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Abstracts 

Introduction. To develop and validate integrative criteria and to maximize the use of digital representation of 

the state of regulatory mechanisms of OTS; to determine the relationships between the key regulatory parameters 

and indicators of power, stability, efficiency, and mobility of functional systems under conditions of strenuous 

muscular activity; to apply this approach in practice for diagnosing the functional state and potential capabilities of 

athletes.  

Materials and Methods. The results of 264 complex physiological individual examinations conducted over a 

number of years using a holistic methodological approach (and specially adapted methods) were analyzed. One of 

the main tasks of our study was the development of methods for quantitative assessment of functional fitness 

factors, as well as some other theoretical and factual grounds for making a diagnostic model of functional fitness 

(registration of the main gas exchange parameters, external respiration, blood, and cardiovascular system at 

different loads). 

Results. Changes in the state of chemosensitive neural structures, neurogenic factors regulating respiration, and 

cardiovascular regulation, which determine the sensitivity of OTS responses, adequately reflect the functional 

capacity of the OTS on the whole, as well as various properties of the O2 transport systems that shape the 

functional fitness of athletes. A specialized analysis of the relationships between certain regulatory parameters of 

the body OTS and a number of important indicators of functional manifestations during various models of 

strenuous muscular work on a cycle ergometer shows that critical power of work, maximal O2 consumption, 

maximal pulmonary ventilation during exercise, respiratory rate and tidal volume, certain blood parameters, the 

anaerobic component of energy supply, as well as individual indicators of functional stability and recovery after 

exercise are largely determined by the sensitivity, levels, and response thresholds of the respiratory and 

cardiovascular systems to hypercapnia, hypocapnia, hypoxia, and some other regulatory properties. 

Conclusions. The criteria for characterizing the «states» of athletes, their approach to the peak of «sports 

functional form», load tolerance, and the identification of structural changes in functional fitness do not disclose all 

aspects of these issues and require further development. Their formulation, with an emphasis on the leading role of 

analyzing regulatory processes, is crucially important for improving physiological testing in sports. 

Keywords: athletes, external respiration, energy supply, oxygen transport system, circulation. 

 

Мета. Розробити і апробувати інтеграційні критерії та максимально використати цифрове вираження 

стану механізмів регуляції кисневотранспортної системи (КТС); визначити зв’язок найважливіших 

регуляторних параметрів з показниками потужності, стійкості, економічності, рухливості функціональних 

систем в умовах напруженої м’язової діяльності; практично застосувати такий підхід у діагностиці 

функціонального стану і потенційних можливостей спортсменів. 

Матеріали та методи. Проаналізовані результати 264 комплексних фізіологічних індивідуальних 

обстежень, проведених впродовж ряду років з використанням єдиного методичного підходу (і спеціально 

http://creativecommons.org/licenses/by/4.0/
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пристосованих методик). Застосовували комплексну методику визначення рівня функціональної 

підготовленості (реєстрація основних параметрів газообміну, зовнішнього дихання, крові, серцево-судинної 

системи при різних навантаженнях).  

Результати. Зміни стану хемочутливих нервових утворень, нейрогенних чинників регуляції дихання і 

серцево-судинної регуляції, які визначають чутливість реакцій КТС, відображають функціональну 

здатність КТС в цілому, різні властивості систем газотранспорту O2, які формують функціональну 

підготовленість спортсменів. Спеціальний аналіз взаємозв’язку деяких регуляторних параметрів КТС 

організму з рядом важливих показників функціональних проявів при різних моделях напруженої м’язової 

роботи на велоергометрі показує, що критична потужність роботи, максимальне споживання О2, 

максимальна вентиляція легенів при навантаженні, частота дихання і дихальний об’єм при цьому, деякі 

параметри крові, анаеробний компонент енергозабезпечення роботи, а також окремі показники 

функціональної стійкості та відновлення після роботи значною мірою визначаються чутливістю, рівнем і 

порогами реакцій дихальної і серцево-судинної систем на гіперкапнію, гіпокапнію, гіпоксію та деякі інші 

властивості регуляції. 

Висновки. Критерії для характеристики «станів» спортсменів, наближення їх до піку «спортивної 

функціональної форми», переносимості навантажень, ідентифікації структурних змін функціональної 

підготовленості розкривають не усі сторони вказаних питань і вимагають подальшої розробки. Їх 

постановка з акцентуванням уваги на провідну роль аналізу регуляторних процесів украй важлива для 

вдосконалення фізіологічного тестування у спорті. 

Ключові слова: спортсмени, зовнішнє дихання, енергозабезпечення, кисневотранспортна система, 

кровообіг. 
 

 

1. Introduction 

The preparation of elite athletes is a highly 

complex and multifaceted process. It is based on 

physical education methodology, training 

practices, and modern achievements in medico-

biological science [16, 26]. The importance of 

medico-biological support in the preparation of 

elite athletes in professional sports has increased 

significantly in recent years. This is objectively 

linked to effective management of the training 

process and a significant improvement in sports 

results. A scientifically substantiated concept for 

monitoring the impact of high-volume and high-

intensity training and competitive loads on the 

athlete’s body has been developed and is actively 

implemented in sports science [17, 25]. In 

addition, the criteria of an athlete’s functional 

fitness and evaluation of their recovery processes 

are applied.  

An athlete’s functional fitness is an integral 

index. It is determined by a combination of various 

body properties. First and foremost, it is the ability 

of the cardiorespiratory system to supply working 

organs and tissues with oxygen and energy 

substrates [1, 28]. Work efficiency depends on the 

performance of the cardiovascular and respiratory 

systems, as well as the volume and composition of 

circulating blood.  

An analysis of scientific research in the field of 

elite sports indicates that athletes’ functional 

fitness is based on morphofunctional and 

metabolic shifts in the body [7, 30]. They 

determine the efficiency of the functioning of 

organs and systems, as well as the rate of 

deployment of functional responses of the 

cardiorespiratory system and metabolism to the 

imposed physical load.  

To determine the level of functional fitness and 

evaluate the body’s adaptation to physical loads 

during sports preparation, specialists recommend 

examining the state of the cardiorespiratory system 

and the response of the oxygen transport function 

of the blood, both at rest and after physical loads 

of different directions [19, 33]. This approach is 

used to study acute, delayed, and cumulative 

training effects. 

Conducting such studies makes it possible to 

determine the dynamics of functional changes that 

develop during sports training. These functional 

changes may indicate an increase in the body’s 

functional capacities or, may signal overfatigue, 

overtraining, or disease. 

The analysis of athletes’ functional fitness in 

the dynamics allows assessing the body’s 

adaptation to physical loads and identifying factors 

that limit the athlete’s work capacity. Ultimately, 

this enables the optimization of the training 

process and enhances competitive activity 

effectiveness. 

To determine the dynamics of the body 

functional fitness at the stages of the annual 

preparation, it is considered appropriate to conduct 
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medico-biological monitoring, which includes a 

complex of assessments: heart rate monitoring; 

evaluation of respiratory function and the 

rheological properties of blood; assessment of 

metabolic status in the heart, liver, and muscles; 

and determination of indicators of carbohydrate, 

fat, and protein metabolism [12, 31]. 

Recent studies indicate that in highly qualified 

athletes, the capacity of the oxygen transport 

system (OTS), which is the «leading» system for 

energy supply in cyclic sports events, can be 

enhanced not only - and not so much - through 

increases in the maximal values of the function and 

the rate of oxygen consumption, but rather through 

an improved ability to sustain their very high 

levels, as well as to maintain elevated levels of gas 

exchange and overall energy metabolism [6, 20]. 

