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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.
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AHHOTauuA

BBeaeHue. KapanonynbMOHaNbHbIA Harpy304HbIA TeCT NPeAoCcTaBASEeT 3HaUMMYHO ANArHOCTUYECKYH M MPOrHOCTU-
Yeckyo MHPOPMaLMIO O COCTOSAHUM BONBHBIX C CePAEYHO-COCYANCTLIMU U NeroYHbIMI 3abonesaHusamu. CylectsyeT
cepbe3Has nNpobaema, COCTOALLASA B TOM, UTO BbIMNOHEHWE HArpy304HOro TeCTMPOBaHNA UCMbITyeMbIM B €ro 3aBep-
LwaroLein pase ABaAeTC PU3NYECKM TAXENbIM YrpaXHeHeM 41 Yenoseka. MNpucyTcTByeT 3HaunTebHbIN PUCK BO3-
HWUKHOBEHWSI 1 Pa3BUTUSA NaTONOMMYECKMX COCTOSHUI CepAe4YHO-COCYANCTON cucTeMbl nauneHTa. OgHUM 13 peLleHnia
JAAaHHOM nNpobnembl SABAAETCA pa3paboTka METOA0B OLeHVBaHWSA BUONOrMYecKnX NapaMeTpoB MaLMeHTOB B KOHLE
BbIMOJ/IHEHWSI HAarpPy304HOrO NPOTOKO/1a HA OCHOBE JaHHbIX NepPBbIX 3Tarnos TecTa.

Lenb pa6oTbl. PazpaboTka MeTofa HaxXOXAEHNS OLEHKN MaKCUMalbHOW YacToTbl CepAeYHbIX COKpaLLeHW
(4CC) n nukosoro notpebneHns kucnopoga (MK) y 60AbHBLIX C XPOHNYECKOV CepAeYHON HeJOoCTaTOUYHOCTbLIO
(XCH) B KOHLe BbIMOJIHEHWS KapAMOpecnnpaToOPHOro Harpy3o4YHOro cTpecc-tecta Ha OCHOBe pe3y/bTaToB UC-
CNefoBaHNS, NONyYeHHbIX Ha NepBOHaYa/IbHbIX CTYMeHAX TecTa.

MaTepuanel n metoabl. 115 NpoBeAeHNsa NCCNeA0BaHNS UCMNOb30BaHbl 149 06e3nnYeHHbIX 3anncer puTMo-
rpaMm n AaHHbIX n3meHeHus MK naumeHToB ¢ XCH, KoTOpble NPOXOANAN KapAMOMYAbMOHaNbHbIA Harpy3ou-
HbIA TECT Ha Be03PromMeTpe € UCMOJIb30BaHNEM CTYNeHYaToOro Harpy3o4Horo NpoTokoa (MPMPOCT MOLLIHOCTA
Harpyskm Ha Kaxgown cTyneHu coctasnsan 10 BT, 41NTeNbHOCTb CTyNeHN Harpy3sku 6bina paBHa 1 MUH).
PesynbTaTtbl. Ha OCHOBe aHaNM3a Noy4YeHHbIX AaHHbIX pa3paboTaH MeToZ OLIeHKM MUKOBbIX 3HaveHn YCC n MKy
60nbHbIX ¢ XCH.

3akntoueHume. OTHoCMTeNIbHAas OLWMBKa NpeaIoXKeHHOM OLeHKM NUKOBOro 3HaveHns YCC B 60bLUMHCTBE Cy-
yaeB He npesocxoanna 10 %, UTo NO3BONAET ee UCNOb30BaTh AN NMPAKTUYECKNX Lenei. YCTaHOBMEeHO, UTo Npu
BbINoHeHUN 70 % Harpy304YHOro MPOTOKOMA OLIMOKa MPesNoXeHHON oueHkn nunkosoro MK B 60nbLLIMHCTBE
cnyyaeB He npeBocxoanT 20 %. HeobxoanMbl AOMONHUTENbHbBIE NCCIeA0BaHWA AN MOBbILEHWNS TOYHOCTU AaH-
HO OLEHKM C Lielblo UCMOb30BaHUSA B MeAULIMHCKMX MPUNOXKEHWSX, HaMPaBieHHbIX Ha MOAEepHM3aLMI0 MeTo-
[0B 1 annapaTypbl AN HAarpy304HOro TeCTUPOBAHWA NMaLeHTOB.

