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Abstract 

Introduction. Cardiopulmonary stress testing provides significant diagnostic and prognostic information on the condi-

tion of patients with cardiovascular and pulmonary diseases. However, the final stage of such tests requires significant 

physical effort from the patient, which may aggravate the existing cardiovascular or pulmonary pathology. A possible 

solution consists in the development of methods for calculating the final-stage testing parameters on the basis of the 

data obtained at the initial test stages. 

Aim. To develop a method for calculating the values of peak heart rate and peak oxygen consumption for pa-

tients with chronic heart failure at the end of a cardiopulmonary stress test on the basis of the data obtained at 

the initial test stages.   

Materials and methods. 149 anonymized rhythmograms and oxygen consumption records for chronic heart 

failure patients were used. The patients underwent a cardiopulmonary stress test using a bicycle ergometer. 

The load was raised gradually by increasing the load power by 10 W following each 1-minute stage. 

Results. Following an analysis of the data obtained, a method for evaluating the maximum values of heart rate and 

oxygen consumption in patients with chronic heart failure was developed. 

Conclusion. When calculating peak heart rate values, the relative error did not exceed 10%, which renders this 

method feasible for practical application. When calculating the peak oxygen consumption after completing 70% of 

the load protocol, the relative error did not exceed 20% in most cases. Further research should be aimed at im-

proving the accuracy of the method for use in medical applications testing the performance of the cardiopulmo-

nary system. 

Keywords: human stress testing system, electrocardiogram, heart rate (HR), exhaled breath analysis, regression analy-

sis, test performance prediction 

For citation: Krasichkov A. S., Mbazumutima E., Shikema F., Nifontov E. M. A Method for Predicting the Main 

Indicators of Cardiopulmonary Stress Testing for Patients with Chronic Heart Failure. Journal of the Russian 

Universities. Radioelectronics. 2020, vol. 23, no. 1, pp. 96–104. doi: 10.32603/1993-8985-2020-23-1-96-104 

Acknowledgements. We express gratitude to the Almazov National Medical Research Centre for providing 

anonymized data on the cardiorespiratory stress test of patients. 

Conflict of interest. Authors declare no conflict of interest. 

Submitted 25.10.2019; accepted 28.11.2019; published online 28.02.2020 

  

© Krasichkov A. S., Mbazumutima E., Shikema F., Nifontov E. M., 2020 

Контент доступен по лицензии Creative Commons Attribution 4.0 License 

This work is licensed under a Creative Commons Attribution 4.0 License 



Известия вузов России. Радиоэлектроника. 2020. Т. 23, № 1. С. 96–104 

Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 1, pp. 96–104 

 

97 Метод прогнозирования основных показателей кардиопульмонального нагрузочного тестирования 

для больных с хронической сердечной недостаточностью 

A Method for Predicting the Main Indicators of Cardiopulmonary Stress Testing 

for Patients with Chronic Heart Failure 

Приборы медицинского назначения, контроля среды, веществ, материалов и изделий 

Оригинальная статья 

Метод прогнозирования основных показателей  

кардиопульмонального нагрузочного тестирования  

для больных с хронической сердечной недостаточностью 

А. С. Красичков
1,2 , Э. Мбазумутима

1
, Ф. Шикама

1
, Е. М. Нифонтов

2
 

1
Санкт-Петербургский государственный электротехнический 

университет "ЛЭТИ" им. В. И. Ульянова (Ленина), Санкт-Петербург, Россия 
2
Первый Санкт-Петербургский государственный медицинский университет 

им. акад. И. П. Павлова, Санкт-Петербург, Россия 

 
krass33@mail.ru 

Аннотация 

Введение. Кардиопульмональный нагрузочный тест предоставляет значимую диагностическую и прогности-

ческую информацию о состоянии больных с сердечно-сосудистыми и легочными заболеваниями. Существует 

серьезная проблема, состоящая в том, что выполнение нагрузочного тестирования испытуемым в его завер-

шающей фазе является физически тяжелым упражнением для человека. Присутствует значительный риск воз-

никновения и развития патологических состояний сердечно-сосудистой системы пациента. Одним из решений 

данной проблемы является разработка методов оценивания биологических параметров пациентов в конце 

выполнения нагрузочного протокола на основе данных первых этапов теста. 

Цель работы. Разработка метода нахождения оценки максимальной частоты сердечных сокращений 

(ЧСС) и пикового потребления кислорода (ПК) у больных с хронической сердечной недостаточностью 

(ХСН) в конце выполнения кардиореспираторного нагрузочного стресс-теста на основе результатов ис-

следования, полученных на первоначальных ступенях теста. 