This capacity should be be under conditions of 

internal environmental shifts within the body and 

under the specific demands of sports activity (e.g., 

changes in pace, exercise intensity, etc.), which 

substantially increase the strain on regulatory 

systems [8, 25]. 

It is necessary to ensure an optimal balance that 

provides the greatest possible efficiency of the 

OTS. These factors become especially important 

during the competitive period of training, when the 

stability of physiological systems (their mobility, 

efficiency, and ability to realize functional 

potential) is decisive for achieving a high level of 

functional fitness [6, 33]. 

An important role in this context is played by 

the athlete’s ability to tolerate and effectively 

«assimilate» high training loads over prolonged 

periods [9, 20]. It depends on a complex of factors. 

The study of these factors makes it possible to 

identify reserve potential capabilities, as well as 

the character and reliability of adaptive responses 

[9, 30]. 

In recent years, there has been an increasingly 

clear trend toward analyzing regulatory processes 

as a promising direction for diagnosing the 

functional state of athletes [19, 26]. The elements 

and methods of the theory of regulation of 

physiological processes, as well as hormonal 

regulation of muscular activity, are being most 

widely developed [10, 18]. Attempts are being 

made to differentiate between neural and humoral 

influences in the regulation of functions [34]. 

However, a methodological framework for 

evaluating the regulation of functions that are 

«leading» for a certain type of sports activity has 

not yet been developed. This also applies to the 

systems that ensure gas exchange during strenuous 

muscular activity. The reason for this situation in 

the study of the regulation of functional systems in 

sport is the lack of adequate quantitative research 

methods and evaluation criteria. 

In this regard, the main focus in developing 

such criteria was placed on studying the sensitivity 

of system responses and the state of the sensitive 

elements of the energy supply system for muscular 

work. The perspectiveness of this direction in sport 

is supported by existing evidence indicating that 

the state of the sensitive elements of the regulatory 

systems of respiration, cardiac activity, and 

vascular tone is closely related to indicators of 

aerobic and anaerobic performance, as well as the 

overall efficiency of OTS regulation.  

It is known that the effect of any stimulus in the 

«stimulus–response» system (apart from its 

intensity) is determined by the state of the 

excitable structures responding to stimulation [35]. 

The application of quantitative methods for such 

testing significantly advances the assessment of 

the state of neural sensory formations and 

autonomic centers.  

The proposed methodology for comprehensive 

testing and evaluation of the «regulatory 

properties» of OTS (the so-called «OTS-test») has 

been tested over a number of years and analyzed in 

terms of its informative value. Considering that the 

most adequate regulatory stimuli for OTS are 

carbon dioxide, pH, oxygen, and changes in 

pressure in the arterial bed, most of the tests are 

based on the use of these stimuli. Special attention 

was given to tests involving hypercapnic 

stimulation.  

Carbon dioxide, together with oxygen and 

changes in hydrogen ion concentration, is an 

adequate factor both for the chemosensitive 

elements of the respiratory system (central and 

peripheral) and for vascular regulation [2, 6, 37]. 

The role of oxygen tension in regulatory 

processes is especially evident in vascular 

regulation and increases progressively only at 

significant degrees of its reduction, up to certain 

«critical levels». Carbon dioxide, from the 

standpoint of rapidly and reliably ensuring high 

levels of O2 consumption during strenuous 

muscular activity, acts as a constant humoral 

regulatory factor, providing greater reliability of 

the system of oxygen supply to working muscles 

[25].  
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The quantitative analysis of functional 

responses to CO2 is facilitated by the fact that the 

relationship between the partial pressure of carbon 

dioxide in arterial blood (PaCO2) and pulmonary 

ventilation (VE), tidal volume (VT), and 

respiratory sinus arrhythmia (DA) is linear. In 

contrast, the relationship between the partial 

pressure of oxygen in arterial blood (РAO2) and 

these same indicators, as well as heart rate, is of a 

hyperbolic character. Instead of oxygen tension 

values, blood oxygen saturation (SAO2) can be 

used, as it has a linear relationship with the 

parameters we analyze.  

In addition to chemosensitive elements, the 

sensitivity of arterial baroreceptors is also of 

important value in the regulation of OTS.  

Hypothesis: It is assumed that the state of the 

cardiovascular system and the external respiration 

system reflects the interactions among regulatory 

systems that occur during adaptation to high 

muscular loads. Monitoring the state of the 

cardiovascular and external respiratory systems 

will allow assessing the levels of reliability and 

stability of athletes’ functional fitness.  

Purposes: To develop and validate integrative 

criteria and to maximize the use of digital 

representation of the state of regulatory 

mechanisms of OTS; to determine the 

relationships between the key regulatory 

parameters and indicators of power, stability, 

efficiency, and mobility of functional systems 

under conditions of strenuous muscular activity; to 

apply this approach in practice for diagnosing the 

functional state and potential capabilities of 

athletes. 

2. Materials and methods 

Participants. The study involved 92 rowers and 

172 cyclists of various qualifications (mean±SD: 

age±20.4 years, mass 70.8±6.8 kg, height 

180.3±6.2 cm) gave their informed written consent 

to take part in the study. 

All subjects were familiar with laboratory 

exercise testing on the cycle ergometer. The study 

protocol was approved by the ethics committee of 

the Hildesheim University, Germany. 

Меthods. The testing program execution took a 

total of two hours. In terms of total workload, 

energy expenditure intensity, and subjective 

perception of exertion, the testing can be equated 

to a training session. 

Testing program: 

1. Warm-up (5 min) without load on the cycle 

ergometer and (5 min) with a load of 2.0 kg, with a 

cadence of 100 rpm.  

2. Test No. 1 (Wn): a set of specialized 15-

second functional tests with loads on the cycle 

ergometer of 1–2–3–4–5–6 kg.  

3. Rest (10 min): pedaling without load. 

4. Test No. 2 (Wmax): the athletes performed 

the maximum volume of work over 60 seconds 

with a load of 5.0–5.6 kg. 

5. Rest (10 min): pedaling without load. 

6. Test No. 3 (Wst): a stepwise ergometer load 

starting with 1200 kgm.min⁻¹ power and 

increasing every 2 minutes by 150 kgm.min⁻¹. The 

test continued until the failure to maintain the set 

cadence within ±5% (100 rpm). 

7. Rest (10 min): pedaling without load. 

8. Test No. 4 (Ws): standard work (15 min) 

performed at a constant power of 3 W per 

kilogram of body mass.  

9. Rest (10 min): pedaling without load. 

10. Test No. 5 (Wcr): work at critical power 

performed «to failure». Critical power was defined 

as the lowest load at which maximal oxygen 

consumption (VO2max) is achieved. 

The athletes were examined using a stationary 

ergospirometric system «Meta Max 3B» (Cortex 

Biophysik GmbH, Germany), a cycle ergometer 

attachment by «Monark» (Sweden), and a 

telemetry heart rate analyzer T31 «Polar» (Polar, 

Kempele, Finland). 

An important aspect in designing the complex 

of regulatory tests of OTS is the parallel 

assessment of regulatory parameters of the 

respiratory and circulatory systems. This is 

explained by the known relative autonomy in the 

functioning of the respiratory and cardiovascular 

centers, as well as the dissociation of their 

regulatory mechanisms. The degree of coupling 

between changes in these functions during 

regulatory tests is an important indicator of the 

«well-being» of regulatory processes.  

An original methodological approach was 

employed, with modifications made to the 

structural components, calculation methods, and 

evaluation criteria. 

Below is presented one of the trialled practical 

versions of the «OTS-test». 

Regulatory tests were conducted in the morning 

under conditions approximating those of basal 

metabolic rate assessment and included: 
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1. Study of basal metabolism (О2 

consumption), ventilation parameters, respiratory 

rate, heart rate (HR), and respiratory sinus 

arrhythmia (10 min). 