KntoueBble cnoBa: c1cTeMa Harpy3o4HOro TeCTUPOBaHNA Ye10BeKa, 3M1eKTPOKaPANOCUIHA, YacTOTa CepAeUHbIX CO-
kpaLueHnin (YCC), aHann3 BbiAbIXaeMOoro BO3AyXa, PerpeccMoHHbIN aHanms, NpeackasaHye nokasatenel TecTMpoBaHns

Ana yuTrnpoBaHma: MeToj NPOrHO3MPOBaHWA OCHOBHbLIX NOKa3aTtenein KapAnonynbMOHaNAbHOro Harpy304Ho-
ro TeCTUPOBaHUA 419 60JIbHbIX C XPOHMYECKOM cepaeyHon HegocTaTouHoCTbio / A. C. Kpacnykos, 3. Mbasymy-
Tnma, ®. Lnkama, E. M. HndoHToB // N3B. By30B Poccunn. PagrnoanektpoHuka. 2020. T. 23, Ne 1. C. 96-104. doi:
10.32603/1993-8985-2020-23-1-96-104
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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 (Vo2 ), the volume of exhaled carbon dioxide

(VC02 ), 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

VvO2, mi/min

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, ¢).

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

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); ¢ — 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 (Vozpeak ). A method for predicting
Vo ,peak based on a linear relationship between HR

and Vo2 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 Vozpeak 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 thythmograms
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 Vg ,peak 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
N
HR value HRpeak (prediction) at maximal exercise

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

A
Estimation of peak HR value HRpeak
at maximum load performance

v

Estimation of the limit duration f,
of the load range.

Estimation of peak OC Vozpeak

Fig. 2. The Structural Scheme of the Method
for Assessing the Peak Values of HR and OC for Patients
with Chronic Heart Failure

regression equation was obtained empirically follow-
ing the analysis of rhythmograms:

A
HRpeak = kq + Ko HRyest + kaHRgjope » (1)

where HR(gq; is the heart rate at rest before the test;
HRsjope 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
A
Z(HRpeak - HRpeak) =
N

2 .

= Z(HRpeak —kg —KaHRyest — I(3HRslope) — min,
N

where N is the number of analyzed rhythmograms;

HRpeak 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.

The Values of the Regression Equation Coefficients

. Group

Coefficient
cien males females combined
kq 14.935 27.228 24.263
ko 1.081 0.898 0.988
ks 32.086 22.215 22.205

On the basis of the obtained peak HR value

N
HRpeak and by approximating changes in HR from

the HR(t) time across the load interval by the quad-
ratic dependence

HR(t) = agt? + @yt +ag; HR (tyax ) = HRpeak

an estimate of the duration of the load interval is found:
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A
—ay + |a3 — 4a1(a3 - HRpeakJ

tmax = 2
max 280 @)

It should be noted that the coefficients a;, a,,
ag are determined in the first steps of the load inter-

val.
At the final (3rd stage), the Vozpeak estimate

vozpeak is found. This estimate is based on the pre-

VAN
viously obtained estimate HRpeak, as well as as-

suming a linear dependence of oxygen consumption
changes across the load interval: Vg, (t) =cyt +cp.

Then, Vo, peak is estimated by the formula

VOZpeak =Ctfmax +€2, (3

where ¢; and c, 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 Vozpeak 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

A
HR eak — HRpeak
Apg =—P , 4)
HRpeak

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

A
peak load; HRpeak 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

Apr, %
10 T
0 I
-101— e
—4 +
20~ : 1
male female combined
-30

Fig. 3. Relative Error Prediction Range
of Heart Rate Diagrams

| |
10 22 44 i -5
a b c

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

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, ¢ 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 VOZpeak .

