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ABSTRACT
Research background. The aim of this study was to compare the peculiarities of dynamics of cardiovascular 

functional state indices during bicycle ergometry by applying the steep or slow increase in workload.
Methods. Twenty five males attending health promotion sport clubs took part in two cardiovascular testing 

procedures performing graded exercise stress, i.e. increasing the workload every min, and increasing the workload 
every 6 min. They exercised till the inability to continue the task or when distressing cardiovascular symptoms 
supervened. 12 Lead ECG was recovered and analysed.

Results. The steep increase of registered cardiovascular parameters was observed at onset of exercising and the 
rate of it depended on the increase rate in workload. Registered maximal changes of heart rate, JT interval, and the 
ratio JT/RR as a functional state index at the moment of refusing to continue the graded exercise test were of the 
same level while applying the steep or slow increase in workload.

Conclusions. The rate of increase in workload determines the mobilization rate but not the degree of increase 
of ECG parameters. Maximal changes of heart rate, JT interval, and the ratio JT/RR as functional state index at the 
moment of refusing to continue the graded exercise test were the same level while applying the steep or slow increase 
in workload.
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INTRODUCTION

Feedback while exercising is a way to achieve 
the effect of health promotion. Various types 
of heart rate (HR) monitors were widely used 

for over 30 years (Achten & Jeukendrup, 2003). 
But training session has two purposes at least. 
Firstly, the workload should impact appropriate 
internal body changes and secondly, the workload 
should not overreach individual physiological 
abilities of patient by creating the risk for his or 
her health. This problem cannot be solved only by 
monitoring HR (Gademan et al., 2012) and requires 
new modern solutions.

The complex system model of fatigue 
suggests that activity during exercise occurs in 
an integrative manner, where internal signals 
from a number of different physiological systems, 
which are in a constant state of flux, are used by 
an integrative “governor system” to continuously 
modulate exercise by regulating power output, and 
therefore pacing strategy, to levels appropriate to 
the capacity of each different physiological system 
relative to the level of intensity of the fatiguing 
exercise being performed (Gibson, 2008). Each 
adjustment in power output results in changes to 
all physiological systems, and therefore a specific 
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period of time is required for afferent information 
to be able to assess the result of these changes in 
the physiological systems that will enable further 
adjustments in power output. This time lag 
requirement creates fluctuations in power output 
and in the different physiological systems (Gibson, 
2008; Torrents & Balague, 2006).

Analytical approach has been successful in 
describing the physical world but it is not the same 
when we have to handle the treatment or couching 
related issues, i.e. by applying it to living objects 
(Hristovski, Venskaityte, Vainoras, Balague, & 
Vazquez, 2010; Mayer-Kress, 2001; Torrents & 
Balague, 2006). Human body during exercising in 
fact represents a much more complex phenomenon 
reflecting the nonlinear processes of body’s general 
functional state and its fatigability in a fractal or 
chaotic manner (Hristovski et al., 2010; Torrents & 
Balague, 2006; Tulppo et al., 2001). Interrelation 
mechanisms of body systems and components’ 
interactions are essential in determining how body 
functions as a whole as a complex dynamic adaptive 
system. The aim of this study was to complement 
an analytical approach by new methodology of 
data sequences analysis of cardiovascular indices 
under conditions of increasing fatigue.

METHODS

The participants of the study were 10 healthy 
adult males attending health promotion sport, and 
two elite athletes. One of these athletes was a leader 
in long distance running and a winner a lot of races 
this year and other athlete shortly stopped the 
intensive training because of the medical diagnosis 
“Overtraining”.

Each participant had spent 20 min seated and 
after registration of the base-line values of ECG 
they underwent a 50W increase in workload every 
6 min (60 revolutions/min), i.e. graded exercise 
test (bicycle ergometry) and they exercised till the 
inability to continue the task or unless distressing 
cardiovascular symptoms supervened. The ECG 
registered continuously during the exercising and 
first 5 min of recovery. The RR interval, i.e., heart rate 
(HR), duration of QRS and ST-segment depression 
were taken for further analysis. For comparison of 
different processes the new diagnostic technology 
was created. Those technologies have a possibility 
to get maximal amount of diagnostic information 
by using minimal amount of recorded processes. 
The software performs in real time data pre-
processing (noise reduction, artefact suppression) 

and recognition of parameters from continuously 
registered ECG.