2. Rebreathing with CO2 accumulation while 

maintaining oxygen content within the range of 

30–50%. This ensured the development of a 

progressive «pure» hypercapnic stimulus over 5–6 

minutes. Every 30 seconds, the following were 

recorded: partial pressure of carbon dioxide 

(РAСO2), pulmonary ventilation (VE), tidal 

volume (VT), heart rate (HR), and respiratory 

arrhythmia (DA).  

3. Rebreathing in the same system with a 

gradual decrease in O2 content from its level in 

atmospheric air. Stabilization of РAСO2 was 

ensured by a CO2 absorption system, i.e., a 

progressively increasing isocapnic hypoxic 

stimulus was created. The same parameters, as 

well as arterial blood pressure and РAСO2 (SAO2) 

were measured within 6-7 minutes. At the same 

time, a decrease in РAO2 below 40 mmHg was 

prevented.  

4. Baroreceptor testing by stepwise increases in 

negative pressure (−20, −40, −60 mmHg). The 

sensitivity of the response was assessed by the 

degree of heart rhythm reduction. 

The total time required to conduct these tests is 

about 30 minutes. 

During comprehensive biological examinations 

involving athletes, the legislation of Ukraine on 

healthcare and the Helsinki Declaration (2000), as 

well as Directive 86/609 of the European 

Community concerning the participation of 

humans in biomedical research, were adhered to. 

Statistical analysis. The findings were subjected 

to mathematical processing. The following 

statistical parameters of the sample were 

calculated: arithmetic mean (X); standard 

deviation (S); coefficient of variation (V%); ΔX – 

the confidence interval corresponded to 95%. To 

compare two normal distributions, the Student’s t-

test was applied. The critical level of significance 

for testing statistical hypotheses was set at p<0.05. 

Correlation analysis of the obtained results was 

performed using Pearson’s linear correlation 

coefficient. The experimental data processing was 

carried out using integrated statistical and 

graphical software packages Microsoft Excel 

(version 16.92, Redmond, USA) and Statistica-10.  

The study was conducted in compliance with 

the ethical principles of the European Convention 

and the Helsinki Declaration (ethics principles 

regarding human experimentation). It was 

confirmed by the Bioethics Commission of the 

University. Examined provided written approvals 

for analysis and subsequent disclosure. 

3. Results and discussion 

The data obtained during the above-mentioned 

studies are presented in the form of graphs 

illustrating the relationships between the measured 

values (Fig. 1). 

The results of measuring pulmonary ventilation 

and tidal volume during the hypercapnic test, as 

well as the duration of inspiration and expiration, 

also make it possible to calculate a number of 

additional indices reflecting the sensitivity of 

pulmonary stretch receptors. A procedure for 

determining respiratory and vascular sensitivity to 

hypocapnia using the extrapolation method 

according to D. Cunningham and K. Miller, or by 

reducing РAСO2 to 25 mmHg through voluntary 

lung hyperventilation is also envisaged.  

Studies demonstrate that changes in the state of 

chemosensitive neural structures, neurogenic 

factors regulating respiration, and cardiovascular 

regulation, which determine the sensitivity of OTS 

responses, adequately reflect the functional 

capacity of the OTS on the whole, as well as 

various properties of the O2 transport systems that 

shape the functional fitness of athletes. 

A specialized analysis of the relationships 

between certain regulatory parameters of the body 

OTS and a number of important indicators of 

functional manifestations during various models of 

strenuous muscular work on a cycle ergometer 

shows that critical power of work, maximal O2 

consumption, maximal pulmonary ventilation 

during exercise, respiratory rate and tidal volume, 

certain blood parameters, the anaerobic component 

of energy supply, as well as individual indicators 

of functional stability and recovery after exercise 

are largely determined by the sensitivity, levels, 

and response thresholds of the respiratory (Table 

1) and cardiovascular (Table 2) systems to 

hypercapnia, hypocapnia, hypoxia, and some other 

regulatory properties. 

The same regulatory parameters are also 

significantly associated with heart rate values at 

different load levels, the ability to maintain stroke 

volume during prolonged exercise, the degree of 

oxygen utilization from alveolar air, and the degree 

of oxygen extraction from arterial blood. 
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All of this indicates the crucial role of changes 

in the state of the sensitive elements of the gas 

transport regulation system in shaping this or that 

level of functional capacity of the athlete’s body 

OTS. 

 
 

 

Figure 1. Graphical representation of the main relationships in the system of quantitative analysis of the state of 

the respiratory system sensitive elements 
 

Legend: PaCO2; PaO2; ΔP (mm. Hg); Vt (l); SaO2 (%); VE (l.min-1); ΔHR (beat.min-1) 
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Table 1  

Relationship between certain regulatory parameters of OTS and indicators of work capacity and 

functions during physical load 

Parameters Relationship 

degree, r 

Indicators of work capacity and functions 

during physical load 

S/kg (∆VE/∆PACO2) - 0.75 VO2max/kg 

VE at PACO2=50mmHg   0.74 VEmax of physical load/Vmvv 

S/VC   0.88 VEmax of physical load 

B (threshold of response to СО2) - 0.49 Degree of O2 utilization decrease in the 

lungs during 30 min of work at 0.8 Wcr 

Sensitivity to hypercapnia - 0.61 PACO2 level at the end of load Wсr 

А (sensitivity to hypoxia) - 0.86 VO2max 

A/kg - 0.67 Wсr/kg 

∆VE/∆SaO2 - 0.82 VO2max/kg 

1/SA - 0.69 Duration of maintaining Wсr 

Euler’s number 60 K/M   0.53 Respiratory rateсr 

Reactivity of ventilatory response to СО2 

0,5V50(50-B) 

- 0.61 Lactic acid concentration during a standard 

series of repeated accelerations 60 s 

The sum of ventilation and heart rhythm 

reactivity indices 

- 0.57 The half-recovery time of the main 

parameters of the OTS and gas exchange 

after a standard series of repeated 

accelerations. 

The rate of rapid CO₂ storage, 

ml.mm.min.kg-1 

- 0.63 The specific value of non-metabolic CO₂ 

elimination at 1.2 Wcr 

The sum of the time constants of VE and HR 

responses during the transient phases of a 

10×60 s Wcr series with 2 min intervals. 

- 0.59 The mean ratio of exercise VO2 to excess 

post-exercise VO2 (recovery) 

 

M(∆VE/∆VT) - 0.66 VE at Wсr 

Table 2  

The relationship between certain indicators of cardiovascular regulation and those of work capacity 

and functions during physical load 

Parameters Relationship 

degree, r 

Indicators during physical load 

∆HR/∆SaO2 - 0.67 Stability of stroke volume during 0.8 

Wcr load over 52–63 min of work 

∆HR/∆SaO2 - 0.65 Stability of HR during 0.8 Wcr load 

over 52–63 min of work 

∆HR/∆SaO2 -0.72 Coefficient of O2 utilization from 

blood at 20–25 min at 0.8 Wcr 

∆HR/∆P in the zone of baroreceptors -0.59 Time of reaching HRmax during 1.5Wсr 

load 

∆HR/∆P 0.63 HRmax at reaching Wсr 

∆HR/∆P -0.72 ∆VO2/∆HR during stepwise 

incremental load per kg of body mass 

∆DA/∆PACO2 0.85 Resting metabolic efficiency (by 

VO2/kg; cardiac output/kg) 

∆DA/∆PACO2 0.57 HRmax/HRbasal  

Sum of DA: (1) at rest; (2) DAmax during 

progressive hypercapnia; (3) mean DA over the 

entire period of increase during hypercapnia 

0.61 VO2max/kg 

0.77 Duration of maintaining Wсr 

Respiratory arrhythmia in the dynamics of the 

recovery period (20 min) after supracritical loads 

-0.79 Blood lactic acid concentration in the 

dynamics of the recovery 

PACO2 at the onset of the decrease in respiratory 

arrhythmia under hypercapnic conditions 

0.63 Duration of Wсr 
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In other words, this primarily concerns aerobic 

capacity and a number of key aspects of functional 

stability and efficiency of systems. A specifically 

selected set of indicators reflecting various 

properties of system regulation (which are 

«leading» in the development of high functional 

fitness and special work capacity) can serve as an 

objective representation of the body functional 

potential. Such an analysis provides reliable 

criteria for functional fitness characteristics. It also 

allows differentiating individual mechanisms that 

underly the formation of functional adaptive 

changes and evaluating the reserve.  

