
TYPE Original Research
PUBLISHED 21 December 2023
DOI 10.3389/fphys.2023.1299104

OPEN ACCESS

EDITED BY

Emiliano Cè,
University of Milan, Italy

REVIEWED BY

Jean-Marc Vesin,
Swiss Federal Institute of Technology
Lausanne, Switzerland
Raquel Bailón,
University of Zaragoza, Spain

*CORRESPONDENCE

Matias Kanniainen,
matias.kanniainen@tuni.fi

RECEIVED 22 September 2023
ACCEPTED 30 November 2023
PUBLISHED 21 December 2023

CITATION

Kanniainen M, Pukkila T, Kuisma J,
Molkkari M, Lajunen K and Räsänen E
(2023), Estimation of physiological
exercise thresholds based on dynamical
correlation properties of heart rate
variability.
Front. Physiol. 14:1299104.
doi: 10.3389/fphys.2023.1299104

COPYRIGHT

© 2023 Kanniainen, Pukkila, Kuisma,
Molkkari, Lajunen and Räsänen. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Estimation of physiological
exercise thresholds based on
dynamical correlation properties
of heart rate variability
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Aerobic and anaerobic thresholds of the three-zone exercise model are
often used to evaluate the exercise intensity and optimize the training load.
Conventionally, these thresholds are derived from the respiratory gas exchange
or blood lactate concentrationmeasurements. Here, we introduce and validate a
computational method based on the RR interval (RRI) dynamics of the heart rate
(HR) measurement, which enables a simple, yet reasonably accurate estimation
of both metabolic thresholds. The method utilizes a newly developed dynamical
detrended fluctuation analysis (DDFA) to assess the real-time changes in the
dynamical correlations of the RR intervals during exercise. The training intensity
is shown to be in direct correspondence with the time- and scale-dependent
changes in the DDFA scaling exponent. These changes are further used in
the definition of an individual measure to estimate the aerobic and anaerobic
threshold. The results for 15 volunteers who participated in a cyclo-ergometer
test are compared to the benchmark lactate thresholds, as well as to the
ventilatory threshods and alternative HR-based estimates based on the maximal
HR and the conventional detrended fluctuation analysis (DFA). Our method
provides the best overall agreement with the lactate thresholds and provides a
promising, cost-effective alternative to conventional protocols, which could be
easily integrated inwearable devices. However, detailed statistical analysis reveals
the particular strengths and weaknessess of each method with respect to the
agreement and consistency with the thresholds—thus underlining the need for
further studies with more data.
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1 Introduction

Increasing availability and popularity of health technology including wearable devices
such as wrist monitors, rings and smart clothing brings significant possibilities to analyze
the physiological signals in everyday life. There are multiple different measures to evaluate
the effects of physical exercise from the collected data alone. One of the applications from
the exercise data is to optimize the training load, and determine the different physiological
zones during the exercise. Currently, there are several measures to determine different
physiological changes during exercise including the conventional measurements of oxygen
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