Материалы и методы. Для проведения исследования использованы 149 обезличенных записей ритмо-

грамм и данных изменения ПК пациентов с ХСН, которые проходили кардиопульмональный нагрузоч-

ный тест на велоэргометре с использованием ступенчатого нагрузочного протокола (прирост мощности 

нагрузки на каждой ступени составлял 10 Вт, длительность ступени нагрузки была равна 1 мин). 

Результаты. На основе анализа полученных данных разработан метод оценки пиковых значений ЧСС и ПК у 

больных с ХСН. 

Заключение. Относительная ошибка предложенной оценки пикового значения ЧСС в большинстве слу-

чаев не превосходила 10 %, что позволяет ее использовать для практических целей. Установлено, что при 

выполнении 70 % нагрузочного протокола ошибка предложенной оценки пикового ПК в большинстве 

случаев не превосходит 20 %. Необходимы дополнительные исследования для повышения точности дан-

ной оценки с целью использования в медицинских приложениях, направленных на модернизацию мето-

дов и аппаратуры для нагрузочного тестирования пациентов. 

Ключевые слова: система нагрузочного тестирования человека, электрокардиосигнал, частота сердечных со-

кращений (ЧСС), анализ выдыхаемого воздуха, регрессионный анализ, предсказание показателей тестирования 
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Introduction. The growing incidence of cardio-

vascular pathologies among the human population 

requires the development of non-invasive diagnostic 

methods aimed at early detection and prevention of 

such conditions. 

Load stress testing (Fig. 1) [1] is most frequently 

used as a non-invasive and reproducible method for 

diagnosing the performance of the cardiovascular 

system and predicting treatment outcomes of cardio-

vascular diseases [2]. The system of load stress test-

ing includes equipment for performing physical ex-

ercise of various intensity (a bicycle ergometer or a 

treadmill), sensors for recording human biological 

signals (e.g., electrocardiogram, blood pressure, etc.) 

and computing devices for processing the data using 

software applications [3]. 

Cardiopulmonary stress testing (CPST) refers to 

load stress testing with an additional measurement of 

gas exchange parameters at rest, during exercise and 

during recovery. As a rule, the following main indi-

cators are measured: the volume of oxygen con-

sumed  2O ,V  the volume of exhaled carbon dioxide 

 2CO ,V  ventilation parameters, as well as the elec-

trocardiographic parameters, such as heart rate (HR) 

and blood pressure. Fig. 1, a exemplifies a system for 

simultaneous monitoring of respiration, blood pres-

sure and pulse during exercise. 

CPST is a reliable diagnostic tool that provides 

significant clinical and prognostic information about 

the condition of patients with cardiovascular and 

pulmonary diseases, thus allowing treatment out-

comes to be predicted [4, 5]. 

When conducting clinical load testing, the selec-

tion of its modality and protocol is of decisive im-

portance (Fig. 1, b). Existing protocols typically in-

clude an initial warm-up period followed by a pro-

gressive dosed load and a recovery period after max-

imum effort. 

The selection of a workload protocol depends on 

the purpose of testing. The most frequently used pro-

tocol is that based on a stepwise increase of the load 

[3, 6, 7]. The as-obtained data is continuously dis-

played on a monitor and recorded in the device 

memory for further processing (Fig. 1, c). 

A serious problem in the application of CPST 

consists in the increased risk of overload at maximal 

exercise for some patients, which may lead to aggra-

vating the patient’s physical condition. This is why 

CPST is performed only at medical institutions hav-

ing intensive care units. A possible solution to this 

problem is the development of methods for calculat-

ing (predicting) the functional state of patients at the 

end stage of the load protocol based on the data reg-

istered at initial test stages.  

This article proposes an approach, according to 

which only the initial SPST cycle, rather the entire 

load protocol, is realized. The parameters obtained at 

the initial stages are further used to calculate the re-

sults of the final, most energy-consuming phase of 

peakVO2  

1 2 3 4 

t 
 а b 

c 

Fig. 1. Stress Testing: a – training apparatus; b – test protocol (1 – training, 2...3 min; 2 – warm-up, 1...3 min; 

3 – test implementation, 8...15 min; 4 – recovery, 3...10 min); c – test results 
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SPST. Thus, it becomes possible to reduce the risk of 

overburdening the patient by decreasing the duration 

of the load protocol without losing diagnostically 

important information. 