The analysis of the sensitivity of ventilatory and 

heart rhythm responses to hypoxic, hypercapnic, 

and hypocapnic stimulation is of particular 

interest. From the angle of differences in the 

mechanisms underlying the formation of 

sensitivity of OTS responses to the various factors 

we used, it should be noted that sensitivity to 

hypoxia more strongly reflects the state of 

peripheral chemosensitive structures, whereas 

sensitivity to hypercapnia reflects the state of 

central medullary chemoreceptors [2].  

Sensitivity to hypoxia under physical loads 

reflects the degree of cerebral anaerobic 

metabolism, which leads to an increase in 

hydrogen ion concentration in the area of the 

«respiratory center». Changes in sensitivity to 

hypoxia largely reflect the long-term cumulative 

impact and, therefore, are more closely associated 

with aerobic capacity than other factors [17]. The 

dynamics of sensitivity to hypercapnia reflect other 

changes in the functional state of the OTS and the 

body as a whole.  

The sensitivity of ventilatory and cardiovascular 

responses to CO2 represents the fastest and most 

efficient mechanism of humoral regulation. This is 

understandable given the vital importance of 

regulating the rapid elimination of CO2. The lungs 

(compared to the kidneys) excrete approximately 

200 times more acidic products per day in the form 

of volatile acids. An increase in РАСО2 results in 

enhanced production of catecholamines, with their 

characteristic effects on functional systems. The 

body possesses a large capacity for CO2 storage 

and an efficient mechanism for rapid carbon 

dioxide storage. These mechanisms are 

significantly improved during sports training 

process, along with the mechanisms of CO2 

elimination. Severe hypercapnia, at individual 

levels, exerts a depressive effect on cardiac 

contractions and ventilation, reducing their 

efficiency [19].  

The development of a hypocapnic state in the 

body during the final phase of strenuous physical 

load leads to significant «respiratory center 

depression», bronchospasm, and pronounced 

vasoconstrictor reactions in vital organs. All these 

changes create a rapidly progressing inadequacy of 

functional responses and the body’s oxygen 

demand and represent one of the limiting factors 

affecting the stability of the OTS [26]. Therefore, a 

decrease in sensitivity to hypocapnia, as well as to 

hypercapnia, during training becomes an important 

indicator of the specificity of physiological 

adaptation of the OTS and a condition for 

increasing the reliability of this system regulation 

during strenuous muscular activity.  

There are data in the literature that make it 

possible to relate changes in the sensitivity of the 

respiratory center to the work capacity properties 

of the respiratory muscles [19, 24]. Our studies of 

respiratory muscle endurance during voluntary 

lung ventilation (with РАСО2 stabilization) at 60–

70% of maximal voluntary ventilation (MVV) 

revealed a high degree of correlation between 

respiratory muscle endurance indices and the 

parameters of ventilatory response sensitivity to 

CO2. The analysis of the «anaerobic endurance» of 

the respiratory muscles under conditions of 

voluntary ventilation at 90% of MVV, revealed a 

relationship with indices of hypocapnic sensitivity. 

This indicates the sensitivity of the «respiratory 

center» dependence on the direction of respiratory 

muscle training, which is closely associated with 

the overall orientation of the training process [14, 

32]. 

Changes in the state of neural structures that 

determine the sensitivity of OTS responses in 

athletes reflect the long-term cumulation of 

training effects. The condition of these neural 

structures is closely related to some peculiarities of 

responses to physical load [34]. These peculiarities 

reflect changes that ensure system stability and 

efficiency at high power levels. This is well 

illustrated by the degree of «excessive» pulmonary 

ventilation dependence during strenuous physical 

load in highly qualified athletes on sensitivity to 

hypoxia and hypercapnia. Increased sensitivity to 

these factors significantly affects the degree of 

reduction in the efficiency of pulmonary 
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ventilation during the most strenuous phases of 

physical activity. To analyze the mechanisms 

underlying the dependence of ventilatory response 

sensitivity to the specified humoral factors and its 

efficiency, we compared the slopes of the curves 

of pulmonary ventilation and О2 consumption 

dependences at different oxygen content in 

inspired air under physical loads. The averaged 

indicator reflecting the slopes of these lines under 

hyperoxic and hypoxic conditions effectively 

characterizes the overall functional state of the 

respiratory system. The lower this indicator, the 

greater the functional capacity of the system 

during continued exercise «to failure». This value 

may represent an important component of the 

body’s general «oxygen buffering capacity» and its 

aerobic potential [35]. At the same time, the slope 

of these lines is closely correlated (r=0.94) with 

the sensitivity of ventilatory response to hypoxia. 

A similar pattern is also observed when analyzing 

the slopes of the relationship between minute 

cardiac output (or HR, which reflects it well within 

a certain range of exercise intensity) and О2 

consumption under hypoxic and normoxic 

conditions of progressively increasing exercise 

intensity.  

Changes in the sensitivity of responses to 

hypoxia and hypercapnia are among the most 

important factors of the respiratory system 

adaptation, reflecting the general state of the 

body’s oxygen supply system [8, 34]. 

When analyzing ventilatory sensitivity to 

hypercapnia, it is necessary to take into account 

the dependence of the parameter S 

(∆VE/∆PACO2) on the athlete’s body mass (Fig. 

2). 

The dependence of S on body mass is 

curvilinear (Fig. 2). The segment of the curve 

within the 70-85 kg body mass range can be 

linearized, and the numerical values of this 

dependence may be used as a correction factor in 

evaluation criteria. This is of substantial 

importance when comparing the indices of athletes 

with significant differences in body mass. With a 

body mass decrease of 1 kg, the average «normal» 

value of S increases by 0.035 [9].  

Of interest is the similarity between the slope of 

the S dependence curve on body mass (ΔS/Δmass) 

and the dependence of VO2max·kg⁻¹ on body 

mass (VO2max·kg·Δmass⁻¹) in highly skilled 

athletes. The first value corresponds to 

0.035±0.003 l·min⁻¹·mmHg⁻¹ per kg of body mass, 

while the second equals 0.49 ml·min⁻¹·kg⁻¹ per kg 

of body mass. When these dependences are 

expressed as percentages of the total range of 

changes of the respective indicators, they amount 

to 5.0±0.09% and 4.8±0.08%, with no statistically 

significant difference between the first and second 

values, respectively.  

The analysis of several aspects of 

cardiovascular regulation is of considerable 

independent value. In highly skilled athletes, a 

clear decrease in the sensitivity of arterial bed 

baroreceptors is observed, as well as a reduction of 

heart rate responses, arterial blood pressure (both 

systolic and diastolic) to hypoxic stimulation. At 

the same time, the thresholds of these responses 

increase, as does their overall stability [1, 30].  

