % and 3 %,
24 % and 10 %, and 28 % and 8 %, respectively.
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Conclusions

Thus, the obtained results indicate that the duration of arterial hypertension
(AH) and long-term protocol-based treatment of this pathology significantly
influence central hemodynamic parameters and integrative hemodynamic indices.

1. Early-stage changes (le 5 years): Patients with an AH
duration of less than 5 years exhibited minimal alterations in central
hemodynamics, reflecting an initial stage of cardiovascular adjustment.

2. Pulse pressure and functional compensation: A
notable finding is the gradual decline in pulse pressure (PP) alongside
a proportional increase in the coefficient of circulation efficiency
(CEE) as disease duration advances. Relative to the control group,
elevations in PP and CEE were 27 % and 7 % in Group 2 (le 5 years),
24 % and 41 % in Group 3 (5-10 years), and 20 % and 27 % in
Group 4 (>10 years), respectively. These shifts point to the
development of compensatory physiological responses to AH-induced
pathophysiological processes under standard therapeutic protocols.

3. Adaptive workload and stroke volume stability: The
presence of functional workload and adaptive responses is further
supported by the minimal variation in stroke volume (SV) coupled
with multidirectional shifts in cardiac output (CO).

4, Long-term impact and clinical relevance: Overall,
these findings demonstrate the formation of adaptive physiological
responses within the regulatory mechanisms of the cardiovascular
system, dictated by disease duration and treatment protocols. Notably,
an AH duration exceeding 10 years is characterized by signs of
functional exhaustion and diminished adaptive capacity. This
information provides a valuable rationale for the further refinement
and optimization of clinical treatment guidelines for arterial

hypertension.
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