The Vo2 level across the load interval was approxi-

mated by a linear dependence
Vo, (D =cit+Cp; Vo,peak =Vo, (tmax )-

In this case, the duration of the load testing tyax

was known, and the coefficients ¢; ¢y, included in

Aerr, %
20—
15—

777 o0s

_10
-15 *

50 60 70 80 90 L, %
Fig. 5. Relative Error of the Determining of Peak Value
of a OC with a Linear Model
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Fig. 6. Relative Error of the Determining the Peak Value of a OC with an Unknown a Priori Duration of Stress Testing:
a — relative error of the determining the duration of stress testing; b — the relative error of the determining the peak value
of the OC in assessing the duration of stress testing

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 Vo2 (t) curve fluctuates sig-

nificantly during testing (see Fig. 1, ¢). This is due to
the technical features of the equipment (sensors in
particular) used to measure gas exchange.

When estimating Vg ,peak and when the duration

of the load test t;,5¢ 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

tmax- The use of this estimate leads to an increase in
the relative error range when estimating the Vozpeak

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
Vo, ().

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 vozpeak- 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.

Authors' contribution

Alexander S. Krasichkov, management of the work and preparation of the paper text.
Eliachim Mbazumutima, analysis of the heart rate data.

Fabian Shikama, analysis of the oxygen consumption data.

Evgeny M. Nifontov, statement of the problem and discussion of the results.

MeTOZl NMPOTrHO3MPOBAHMA OCHOBHBIX noka3sareJjen Kapauomny/JbMOHAJBbHOI'0 HArpy304HOro TeCTUPOBAaHUA 101
JJ1s1 0OJIBHBIX C XPOHUYECKOH cep/IeuHO0ii HeI0CTATOYHOCTHIO
A Method for Predicting the Main Indicators of Cardiopulmonary Stress Testing

for Patients with Chronic Heart Failure



N3Bectns By3os Poccun. Pagnosnexrponnka. 2020. T. 23, Ne 1. C. 96-104
Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 1, pp. 96-104

References

1. Stress Tests Could Mark Bottom for Bank Stocks.
Available at: https://www.cnbc.com/2017/06/28/stress-
tests-fed-bank-stocks.html (accessed 24.01.2020).

2. Falk E., De Feyter P. J., Shah P. K. Ischemic Heart
Disease. London, Manson Publishing, 2007, 312 p.

3. ACC/AHA Guidelines for Exercise Testing. A Report
of the American College of Cardiology/American Heart
Association. Task Force on Practice Guidelines (Commit-tee
on Exercise Testing). JACC, 1997, vol. 30, no. 1, pp. 260-315.

4. Vilcant V., Zeltser R. Treadmill Stress Testing. NCBI
Bokshelf, 2019. Available at: https://www.ncbi.nim.
nih.gov/pubmed/29763078 (accessed 24.01.2020).

5. Albouaini K., Egred M., Alahmar A., Wright D. J.
Cardiopulmonary Exercise Testing and Its Application.
Postgraduate medical j. 2007, vol. 83, iss. 985, pp. 675-
682. doi: 10.1136/hrt.2007.121558

6. Papadakis M. A., McPhee S., Rabow M. W. Current
Medical Diagnosis & Treatment. 59" ed. New York,
McGraw-Hill, 2020, 1933 p.

7. Fletcher G. F., Ades P. A,, Kligfield P., Arena R., Bala-
dy G. ], Bittner V. A,, Coke L. A, Fleg J. L., Forman D. E.,
Gerber T. C,, Gulati M., Madan K., Rhodes J., Thompson P. D.,
Williams M. A. Exercise Standards for Testing and Training.
A Scientific Statement from the American Heart Associa-
tion. Circulation. 2013, vol. 128, no. 8, pp. 873-934. doi:
10.1161/CIR.0b013e31829b5b44

8. Hammond H. K., Kelly T. L., Froelicher V. Radionu-
clide Imaging Correlatives of Heart Rate Impairment dur-
ing Maximal Exercise Testing. J. of the American College
of Cardiology. 1983, vol. 2, no. 5, pp. 826-833. doi:
10.1016/s0735-1097(83)80228-9

9. Bruce R. A, Fisher L. D., Cooper M. N., Gey G. O.
Separation of Effects of Cardiovascular Disease and Age
on Ventricular Function with Maximal Exercise. Ameri-
can J. of Cardiology. 1974, vol. 34, no. 7, pp. 757-763. doi:
10.1016/0002-9149(74)90692-4