 

 

Figure 2. Normative graph of the ventilatory sensitivity to CO2 (S) dependence on body mass in highly skilled 

road cyclists (W) 
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Figure 3. Dynamics and types of responses of systolic and diastolic arterial pressure and heart rate (HR) during 

isocapnic hypoxia in qualified athletes (n=18) 
Legend: A – systolic pressure; B – diastolic pressure; C – sensitivity 

 

 

Changes in diastolic and systolic arterial 

pressure in response to progressively increasing 

isocapnic hypoxia also allow assessment of the 

threshold value of РAО2 decrease in the 

excitability of vascular smooth muscles [7, 23]. 

This is particularly evident in response patterns 

where changes in arterial pressure occur prior to 

significant alterations in heart rhythm. Studies 

show that initial changes in diastolic pressure are 

observed when blood РАО2 falls to 35-55 mmHg, 

with athletes demonstrating these changes at lower 

values than untrained individuals. The thresholds 

of arterial pressure responses during hypoxia can 

vary substantially, as can the degree of response 

expression (Fig. 3). As analysis indicates, they 

depend not only on the athlete’s functional state 

but also on the individual response type 

characteristic of a given person [16, 21]. This 

response type is preserved during physical 

exertion. Therefore, evaluation of arterial pressure 

responses to hypoxia and their training-induced 

changes in longitudinal observations can be 

reliable only when such an individual type of the 

relationship between arterial pressure and heart 

rhythm responses is taken into account. 

Particular attention should be paid to the 

analysis of respiratory sinus arrhythmia. The 

degree of its expression makes it possible to obtain 

certain integral indicators demonstrating the 

functional state of the heart. Respiratory 

arrhythmia, together with other regulatory tests, 

allows assessment of specific aspects of the 

general strain of regulatory and adaptive processes, 

the activity of the humoral component in heart 

rhythm regulation, as well as sympathetic and 

parasympathetic influences in its regulation [5]. In 

order to maximally exclude other possible factors 

of rhythm periodicity (as well as random aperiodic 

influences and to isolate those most closely 

associated with increased vagal effects in 
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regulation), respiratory stimulation with 

progressively increasing hypercapnia was used. 

Such stimulation creates physiological conditions 

for the predominance of parasympathetic 

influences in regulation. During hypercapnia, the 

blood CO2 tension is raised to levels observed 

during strenuous muscular activity in mixed 

venous blood (up to 70 mmHg). In qualified 

athletes, a linear increase in respiratory arrhythmia 

is observed within a certain range of PACO2, (Fig. 

4). 

The slope of this dependence line 

(ΔDA/ΔPACO2), together with the reaction 

threshold, makes it possible to assess the 

sensitivity of heart rhythm regulatory mechanisms. 

This allows not only determination of the 

expressiveness and maximal manifestation of 

parasympathetic influences in regulation, and the 

tension of these processes, but also their stability 

[15, 19]. The latter proved to be a particularly 

specific indicator of this aspect of functional 

fitness in endurance trained athletes [15]. The 

РACО2 level at which DA begins to decrease in 

highly qualified cyclists specializing in the 100 km 

team racing constitutes 56.1±0.9 mmHg. In 

cyclists specializing in road racing, this value is 

significantly lower – 52.5±0.85 mmHg. In cyclists 

specializing in track racing (time trial), the PACO2 

at which DA begins to decrease is even lower - 

49.2±1.0 mmHg.  

Under conditions of strenuous sports activity, 

there is such an important humoral factor as lactic 

acid, substantial epidemic shifts on the whole [2]. 

The expressiveness of respiratory arrhythmia (DA) 

is closely and inversely related to the degree of 

shifts in the active blood reaction. This 

relationship has individual characteristics, and its 

nature varies depending on the athlete’s condition 

[27]. In this regard, the informative value of 

respiratory arrhythmia stability increases under 

conditions of progressively intensifying 

hypercapnic stimulation, which in certain aspects 

models the humoral situation of strenuous 

muscular activity. 

An inverse correlation (r=−0.71) has been 

observed between the maximum value of 

respiratory arrhythmia during progressive 

hypercapnia and isocapnic hypoxia, and the degree 

of stroke volume decrease (from its steady-state 

level) during prolonged, strenuous exercise 

(approximately 1 hour). All this indicates that the 

assessment of DA under conditions of hypercapnic 

and hypoxic stimulation represents an important 

additional, sport-specific method for analyzing the 

functional state of the cardiovascular regulatory 

system, alongside previously suggested methods 

[29].  

Analysis of the OTS regulatory parameters 

resulted in identifying four generalized groups of 

indicators predominantly characterizing certain 

regulation properties: 1) sensitivity; 2) reactivity; 

3) stability; 4) autonomic balance (sympathetic and 

parasympathetic influences). The set of tests and 

indicators described in this study includes only 

those that can be obtained without the use of 

physical load. Therefore, they largely reflect the 

functional and morphological components for the 

potential manifestation of maximal work capacity, 

or the body «functional potential». 

 

 

 

Figure 4. The respiratory arrhythmia (DA) dependence on the partial pressure of carbon dioxide (PACO2) in 

highly qualified road cyclists (n=18) 
Legend: 1 – first athlete; 2 – second athlete 
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Table 3  

Sensitivity indicators of OTS 

Indicators Designation 

Ventilatory sensitivity of chemoreceptors to hypercapnia (S/kg) ∆VE/∆PACO2 

Partial pressure of carbon dioxide in the first exhalation after voluntary 

breath-holding at the moment of the imperative stimulus (the first 

involuntary contraction of the diaphragm) 

PACO2 

Ventilatory sensitivity relative to vital capacity S/VC 

Ventilatory sensitivity to hypercapnia S/PACO2 

Sensitivity to isocapnic hypoxia PAO2/Akg 

Sensitivity to hypoxia  ∆VE/∆SaO2 

Sensitivity of the cardiovascular response to hypoxia ∆HR/∆SaO2 

Sensitivity of heart rate and pulse pressure to hypoxia ∆HR x pHR/∆SaO2 

Product of ventilatory sensitivity to hypoxia SA 

Sensitivity of pulmonary stretch receptors (according to Euler) K-M 

Sensitivity of hypercapnic receptors at the peak of respiratory arrhythmia  PACO2 DA 

Sensitivity of arterial bed baroreceptors (−20, −40, −60 mmHg) ∆HR/∆P 

Respiratory arrhythmia under conditions of progressive hypercapnia ∆DA/∆PACO2 

Threshold of ventilatory response to hypercapnia B 

Threshold of ventilatory response to hypoxia  C 

Threshold of heart rate response to hypoxia  P 

Threshold of pulmonary stretch receptor response K 

Threshold of arterial bed baroreceptor response D 

Threshold of respiratory arrhythmia response to changes in hypercapnia  DA/PACO2 

 

Table 4  

Reactivity indicators of OTS 

Indicators Designation/units 

Specific weight of the fast phase of the 

ventilatory response (peripheral chemoreceptors) 

in the overall response to hypercapnia 

% 

Specific weight of the fast phase of the 

ventilatory response (peripheral chemoreceptors) 

in the overall response to isocapnic hypoxia 

% 

Reactivity of pulmonary ventilation to 

hypercapnia 

0.5(50-B)V50  

(V50 → PACO2=50 mm.merc.col.) 

B=threshold of ventilatory response to hypercapnia 

Gain coefficient for ventilatory sensitivity under 

hypercapnia (PACO2=50 mm Hg) 

SaO2=84% 

Heart rate reactivity to hypoxia ∆HR // ∆VE → PACO2=50 mm.merc.col. 

Respiratory arrhythmia reactivity to hypercapnia  0.5(50-PACO2)DA → PACO2=50 mm.merc.col. 

Maximum change in systolic blood pressure Spmax → PACO2=50 mm.merc.col. 

Maximum change in pulse pressure SHRmax → PACO2=50 mm.merc.col. 