Theoretical background. For investigation of 
two objects interaction two synchronous numerical 
time series ( ),...2,1,0; =nxn  and ( ),...2,1,0; =nyn  
representing exploratory object must be formed. 
Here nx  and ny  are real numbers and they 
represent results of some measurements. Usually 
it is electrocardiogram signals (or some parameters 
of signals) of one or two associated persons. The 
statistical time series investigation methods are 
very popular and in this case elements of time series 
are random variables (Dahlhaus, Kurths, Maass, 
& Timmer, 2008). When elements of series are 
determined variables, information about object of 
investigation can be described using mathematical 
relationships (Arnold, 1998). In this paper the 
method based on matrix theory is proposed. 

Let two numerical time series ( ),...2,1,0; =nxn  
and ( ),...2,1,0; =nyn  be given. Then the matrix 
time series ( ),...2,1,0; =nAn  can be formed. 

Here 
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A :  and coefficients ,: nn xa =  

( )11: −− −= nnn yxb α , ( )11: ++ −= nnn yxc β , ,: nn yd =  
when parameters βα ,  are at choice dependent 
on properties of time series ( ),...2,1,0; =nxn , 
( ),...2,1,0; =nyn . In the simplest case, coefficients 
are 1== βα . 

So, in this case four time series  
( ),...2,1,0; =nan ,... ( ),...2,1,0; =ndn  and one ma-
trix time series ( ),...3,2,1; =nAn  are obtained. 
Of course these series can be formed using other 
mathematical relationships. Time series scheme is 
shown in Figure 1. 

Figure 1. The scheme of time series

Different methods for analysis of obtained 
series can be used. In this investigation of matrix 
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time series the numerical characteristics of second 
order matrices and main components of matrices 

nA  were used:
1. (trace of matrix nA ), 
2. nnn daA −=:dfr  (difference),
3. nnn cbA ⋅=:cdp  (co-diagonal product),

4. 
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matrix nA ).
From these initial parameters follow 
characteristics which have more applicative 
sense:

5. ( ) nnn AAA cdp4dfrdsk 2 +=  (discriminate)

6.  (determinant),

7.  (eigenvalues of 

matrix nA ),
Two important types of matrices in matrix 

analysis are important: the matrix I is called 
idempotent (matrix of stable power), if II =2  and 
the N - nilpotent (matrix losing power), if 0=2N , 
where 0  is zero matrix.

If discriminates of matrices nA  become to zero 
then matrices nA  from idempotent become to nilpo- 
tent. Mathematically, if the limits 0dsk →nA , 

,, ccbb nn →→  satisfying condition 0≤⋅ cb  

exist, then B
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0=2B . 
It shows that chosen time series ( ),...2,1,0; =nxn  

and ( ),...2,1,0; =nyn  become similar and describe 
more associated system. The sequence of idempo-
tent matrices ( ),...2,1,0;dsk =⋅ nIA nn  if the limit 
transitions 0→− nn µλ , BIA nn →⋅dsk  exists 
can be formed, and this sequence shows evolution 
of matrix sequence ( ),...2,1,0; =nAn .

From definitions of matrix characteristics the 
main interest have discriminates of matrices nA ,  
accordingly the time series ( ),...2,1,0;dsk =nAn  in-
vestigation is important.

The elements of matrices can be formed in 
more complicated way: 

( ) ( )222111: ++++ −+−= nnnnn yxyxb αα ,

( ) ( )112221: −−−− −+−= nnnnn yxyxc αβ .

Here 0,1 2121 >>=+ αααα , ,121 =+ ββ  
021 >> ββ .

On purpose to escape noise influence, the 
elements can be averaging. Then terms of time 
matrices ,: jn

l
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jn xa +
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If number of terms in sums increases, the 
sequence of discriminates become smoother, but its 
character is the same. From numerical investigation 
it is obtained that changing of parameters βα ,  has 
influence only to amplitude of sequence, but not 
for character, because in further calculations the 
simplest case of matrices formation were used. The 
initial data was normalized using formula 

minmax

min

xx
xx

x valueold
valuenew −

−
= ,

where minx  and maxx  are minimal and maximal 
physiological values of parameter.