10. Brawner C. A., Ehrman J. K., Schairer J. R, Cao J. J.,
Keteyian S. J. Predicting Maximum Heart Rate Among
Patients with Coronary Heart Disease Receiving B-
Adrenergic Blockade Therapy. American Heart J. 2004,
vol. 148, no. 5, pp. 910-914. doi: 10.1016/j.ahj.2004.04.035

11. Keteyian S. J., Kitzman D., Zannad F., Landzberg |.,
Arnold J. M., Brubaker P., Brawner C. A., Bensimhon D.,
Hellkamp A. S., Ewald G. Predicting Maximal HR in Heart
Failure Patients Receiving 3-Blockade Therapy. Medicine
and Science in Sports and Exercise. 2012, vol. 44, no. 3,
pp. 371-376. doi: 10.1249/MSS.0b013e318234316f

12. Almeida A. E., Stefani C. M., Nascimento J. A., Al-
meida N. M., Santos A. C., Ribeiro J. P., Stein R. An Equa-
tion for the Prediction of Oxygen Con-sumption in a Bra-
zilian Population. Arquivos brasileiros de cardiologia.
2014, vol. 103, no. 4, pp. 299-307.

13. Lanier G. M., Zheng Qi, Wagman G., Tseng C.-H. Simple
Prediction Formula for Peak Oxygen Consumption in Patients
with Chronic Heart Failure. J. of Exercise Science & Fitness.
2012, vol. 10, no. 1, pp. 23-27. doi: 10.1016/j.jesf.2012.04.005

14. Froelicher V. F.,, Thompson A. J., Davis G., Stewart A. J.,
Triebwasser J. H. Prediction of Maximal Oxygen Consumption:
Comparison of the Bruce and Balke Treadmill Protocols. Chest.
1975, vol. 68, no. 3, pp. 331-336. doi: 10.1378/chest.68.3.331

15. McArdle W. D., Katch F. I., Katch V. L. Essentials of
Exercise Physiology. New York, Lippincott Williams &
Wilkins, 2010, 790 p.

16. Krasichkov A. S., Grigoriev E. B., Nifontov E. M. In-
fluence of Myographic Interference and Isoelectric Line
Drift on Correlation Coefficient in Classification of Cardi-
ocomplexes. Biomedical Engineering. 2015, vol. 49, iss. 4,
pp. 220-223. doi: 10.1007/s10527-015-9533-7

17. Krasichkov A. S., Grigoriev E. B., Bogachev M. I.,
Nifontov E. M. Shape Anomaly Detection under Strong
Measurement Noise: an Analytical Approach to Adaptive
Thresholding. Physical Review E. 2015, vol. 92, iss. 4,
042927. doi: 10.1103/PhysRevE.92.042927

Information about the authors

Alexander S. Krasichkov, Dr. Sci. (Eng.) (2017), Associate Professor of the Department of Radio System of
Saint Petersburg Electrotechnical University. The author of more than 100 scientific publications. Area of expertise:

statistical radio engineering; signal processing.

Address: Saint Petersburg Electrotechnical University, 5 Professor Popov Str., St Petersburg 197376, Russia

E-mail: krass33@mail.ru
https://orcid.org/0000-0002-8120-3293

Eliachim Mbazumutima, Master (2019) in Biotechnical Systems and Technologies, postgraduate student of the
Department of Bioengineering Systems of Saint Petersburg Electrotechnical University. The author of 1 scientific pub-
lication. Area of expertise: digital processing of biomedical signals; machine learning; pattern recognition.

Address: Saint Petersburg Electrotechnical University, 5 Professor Popov Str., St Petersburg 197376, Russia

E-mail: eliachim2013@yandex.ru

102 MeToa NPOrH03MPOBaHUsI OCHOBHBIX NOKa3aTesiell KapAUOIYJbMOHAJIbHOI0 HATPY304YHOI'0 TECTUPOBAHUS
JJ1s1 0OJILHBIX C XPOHNYECKOH cep/ieuHOoii HeI0CTATOYHOCTHIO
A Method for Predicting the Main Indicators of Cardiopulmonary Stress Testing

for Patients with Chronic Heart Failure


mailto:krass33@mail.ru
https://e.mail.ru/compose/?mailto=mailto%3aeliachim2013@yandex.ru

U3Bectus By30B Poccun. Pagnosnekrponnka. 2020. T. 23, Ne 1. C. 96-104
Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 1, pp. 96-104

Fabian Shikama, Master (2016) in Biotechnical Systems and Technologies, postgraduate student of the De-
partment of Bioengineering Systems of Saint Petersburg Electrotechnical University. Area of expertise: digital pro-
cessing of biomedical signals; prosthetics and rehabilitation.