Maximum change in pulmonary ventilation VEmax → PACO2=50 mm.merc.col. 

Reactivity of pulmonary stretch receptors 0.5(2-K)V2 → V2=VE(VT=2 l)  

Reactivity of arterial bed baroreceptors  ∆HR → P=-60 mm.merc.col. 

P= negative pressure in the carotid sinus 

baroreceptor region 

Rate of rapid carbon dioxide storage under 

conditions of progressive hypercapnia 
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The first group of indicators includes those 

providing a quantitative expression of the 

stimulus-response dependence of the functional 

system, the law of dependency of these indicators 

and the threshold values of responses (Table 3).  

The group of reactivity indicators mainly 

reflects the general performance of the functional 

response at standard stimulation levels (Table 4).  

Some important indicators of the «reactivity» of 

functional systems, which are determined during 

physical activity were not included in the table 

deliberately (We consider these indicators 

separately as «system mobility» among the factors 

of functional fitness in the article «The key factors 

of athletes’ functional fitness», 

https://doi.org/10.32782/2522-1795.2025.19.3.12). 

This study presents indicators that approximate 

the characteristics of OTS’s functional potential. 

At the same time, it is important to note the 

significant role of analyzing initial system 

responses and other transient states in 

quantitatively assessing the proportion of 

neurogenic and humoral factors in the overall 

response of the respiratory system. 

The group of indicators reflecting stability 

includes parameters that quantitatively characterize 

the ability to maintain the level of response or to 

preserve the stimulus-response law over a wide 

range of changes in stimulation, coefficients of 

variability in transient response modes, as well as 

characteristics of the degree of vascular reactions 

within the general structure of the circulatory 

response to stimuli and the presence of certain 

unfavorable types of responses (Table 5). 

 
 

Table 5  

Stability indicators of OTS 

Indicators Designation 

Partial pressure of carbon dioxide at the onset of a decrease in ventilatory 

sensitivity to hypercapnia at high levels of carbon dioxide tension 

CO2/PACO2 ↓S 

Partial pressure of oxygen at the onset of a decrease in respiratory sinus 

arrhythmia under hypoxic conditions 

DA/PO2 ↓DA 

Partial pressure of carbon dioxide at the onset of a decrease in respiratory 

sinus arrhythmia during progressive hypercapnia 

DA/PACO2 ↓DA 

Degree of reduction of respiratory sinus arrhythmia under hypocapnia DA/PACO2 (PACO2=25 

mm.merc.col.) 

Baevsky’s «stress index» (mode amplitude of pulse R–R intervals) 2Moda(R-Rmax-R-Rmin), % 

Arterial blood oxygen saturation at the onset of a decrease in pulse arterial 

pressure 

SaO2 (PAO2)   ↓pHR 

Coefficients of variability at rest and in transient response modes under 

stimulation with adequate standard stimuli for the ventilatory equivalent of 

breathing 

VE/VT 

Coefficients of variability at rest and in transient response modes under 

stimulation with adequate standard stimuli for respiratory rate  

/f 

Coefficients of variability at rest and in transient response modes under 

stimulation with adequate standard stimuli for heart rate 

/HR 

Ratio of heart rate and arterial blood pressure responses to adequate stimuli 

under a standard hypo-O2-hyper-CO2 stimulus 

gas mixture 12%О2 + 

7%СО2 in nitrogen, % 

Ratio of heart rate and arterial blood pressure responses to adequate stimuli 

during an orthostatic test  

% 

Presence of a «stepwise» response type of respiratory rate, heart rate, 

arterial blood pressure, and ventilatory equivalent to increasing degree of 

hypercapnic stimulation  

VE/VT, f, HR 

Presence of a «stepwise» response type of respiratory rate, heart rate, 

arterial blood pressure, and ventilatory equivalent during an orthostatic test  

VE/VT, f, HR 

Difference in the total duration of breath-holding at the level of functional 

residual capacity and until the onset of an imperative stimulus  

s 
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Table 6  

«Autonomic balance» indicators of OTS 

Indicators Designation/units 

Degree of economization of resting basal metabolism 

By heart rate frequency parameters /HR 

By respiratory rate frequency parameters /f 

Specific indices of pulmonary (alveolar) ventilation ml.min.kg 

Specific indices of cardiac output ml.min.kg 

Specific indices of blood oxygen transport ml.min.kg 

Level of partial pressure of oxygen Mm Hg 

Basal metabolic rate % 

Indicators of respiratory sinus arrhythmia of heart rhythm 

Resting respiratory sinus arrhythmia under basal metabolic 

conditions 

DA/∆R-R 

Maximum value of respiratory sinus arrhythmia under 

progressively increasing hypercapnic exposure 

DAmax 

Difference between the highest (under hypercapnia) and the 

lowest (under hypocapnia) values of respiratory sinus 

arrhythmia 

∆DA 

Amplitude (frequency of occurrence) of the mode of the 

distribution of pulse intervals 

∆R-R 

Dispersion (range) of pulse intervals ∆R-R 
 

 

The regulatory tension, assessed by the 

parameters of variational analysis of the frequency 

characteristics of respiratory function, heart rate, 

and tidal volume, as well as by the regularities of 

transient processes, is considered by us as a 

component of stability. 

Moreover, we interpret regulatory tension as 

reflecting the degree of proximity to the 

exhaustion of regulatory resources needed to 

achieve a specific functional goal. As regulatory 

tension increases, their «reserve capacity» or 

reliability decreases.  

The regulatory properties classified under the 

«autonomic balance» group of indicators reflect 

the balance between sympathetic and 

parasympathetic influences in the regulation of 

OTS (Table 6). 

It is well known that training, especially in 

endurance sports events, leads to a pronounced 

increase in vagal influences in regulation [17, 19, 

34]. Certain properties of sympathetic regulation 

provide the degree and rate of system responses 

during exercise and under hypoxia, affect the 

general power of systems, and higher frequency 

indicators of functions. The stability of 

sympathetic influences is important for 

maintaining the tone of capacitance vessels and 

venous return [4, 32]. Parasympathetic regulation 

is more connected with recovery responses and the 

organization of rest (basal metabolism). It can be 

assessed through analysis of the structure of 

functional responses - for example, the 

predominance of increases in tidal and stroke 

volumes, along with a reduction in respiratory rate 

and heart rate under conditions of physical, 

hypercapnic load [3, 29]. For example, a decrease 

in parasympathetic activity in the dynamics of 

hypoxic loading increases HR and cardiac output 

at the same level of hypoxic stress and reduces 

stroke volume. 

Changes in the balance of sympathetic and 

parasympathetic influences reflect the most 

general mechanisms and capacities of the body 

adaptation to environmental factors and external 

influences, including those occurring under 

conditions of muscular training [22]. Methods for 

the quantitative assessment of «autonomic 

balance» have a significant nonspecific 

component; therefore, hypoxic, hypercapnic, and 

physical training exert a unidirectional effect on its 

changes. For the quantitative evaluation of 

«autonomic balance», two groups of indicators that 

characterize the degree of economization, rest, and 

respiratory sinus arrhythmia of heart rhythm were 
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used. These indicators are the most accessible for 

measurement and have sufficiently clear 

evaluation criteria. There is also a number of other 

important indicators and tests for characterizing 

«autonomic balance», although more cumbersome 

– such as the K/Ca ratio in blood plasma, the 

pattern of the glycemic load curve, the content of 

acetylcholine, blood cholinesterase, and several 

others. Autonomic balance is closely related to the 

state of sensory elements and to other properties of 

regulatory mechanisms [13, 19]. 