RESULTS

Working capacity. The task for the participants 
of this study was to continue exercising as much 
as they can, i.e. till the inability to continue it. All 
participants of the study were able to perform the 
workload up to 17 minute (workload 150W) and 
the highest performance in non-athletes cohort 
demonstrated by one participant was 27 minutes (the 
stage of 250W). The averaged data of performance 
abilities can be depicted by mentioning that non-
athletes were able to continue the task of increasing 
workload for 23.5 ± 2.4 min. The arrows with 
figures in Figure 2 show the number of participants 
who were able further to continue the increasing 
workload.

The elite athletes demonstrated the better 
muscular performance, i.e. they were able to 
continue the increasing workload up to 35th minute 
(first athlete) and up to 31.5th minute (second 
athlete).

HR changes. The HR changes were related to 
the increase in workout as it was shown in Figure 
2 or in Figures 3 – 6 where RR intervals of ECG 
were presented in grey (background of figure). No 
one of all these cases can reveal the transition of 
body states such as anaerobic threshold or when the 
workload became  not physiological. Gradually the 
increase of HR without steep changes can reveal if 
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the essential and important body changes occurred 
or if it is difficult to say at what moment they did. 

Discriminant changes. The matrix analysis of 
the ECG parameters has the aim to more precisely 
answer the question if discriminate changes call 
reveal the essential changes of functional state while 
exercising, i.e. under the conditions of increasing 
fatigue. Aiming to answer this question the analysis 
of individual cases could be useful for analysis. 

Figure 3 presents the dynamics of discrimination 
between RR intervals and ST-segment depression 
during incremental exercise test and recovery. As 
we can see form Figure 3, the discriminant changes 
go parallel with the HR changes. 

The different dynamics of discrimination 
between RR intervals and QRS during incremental 
exercise test were found when the data of two 
athletes runners were compared (Figure 3). The 

essential difference between these two cases was 
that discriminant values of the second athlete 
with medical diagnosis “Overtraining” were 
significantly higher during exercising (Figure 
3–A). The first elite athlete not only was able to 
demonstrate better muscular performance, i.e. 
continue exercising longer, but the discriminant 
values were low and only at the end of exercising 
the discriminant values showed a steep increase 
(Figure 3–B).

Figure 5 presents the dynamics of discrimination 
between the amplitude of R wave and RR intervals 
during incremental exercise test and recovery of 
elite athlete. What was important about the the 
dynamics of discrimination during exercising 
under the conditions of increasing fatigue, that a 
steep change of discriminant values was observed 
in the middle of the exercise test. 

Figure 2. Dynamics of HR during 
incremental exercise test and recovery

Figure 3. Dynamics of discriminants between RR intervals and ST-segment depression during incremental exercise test and recovery

Notes. X axis – discriminant value (left); RR intervals, s (right). Y axis – time, min 
Grey (background) shows dynamics of RR intervals of ECG; 
Green line – discriminant; red line – discriminant averaged of 10 figures.

n n n
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DISCUSSION

Exercise dosage control and feedback during 
exercising is a relevant problem that required a 
new modern solution. There are various methods 
of measuring the body reactions to workloads and 
physical exertion, but their applicability and value 
are widely discussed and analysed (Boettger et 
al., 2010). Functional state could be recognized 
by assessing the reactions to exercising workload 

A

B
Figure 4. Dynamics of discriminants between RR intervals and QRS during incremental exercise test and recovery of elite athlete (A) and 
other athlete with medical diagnosis “Overtraining”(B).

Notes. X axis – discriminant value (left); RR intervals, s (right). Y axis – time, min
Grey (background) shows dynamics of RR intervals of ECG; 
Green line – discriminant; red line – discriminant averaged of 10 figures.

Figure 5. Dynamics of discriminants between amplitude of R wave and RR intervals during incremental exercise test and recovery of 
elite athlete

Notes. X axis – discriminant value (left); RR intervals, s (right). Y axis – time, min 
Grey (background) shows dynamics of RR intervals of ECG; 
Green line – discriminant; red line – discriminant averaged of 10 figures.