The task of predicting some CPST indicators was 

considered in previous research. Thus, [8–11] inves-

tigated the possibility of predicting HR at peak loads 

in patients with cardiovascular pathologies using 

linear regression equations. A similar approach was 

applied in [12–14] to obtain the peak oxygen con-

sumption (
2O peakV ). A method for predicting 

2O peakV  based on a linear relationship between HR 

and 
2OV  was proposed in [15]. However, in all the 

aforementioned works, the main SPST parameters 

were evaluated on the basis of the data obtained dur-

ing the resting state, not taking into account the in-

formation received at the initial stages of the load 

protocol. Thus, the dynamic properties of biological 

signals during load testing were actually ignored. 

In this work, we describe a method for determin-

ing the peak HR and 
2O peakV  in patients with chron-

ic heart failure (CHF) at the end of a cardiorespirato-

ry load stress test based on the results obtained at 

initial test stages. 

Materials and methods. The research material 

comprised 149 anonymized records of rhythmograms 

and oxygen consumption variations in CHF patients 

(97 men and 52 women). All the patients underwent 

CPST on a bicycle ergometer using a stepwise load 

protocol: the load power was raised by 10 W after 

each 1-minute stage. The testing was conducted at 

the Almazov National Medical Research Centre. 

Symptoms that resulted in test termination in-

cluded: 

1) pain; 

2) fatigue; 

3) critical changes in the ECG, blood pressure, 

oxygen saturation (these were continuously moni-

tored by medical personnel). 

Following an analysis of the data obtained, a 

method for calculating peak HR and 
2O peakV  values 

at maximal exercise in CHF patients was developed. 

The proposed method consists of three stages, which 

are shown in Fig. 2. 

The first stage involves an estimation of the peak 

HR value peakHR


 (prediction) at maximal exercise 

(the final phase of the CPST protocol). To this end, a 

regression equation was obtained empirically follow-

ing the analysis of rhythmograms: 

 peak 1 2 rest 3 slopeHR k k HR k HR


   , (1) 

where restHR  is the heart rate at rest before the test; 

slopeHR  is the angular coefficient of the straight line 

approximating the dependence of changes in the 

heart rate level during the first three stages of the 

load to the desired estimate. The coefficients k were 

determined using the least square method 

 

2

peakpeak

2
peak 1 2 rest 3 slope min,

N

N

HR HR

HR k k HR k HR

 
   

    




 

where N is the number of analyzed rhythmograms; 

peakHR  is the true peak heart rate. 

The as-obtained coefficients for various groups 

of CHF patients are summarized in Table. It can be 

seen that the k coefficients included in the regression 

expression (1) vary significantly depending on the 

method of group formation. 

On the basis of the obtained peak HR value 

peak



HR  and by approximating changes in HR from 

the  HR t  time across the load interval by the quad-

ratic dependence 

  2
1 2 3;HR t a t a t a     max peak ,HR t HR  

an estimate of the duration of the load interval is found: 

 

Fig. 2. The Structural Scheme of the Method  

for Assessing the Peak Values of HR and OC for Patients  

with Chronic Heart Failure 

Estimation of peak HR value peakHR


 

at maximum load performance 

Estimation of the limit duration maxt̂  

of the load range. 

Estimation of peak OC 
2O peakV̂  

The Values of the Regression Equation Coefficients 

Coefficient 
Group 

males females combined 

1k  14.935 27.228 24.263 

2k  1.081 0.898 0.988 

3k  32.086 22.215 22.205 
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2
peak2 2 1 3

max
1

4

ˆ .
2

a a a a HR

t
a

 
     

 
  (2) 

It should be noted that the coefficients 1,a  2 ,a  

3a  are determined in the first steps of the load inter-

val. 

At the final (3rd stage), the 
2O peakV  estimate 

2O peakV̂  is found. This estimate is based on the pre-

viously obtained estimate peak ,HR


 as well as as-

suming a linear dependence of oxygen consumption 

changes across the load interval:  
2O 1 2.V t c t c   

Then, 
2O peakV is estimated by the formula 

2O peak 1 max 2
ˆ ˆ ,V c t c   (3) 

where 1c  and 2c  are the angular coefficient and the 

free term of the linear dependence, respectively. The 

coefficients are obtained by approximating the de-

pendence of changes in 
2O peakV  at the initial stages 

of the load interval. 