To assess each of the regulatory properties of 

the OTS, informative indicators, methods for their 

calculation, and formats for data presentation have 

been defined (Tables 3–6). The method as a whole 

is amenable to automated processing. Clear 

visualization of the results is achieved by 

presenting the obtained data in the form of a 

regulatory properties profile, based on evaluation 

scales developed by us for qualified athletes. The 

map (profile) of regulatory properties is generated 

using a computer, with the output of general 

diagnostic criteria.  

The findings make it possible to draw several 

generalized conclusions regarding the regularities 

of changes in regulatory properties, their 

relationship with functional fitness during the 

process of sports training, and to propose 

considerations for the practical application of the 

identified regularities. We analyzed the 

relationship between the main factors of the 

structure of functional fitness in cyclists and the 

properties of functional regulation. The properties 

of functional regulation (Fig. 5) effectively reflect 

various aspects of the functional fitness of athletes 

and may be interpreted as one of the important 

mechanisms of its formation. The study of 

regulatory properties makes it possible to assess 

changes in the functional fitness structure and the 

correspondence of these changes to the training 

process orientation in its different periods.  

In highly qualified athletes, high functional 

capacities, as well as peak readiness, are often 

accompanied by certain individual features of OTS 

regulation [8, 37]. This issue requires separate 

consideration. The functional indicators peculiar to 

each athlete, which determine gas transport within 

the body and the energetic support of work, are 

largely formed already at the early stages of 

training involving high loads [10]. Subsequently, 

an optimum pattern of regulation is established 

within the system, and a certain stabilization is 

observed, which is necessary for the athlete to 

sustain high training loads over a number of years.  

 

 
 

 

 

 

 

 

 
 

Stability (r=0.72) 

Reactivity 

(r=0.74) 

Sensitiveness 

(r=-0.81) 

Vagotropia 

(r=0.61-0.820 

 

Figure 5. Diagram of the most pronounced interrelationships between the leading factors of functional fitness 

and the regulatory properties of the respiratory system in highly qualified cyclists 
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We analyzed the character of changes in 

regulatory properties during different predominant 

orientations of the training process in highly 

qualified athletes (cyclists and rowers) under 

natural training conditions. The direction of the 

main changes and the levels of indicators 

associated with signs of exceeding optimal limits 

were recorded. The analysis of OTS regulatory 

properties provides a certain insight into the degree 

of training tension as perceived individually by 

functional systems, as well as its adequacy to the 

body capacity to «assimilate» loads, as reflected by 

the degree of destabilization of the complex of 

individual «regulatory constants». The application 

of this approach in practice necessitated the 

development of several new integrated 

physiological and pedagogical diagnostic terms 

and forms for assessment of the athlete’s 

functional state, which characterize their functional 

potential. As a result, it becomes possible to 

provide an individual characterization and a 

probabilistic analysis of the following sports and 

pedagogical aspects of the athlete’s condition in 

the dynamics of training: 1) general tolerance to 

training loads; 2) elements of predicting tolerance 

to specialized training loads; 3) the degree of the 

athlete approaching the peak of individual 

functional fitness. 

The development of criteria for the general 

tolerance of training loads has many aspects. Here, 

we consider only five diagnostic states and the 

quantitative criteria for their identification. 

1. Оptimal state. All regulatory components of 

the OTS are at a sufficient (normative) level. The 

degree and direction of changes in regulatory 

properties are adequate to the volume and structure 

of training loads. 

2. Satisfactory state. The signs are similar to 

those observed in the optimal state, but less 

pronounced and stable, and accompanied by some 

minor deviations in the expression of diagnostic 

signs. In this state, the expression of diagnostic 

indicators may be inadequate relative to the 

training load in the period preceding the 

examination. Changes are observed that do not 

correspond to the structure of the training loads. 

3. State of significant tension. The analyzed 

indicators are within the lower or upper limits of 

the «optimal zone» of changes. Individual 

deviations from optimal values are observed both 

in magnitude and direction, along with negative 

dynamics in some regulatory properties on the 

whole. 

4. State of overstrain. This state is characterized 

by substantial deviations from individual 

sensitivity levels (in most cases, an increase in 

sensitivity), accompanied by elevated reaction 

thresholds and reduced stability. A noticeable shift 

in the autonomic balance toward increased 

sympathetic influence may occur. In addition, 

changes in neurohumoral relationships in the 

regulation of respiration and the cardiovascular 

system are observed, along with the emergence of 

their unfavorable response types and some other 

signs indicating disruption of normative regulatory 

ratios within the OTS.  

5. Undefined state. This state is associated with 

indistinct and ambiguous changes, making it 

difficult to interpret and requiring additional 

examination.  

The possibility of predicting tolerance to 

training loads in subsequent training periods is 

linked to the above identification of the regulatory 

states of the athlete’s OTS. In particular, 

specialized analysis shows that an «optimal state» 

always indicates the athlete’s ability to tolerate, in 

the subsequent training period, training loads that 

are either similar (in volume and structure) to those 

at the time of examination or higher.  

If a «satisfactory state» is recorded, this also 

indicates the ability to tolerate not only the 

previous training loads but possibly higher ones as 

well, provided that the training process is 

temporarily adjusted. A certain basis for selecting 

corrective interventions may serve our findings, as 

well as some indirect evidence from the literature, 

suggesting that prolonged, steady load with a high 

level of oxidative processes influences the 

regulatory properties of the OTS primarily through 

the cumulation of humoral effects adequate for the 

system that ensure precise regulation of the 

balance between O2 demand and supply [28, 36]. 

At the same time, particularly when fatigue factors 

associated with training monotony are eliminated, 

the most favorable conditions are created for 

balancing neurohumoral interactions in OTS 

regulation, optimizing the excitability of 

autonomic centers, reducing their sensitivity, and 

increasing stability, along with total increase in 

vagal influences in regulatory processes.  

The results of the study suggest that one of the 

most important mechanisms for improving the 

regulation of the OTS (or a clear criterion of this 
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process) in athletes is a general decrease in the 

sensitivity of ventilatory and circulatory responses 

within the system of viscerocentral relationships, 

while maintaining (or specially increasing) the 

sensitivity of these responses to afferentation from 

working limbs. 

There are also other possibilities for targeted 

correction of the functional state of autonomic 

centers in athletes. For instance, studies show that 

the use of dosed increased resistance for activity of 

the respiratory muscles applied to the lower third 

of the chest during physical load leads to increases, 

along with muscular strength, in the «anaerobic 

endurance» of the respiratory muscles and in the 

sensitivity of the respiratory center to hypercapnia. 

Specialized training of the respiratory muscles can 

stimulate autonomic centers and maintain their 

reactivity for longer periods under fatiguing loads 

[25]. This type of training, through its effect on the 

respiratory muscles, makes it possible to increase 

the volume of loads tolerated by the athlete and to 

more fully realize the potential capabilities of the 

respiratory system as a whole, which is particularly 

important at the stages of developing sports 

mastery [22].  

It is worth focusing particular attention on the 

interpretation of data on the state of the sensitive 

elements of the gas exchange system as points of 

application (levers) for training influences on this 

system and its adaptive adjustments during long-

term training. 

Studies demonstrate that, in the process of long-

term adaptation to high volumes of muscular load, 

specific features or predominant changes develop 

in these or those aspects of sensitivity to the 

analyzed factors [18]. During speed-strength 

training loads, the sensitivity of ventilatory and 

cardiac responses to neurogenic factors stabilizes 

more rapidly than to humoral ones. Just the 

opposite is observed under endurance loads. 

Moreover, during endurance loads, sensitivity to 

hypocapnia remains high, whereas under speed-

strength loads, sensitivity to hypocapnia decreases 

[17].   