Address: Saint Petersburg Electrotechnical University, 5 Professor Popov Str., St Petersburg 197376, Russia

E-mail: fshikama@mail.ru

Evgeny M. Nifontov, Dr. Sci. (Medicine) (2003), Professor (2009) of Pavlov First Saint Petersburg State Medical
University. The author of more than 150 scientific publications. Area of expertise: fundamental medicine; cardiology.
Address: Pavlov First Saint Petersburg State Medical University, 6-8 L'va Tolstogo Str., St Petersburg 197022, Russia

E-mail: nifontov@spmu.rssi.ru

ABTOPCKUIA BKNaZ,

KpacuukoB Asnexcanap CepreeBu4 — pyKOBOJICTBO PaOOTOMH, IIOATOTOBKA TEKCTA CTATHH.

Moba3zymyTuMa JJIMaKuM — aHaJIU3 PUTMOTPaMM.

Muxama ®adueH — aHATN3 TaHHBIX TOTPEOJICHIS KHCIOPOa.

Hudonros Eprennii MuxaiinoBu4 — mocTaHOBKa 3aJja9d U y4acTHE B OOCYKICHUN PE3yIIbTaTOB.

Cnuncok nuTepaTypsl

1. Stress tests could mark bottom for bank stocks.
URL: https://www.cnbc.com/2017/06/28/stress-tests-fed-
bank-stocks.html (gata obpaiueHuns 24.01.2020).

2. Falk E., De Feyter P. J., Shah P. K. Ischemic Heart
Disease. London: Manson Publishing, 2007. 312 p.

3. ACC/AHA Guidelines for Exercise Testing. A Report
of the American College of Cardiology/American Heart
Association. Task Force on Practice Guidelines (Commit-
tee on Exercise Testing) // JACC. 1997. Vol. 30, Ne 1.
P.260-315.

4. Vilcant V., Zeltser R. Treadmill Stress Testing //
NCBI Bokshelf. 2019. URL: https://www.ncbi.nlm.nih.gov
/pubmed/29763078 (gaTta obpaLyeHns 24.01.2020).

5. Cardiopulmonary exercise testing and its application
/ K. Albouaini, M. Egred, A. Alahmar, D. J. Wright // Post-
graduate medical j. 2007. Vol. 83, iss. 985. P. 675-682.
doi: 10.1136/hrt.2007.121558

6. Papadakis M. A., McPhee S., Rabow M. W. Current
Medical Diagnosis & Treatment. 59" ed. New York:
McGraw-Hill, 2020. 1933 p.

7. Exercise Standards for Testing and Training. A Sci-
entific Statement from the American Heart Association /
G. F. Fletcher, P. A. Ades, P. Kligfield, R. Arena, G. . Balady,
V. A. Bittner, L. A. Coke, J. L. Fleg, D. E. Forman, T. C. Gerber,
M. Gulati, K. Madan, J. Rhodes, P. D. Thompson, M. A. Wil-
liams // Circulation. 2013. Vol. 128, Ne 8. P. 873-934. doi:
10.1161/CIR.0b013e31829b5b44

8. Hammond H. K., Kelly T. L., Froelicher V. Radionu-
clide Imaging Correlatives of Heart Rate Impairment
during Maximal Exercise Testing // |. of the American
College of Cardiology. 1983. Vol. 2, Ne 5. P. 826-833. doi:
10.1016/s0735-1097(83)80228-9

9. Separation of Effects of Cardiovascular Disease
and Age on Ventricular Function with Maximal Exercise /
R. A. Bruce, L. D. Fisher, M. N. Cooper, G. O. Gey // Amer-
ican J. of Cardiology. 1974. Vol. 34, Ne 7. P. 757-763. doi:
10.1016/0002-9149(74)90692-4