Results. Fig. 3 shows the range of the relative er-

ror when using the proposed method for calculating 

HR at maximal exercise (1) by the formula 

 
peakpeak

peak

,HR

HR HR

HR




   (4) 

where peakHR  is the empirical (true) HR value at a 

peak load; peakHR


 is the HR estimate at a peak load 

obtained using (1). 

It can be seen from Fig. 3 that, when estimating 

peak HR values, the relative error does not exceed 

10% in most cases. In addition, the use of the pro-

posed method for assessing CPST parameters for 

different groups of patients gives similar results 

when combining the groups. 

Fig. 4 exemplifies the results of approximating 

changes in the HR during exercise by quadratic de-

pendence for two different patients. The vertical and 

horizontal axes shows the HR values and the measure-

ment intervals i. Fig. 4, c shows the range of the relative 

error when determining HR at maximal exercise using a 

quadratic model determined by analogy with (4). 

As shown in Fig. 4, the quadratic model accu-

rately describes the dependence of HR changes 

across on the load interval. The relative error in esti-

mating HR at a peak load using a quadratic model 

does not exceed 2% in the vast majority of cases. 

This result confirms the adequacy of the applied quad-

ratic model of HR changes across the load interval. 

Fig. 5 shows the range of the relative error when 

using the proposed method for determining 
2O peakV . 

The 
2OV level across the load interval was approxi-

mated by a linear dependence 

 
2O 1 2

ˆ ;V t c t c    
2 2O peak O max

ˆ ˆ .V V t  

In this case, the duration of the load testing maxt  

was known, and the coefficients 1c  2 ,c  included in 

 Fig. 3. Relative Error Prediction Range  

of Heart Rate Diagrams 
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 Fig. 5. Relative Error of the Determining of Peak Value 

of a OC with a Linear Model 
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Fig. 4. Approximation of HR by Quadratic Dependence: 

a, b – results for two patients (markers – measurement results, 

red lines – approximation); c– diagram of the scale of the 

relative error in determining HR at the peak of the load using 

a quadratic model 
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the linear equation, were calculated depending on the 

percentage of test completion with respect to its max-

imum duration L. As follows from Fig. 5, the relative 

error in estimating the peak oxygen consumption 

using the linear model obtained when performing 

even the entire load stress test (100% of the maxi-

mum load duration) is not equal to zero. A possible 

explanation is that the  
2OV t  curve fluctuates sig-

nificantly during testing (see Fig. 1, c). This is due to 

the technical features of the equipment (sensors in 

particular) used to measure gas exchange. 

When estimating
2O peakV  and when the duration 

of the load test maxt  is not known, the dependence 

of the relative error on the load duration is shown in 

Fig. 6, a. In this case, the duration was predicted on 

the basis of (2) and (3) as a fraction of the estimate 

max
ˆ .t  The use of this estimate leads to an increase in 

the relative error range when estimating the 
2O peakV

value (Fig. 6, b). However, under a 70% completion 

of the CPST protocol, the relative error of the meth-

od does not exceed 20% in most cases.  

It should be noted that the magnitude of the rela-

tive error is determined by several factors associated 

with the process of recording biological signals. 

Thus, the registration of electrocardiograms during 

CPST involves noises associated with the inevitable 

motor activity of the patient, which affect the quality 

of generated rhythmograms (false detection or omis-

sion of cardiac signals [16, 17]). Another factor is 

fluctuations in the curve reflecting changes in 

 
2O .V t  

Conclusions. As a result of the study, a method 

was proposed for reducing the duration of cardio-

pulmonary stress testing by means of calculating its 

final parameters on the basis of data obtained at the 

initial test stages. This approach allows the risk of 

exercise intolerance and respective negative compli-

cations to be minimized. An empirical linear regres-

sion equation was obtained for estimating peak heart 

rate values. It was found that the coefficients of the 

regression equation varied significantly depending 

on the patient gender. When estimating peak heart 

rate values, the relative error did not exceed 10% in 

most cases, which renders the method feasible for 

practical application. For patients suffering from 

chronic heart failure, the use of quadratic dependence 

in describing heart rate changes across the load inter-

val of cardiopulmonary stress testing produces an 

adequate rhythmogram model. A linear regression 

equation was empirically obtained for assessing peak 

oxygen consumption 
2O peak

ˆ .V  It was found that, 

after completing 70% of the load protocol, the rela-

tive error in estimating the peak oxygen consumption 

did not exceed 20% in most cases. The magnitude of 

this error is associated with the process of registering 

biological signals. Thus, additional research is need-

ed to improve the accuracy of the proposed method 

for use in medical applications testing the perfor-

mance of the cardiovascular system. 
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