Somewhat different is the long-term dynamics 

of changes in the sensitivity elements of the OTS 

in athletes with low innate sensitivity to hypoxia 

and other stimuli. Speed, speed-strength, and 

repeated supramaximal high-intensity loads exert 

their regulatory influence through an increased 

total of neurohumoral «perturbations» of the 

systems. Over a certain period, these loads 

promote the establishment of a background of 

increased sensitivity and reactivity, an 

enhancement in sympathetic influences in 

regulation, and affect other functional 

characteristics of the body OTS. As a result, an 

anticipatory type of response develops – excessive 

relative to metabolic demands – such as 

hypercirculatory and hyperventilatory responses to 

exercise [12, 18, 19].  

If, as a result of an athlete’s examination, a state 

of «significant tension» is observed, it may be 

assumed that although the athlete tolerates the 

current loads, they do not adequately «assimilate» 

them; i.e., the expected long-term adaptive effect is 

not achieved. This condition was observed in 5–

15% of athletes (rowers and cyclists) during the 

competitive training period.  

The emergence of a state of overstrain, which 

may be considered as an element of regulatory 

disturbance or «maladaptation», indicates a 

significant decline in the ability to tolerate and 

effectively «assimilate» the suggested level of 

training loads, and necessitates substantial and 

prolonged corrections to the training process as 

well as to other means. 

For the formation of the described regulatory 

states of the body OTS in athletes, the level and 

structure of training loads are not the only factor, 

but rather the leading controlling influence [25]. 

When recording changes in the regulatory 

properties of OTS in athletes, it is essential to take 

full account of all possible factors that may affect 

adaptive processes [29, 34].  

In the practice of physiological testing and the 

management of the training process, assessing the 

degree to which an athlete is approaching their 

peak individual functional fitness is among the 

most important tasks [11, 20]. One possible 

approach to such assessment is monitoring the 

relationship between changes in regulatory 

properties (primarily «sensitivity») and training 

load intensity. Along with this, the degree to which 

individual regulatory parameters approach their 

limiting levels is also taken into account. This 

approach makes it possible to determine the onset 

of a period when further increases in training load 

no longer lead to changes in the indicator 

parameters of regulatory system properties [22]. 

Only certain optimal zones and a degree of 

sensitivity reduction to humoral regulatory factors 

of the respiratory and cardiovascular systems are 

favorable for the realization and progression of an 
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individual’s functional potential. In road cyclists 

specializing in team racing, peak functional fitness 

is observed when the lowest individual sensitivity 

is achieved, accompanied by an increase in 

response thresholds to an optimal level at a 

reduction of the «humoral reactivity» of functional 

systems within optimal limits, and preservation of 

the «neurogenic component» of responses. This 

state is also characterized by maximal «stability» 

of regulatory processes and stabilization of 

«vegetative balance» indicators.  

There exists a maximal individual limit to the 

sensitivity reduction over the course of long-term 

training. 

A significant deepening of such processes is not 

always effective [5]. In these cases, a unilateral, 

predominant trend in the adaptation of the OTS 

may be observed, which is oriented toward an 

ability to tolerate («endure») oxygen deficiency, 

excess CO2, under-oxidized metabolic products, 

and other factors. As this tendency deepens over 

years of training, there is a gradual decline in the 

operative properties of the entire system 

responsible for stimulating functional delivery, 

maximizing transport, and the «struggle for 

oxygen» [6]. Such phenomena often coincide with 

the emergence of marked hypoventilatory and 

hypocirculatory types of responses, «sluggishness» 

in the regulation of vascular tone, increased inertia 

of system reactions, impaired balance of sensitivity 

to O2 and CO2, and in the ratio between 

neurogenic and humoral components in the 

response to physical load. Despite the absence of 

any pathological changes, the potential capacities 

of the OTS and the athlete’s prospects for 

performance improvement are reduced in such 

cases [9]. 

The regulatory properties in young qualified 

athletes exhibit a number of specific features 

associated with the fact that the combination of 

age-related development and sports training in 

rowing and cycling (taking into account the 

presence of «sensitive» periods) may lead to a 

significantly more rapid decrease in «sensitivity» 

to humoral stimuli adequate for the OTS, alter the 

balance between neurogenic and humoral stimuli, 

and modify system reactivity more markedly than 

in adulthood. In this regard, assessing the degree 

of such a decrease in «sensitivity» can serve as a 

reliable indicator of the cumulative effects of long-

term sports training [10, 33].  

Quantitative assessment of the state of the 

sensitive elements of OTS regulation, as well as 

certain generalized properties of regulation in the 

cardiovascular and respiratory systems, effectively 

reflects the readiness of the body OTS for maximal 

exertion, represents the functional potential of the 

body, and may be considered one of the important 

methods for its diagnosis [8, 17, 31]. 

4. Conclusions 

1. Changes in the state of chemosensitive neural 

structures and neurogenic factors involved in 

respiratory and cardiovascular regulation – which 

determine the sensitivity of the oxygen-transport 

system’s responses – adequately reflect the 

functional capacity of the oxygen-transport system 

and contribute to athletes’ functional fitness. 

2. Critical power of work, maximum oxygen 

consumption, maximal pulmonary ventilation 

during exercise, respiratory rate and tidal volume, 

certain blood parameters, the anaerobic component 

of energy supply, as well as individual indicators 

of functional stability and recovery after exercise 

are largely determined by the sensitivity, levels, 

and response thresholds of the respiratory and 

cardiovascular systems to hypercapnia, 

hypocapnia, hypoxia. 

3. A specifically selected set of indicators 

reflecting various properties of system regulation 

can serve as an objective representation of the 

body functional potential and functional fitness 

characteristics.  

4. Sensitivity to hypoxia reflects the state of 

peripheral chemosensitive structures, whereas 

sensitivity to hypercapnia reflects the state of 

central medullary chemoreceptors.  

5. Severe hypercapnia, at individual levels, 

exerts a depressive effect on cardiac contractions 

and ventilation, reducing their efficiency. The 

development of a hypocapnic state in the body 

leads to significant «respiratory center 

depression», bronchospasm, and pronounced 

vasoconstrictor reactions in vital organs. A 

decrease in sensitivity to hypocapnia, as well as to 

hypercapnia, during training becomes an important 

indicator of the specificity of physiological 

adaptation of the oxygen-transport system and a 

condition for increasing the reliability of this 

system regulation during strenuous muscular 

activity.  

6. In highly skilled athletes, a clear decrease in 

the sensitivity of arterial bed baroreceptors is 
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observed, as well as a reduction of heart rate 

responses, arterial blood pressure (both systolic 

and diastolic) to hypoxic stimulation. At the same 

time, the thresholds of these responses increase, as 

does their overall stability. 

7. The degree of sinus arrhythmia expression 

makes it possible to obtain certain integral 

indicators demonstrating the functional state of the 

heart. Respiratory arrhythmia allows assessment of 

specific aspects of the general strain of regulatory 

and adaptive processes, the activity of the humoral 

component in heart rhythm regulation, as well as 

sympathetic and parasympathetic influences in its 

regulation. 

8. The assessment of DA under conditions of 

hypercapnic and hypoxic stimulation represents an 

important additional, sport-specific method for 

analyzing the functional state of the cardiovascular 

regulatory system. 

9. Four generalized groups of indicators 

predominantly characterizing certain regulation 

properties have been identified: 1) sensitivity; 2) 

reactivity; 3) stability; 4) autonomic balance 

(sympathetic and parasympathetic influences). 

10. One of the most important mechanisms for 

improving the regulation of the oxygen-transport 

system in athletes is a general decrease in the 

sensitivity of ventilatory and circulatory responses 

within the system of viscerocentral relationships, 

while maintaining the sensitivity of these 

responses to afferentation from working limbs.  
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