10. Predicting Maximum Heart Rate Among Patients
with Coronary Heart Disease Receiving B-Adrenergic
Blockade Therapy / C. A. Brawner, J. K. Ehrman, J. R. Schair-
er, ). ). Cao, S.J. Keteyian // American Heart J. 2004. Vol. 148,
Ne 5. P. 910-914. doi: 10.1016/j.ahj.2004.04.035

11. Predicting Maximal HR in Heart Failure Patients
Receiving B-Blockade Therapy / S. ). Keteyian, D. Kitzman,
F. Zannad, J. Landzberg, J. M.Arnold, P. Brubaker, C. A. Brawn-
er, D. Bensimhon, A. S. Hellkamp, G. Ewald // Medicine
and science in sports and exercise. 2012. Vol. 44, Ne 3.
P.371-376. doi: 10.1249/MSS.0b013e318234316f

12. An Equation for the Prediction of Oxygen Consump-
tion in a Brazilian Population / A. E. Aimeida, C. M. Stefani,
J. A. Nascimento, N. M. Almeida, A. C. Santos, J. P. Ribeiro,
R. Stein // Arquivos brasileiros de cardiologia. 2014.
Vol. 103, Ne 4. P. 299-307.

13. Simple Prediction Formula for Peak Oxygen Con-
sumption in Patients with Chronic Heart Failure / G. M. La-
nier, Qi Zheng, G. Wagman, C.-H. Tseng // J. of Exercise
Science & Fitness. 2012. Vol. 10, Ne 1. P. 23-27. doi:
10.1016/j.jesf.2012.04.005

14. Prediction of maximal oxygen consumption:
comparison of the Bruce and Balke treadmill protocols /
V. F. Froelicher, A. J. Thompson, G. Davis, A. . Stewart, ). H. Trieb-
wasser // Chest. 1975. Vol. 68, Ne 3. P. 331-336. doi:
10.1378/chest.68.3.331

15. McArdle W. D., Katch F. I., Katch V. L. Essentials of
Exercise Physiology. New York: Lippincott Williams &
Wilkins, 2010. 790 p.

16. Krasichkov A. S., Grigoriev E. B., Nifontov E. M. In-
fluence of Myographic Interference and Isoelectric Line
Drift on Correlation Coefficient in Classification of Cardi-
ocomplexes // Biomedical Engineering. 2015. Vol. 49,
iss. 4. P. 220-223. doi: 10.1007/s10527-015-9533-7

17. Shape Anomaly Detection under Strong Meas-
urement Noise: an Analytical Approach to Adaptive
Thresholding / A. S. Krasichkov, E. B. Grigoriev, M. |. Bo-
gachev, E. M. Nifontov // Physical Review E. 2015. Vol. 92,
iss. 4.042927. doi: 10.1103/PhysRevE.92.042927

MeTOZl NMPOTrHO3MPOBAHMA OCHOBHBIX noka3sareJjen KapaAuonyJbMOHAJbHOI0 HArPy304YHOT0 TECTUPOBAHUA 103
JJ1s1 0OJIBHBIX C XPOHUYECKOH cep/IeuHO0ii HeI0CTATOYHOCTHIO
A Method for Predicting the Main Indicators of Cardiopulmonary Stress Testing

for Patients with Chronic Heart Failure


https://e.mail.ru/compose?To=fshikama@mail.ru
http://link.springer.com/article/10.1007/s10527-015-9533-7
http://link.springer.com/article/10.1007/s10527-015-9533-7
http://link.springer.com/article/10.1007/s10527-015-9533-7
http://link.springer.com/article/10.1007/s10527-015-9533-7
http://link.springer.com/journal/10527/49/4/page/1
http://link.springer.com/journal/10527/49/4/page/1

N3Bectns By3os Poccun. Pagnosnexrponnka. 2020. T. 23, Ne 1. C. 96-104
Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 1, pp. 96-104

NHopmauma o6 aBTopax

KpacnukoB Anexcanap CepreeBu4 — JOKTOp TexHHYeckux Hayk (2017), moueHT kadeapbl paJuoTeXHHYECKUX
cucteM Cankr-IleTepOyprckoro rocyiapcTBEHHOrO AeKTpoTexHmdeckoro yausepcureta "JIDTHU" um. B. U. Yibs-
HoBa (Jlenuna). ABtop Gosiee 100 Hayuynbix pabot. Cepa HayUHBIX HHTEPECOB — CTATHCTHYECKAs! PaJHOTEXHUKA;
METO/1bl 00pabOTKH CUTHAJIOB.

Anpec: Caskr-IletepOyprckuii rocynapcTBeHHbIH atekTporexHudeckuit yuusepeuret "JIOTU" um. B. Y. Yibsaosa
(JIenuna), yn. Ilpodeccopa Iomnosa, 1. 5, Canxr-IletepOypr, 197376, Poccus

E-mail: krass33@mail.ru

https://orcid.org/0000-0002-8120-3293

Mo6a3zymyTumMa JJHaKHM — MarucTp 1o HampasJeHuio "brnortexandeckne cucreMsl u Texnonorun" (2019), ac-
MUpaHT Kadeapsl onotexHumdecknx cucreM CaHKT-IleTepOyprcKoro rocyJapCTBEHHOTO SJICKTPOTEXHUIECKOTO YHH-
Bepcureta "JIDTU" um. B. 1. YapsaoBa (JIennna). ABrop omHo# HaywHOI myOnukamun. Cdepa HayIHBIX HHTEpe-
coB — n¢poBasi 00paboTKa OMOMEIUIIMHCKIX CUTHAJIOB, MAITMHHOE 00yUYeHHe, paclio3HaBaHNe 00pa3oB.

Anpec: Cankr-IletepOyprckuii rocynapcTBeHHbIH atekTporexHudeckuit yuusepeuret "JIOTU" um. B. U. Yibsaosa
(Jlenuna), yn. IIpodeccopa Ilomnoga, 1. 5, Canxr-IletepOypr, 197376, Poccus
E-mail: eliachim2013@yandex.ru

Iukama dadueH — MarucTp no HarmpasieHuto "buorexHuueckue cucreMmsl u Texnosnoruu" (2016), acnupant
kadenpsl OnorexHuyeckux crucreM CaHKT-IleTepOyprckoro rocyapCTBEHHOTO AJIEKTPOTEXHHYECKOTO YHHUBEPCHTETA
"JIDTU" um. B. . YapsuoBa (Jlenuna). Chepa HaydHBIX HHTEpEcOB — IdpoBas 00paboTKa OHOMEIUITUHCKIX
CHUTHAJIOB, IIPOTE3UPOBAHNE U peaOHIUTALINS.

Anpec: Cankt-IleTepOyprekuii rocyIapCTBeHHBIH dneKTpoTexHndeckuii yauBepcutet "JIOTU" um. B. U. ViesHOBa
(JIennna), yn. [Ipodeccopa [omosa, a. 5, Canxr-IletepOypr, 197376, Poccus
E-mail: fshikama@mail.ru

Hudonro EBrennii MuxaiijioBu4d — g0kTop MeaunuHcKuX Hayk (2003), mpodeccop (2009) Carkr-Iletep-
OyprcKOro rocy1apcTBEHHOIO MEAMIIMHCKOTO yHHBepcuTeTa uM. akan. WM. I1. [TaBmoBa. ABrop 6osee 150 HaydHBIX
pabort. Chepa HayqHBIX HHTEpPECOB — (yHAaMEHTalIbHAS MEAMIMHA; KapAUOJIOTHSI.

Anpec: Ilepsbiii Cankr-IletepOyprekuit rocyaapcTBeHHBIH MEAUIIMHCKUI yHUBepceuteT UM. akaj. . I1. [TasnoBa,
ya. JIeBa Toncroro, 1. 6-8, Cankr-IletepOypr, 197022, Poccus
E-mail: nifontov@spmu.rssi.ru

104 MeToa NPOrH03MPOBaHUsI OCHOBHBIX NOKa3aTesiell KapAUOIYJbMOHAJIbHOI0 HATPY304YHOI'0 TECTUPOBAHUS
JJ1s1 0OJILHBIX C XPOHNYECKOH cep/ieuHOoii HeI0CTATOYHOCTHIO

A Method for Predicting the Main Indicators of Cardiopulmonary Stress Testing

for Patients with Chronic Heart Failure


mailto:krass33@mail.ru
https://e.mail.ru/compose/?mailto=mailto%3aeliachim2013@yandex.ru
https://e.mail.ru/compose?To=fshikama@mail.ru