(Mailey et al., 2010), but the question about indices 
and criteria for assessment and formation of 
feedback remains on agenda of scientific studies.

At onset of exercise all body systems adapt 
with a series integrated responses to meet the 
metabolic demands of exercising muscles (Enoka & 
Duchateau, 2008; Hughson & Tschakovsky, 1999; 
Vainoras, 2002). During exercising all levels of body 
structure, i.e. sub cellular, cellular, tissue, organs, 
systems are activated and all physiological systems 
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appear to show similar non-monotonic activity at 
all times and at all functional levels (Gibson, 2008). 
For investigation of these peculiarities in time, 
various mathematical methods are applied in order 
to estimate a human like a complex system (Costa, 
Peng, & Goldberger, 2008; Gademan et al., 2012). 
The human body is a complex system. Particularly, 
it is possible to assess the functional peculiarities 
while investigating elements of this system and 
its relationships (Hristovski et al., 2010). Fatigue 
arises through the interaction of the component 
processes and causes the reduction of low activity 
in the neurobiological system. Although specific 
physiological mechanisms are probably highly 
task-dependent (Enoka & Duchateau, 2008), there 
is the non-linear dynamic system theory that 
enables to indicate specific causes of fatigue and 
provides knowledge of the phenomenon of critical 
instability. Lately, an integrative point of view on 
the process of fatigue suggests that the origin of 
the fatigue or optimal functional state is related to 
the interaction between the physiological systems, 
between various physiological mechanisms.

Different parameters of ECG can describe 
various physiological processes. According to 
the model of “Integral assessment of body during 
exercising” (Vainoras, 2002), HR changes can be 
treated as a regulatory signal requiring changes in 
the activity of cardiovascular response; ST-segment 
depression as indicator of functional ischemic 
episodes in cardiac musculature (Gademan et al., 
2012; Guldenring et al., 2012; Jernberg, Lindahl, & 
Wallentin, 1999; Taglieri et al., 2011) can be treated 
as a metabolic signal. The results obtained during 
matrix analysis showed that discrimination between 
RR intervals and ST-segment depression during 
incremental exercise test and recovery was parallel 
to the HR changes (Figure 3). It can be concluded 
that regulatory signals are strictly interconnected 
with the cardiac metabolism. If we want to follow 
the model “Integral assessment of body during 
exercising”, the QRS complex of ECG can be 
treated as a signal for the contraction of cardiac 
musculature. The small values of discrimination 
between RR intervals and QRS during incremental 
exercise test of elite athlete (Figure 3 A) indicate a 
good adjustment between the regulatory signals of 
the system and organ levels, and the steep increase 
of discriminants at the end of incremental exercise 
test indicate the concatenation between these 
fractal levels of the body was lost.

The actual problem is how to catch a small 
but essential change in functional state of the 
body during the training session. Some intensity 
of exercising is physiological and impacts positive 
body changes, but when the intensity of exercising 
exceeds the physiological limits, the continuation 
of exercising is damaging. Monitoring HR cannot 
find and reveal such important points, e.g. at what 
moments the body responses to exercise workout 
become not physiological. It is difficult to handle 
the data obtained by matrix analysis of ECG 
parameters because there not a lot such studies. 
Studies designed to analyse the peculiarities of 
dynamics of cardiovascular, muscular or other 
physiological indices during exercising point out 
that sudden change of discriminant values indicate 
the internal reorganization within the physiological 
mechanisms. Figure 5 showed the dynamics of 
discrimination between the amplitude of R wave 
and RR intervals during incremental exercise test. 
The characteristic feature in this dynamics was a 
sudden increase of discrimination at some moment 
of increasing workload. There were no significant 
changes in HR dynamics at this moment. So we 
can state that the matrix analysis, i.e. concatenation 
between ECG parameters, can be more sensitive to 
define the critical changes within the body. The 
more detailed studies are needed to find out what 
ECG parameters  or cardiovascular parameters are 
more useful for outlining the dynamics of internal 
body changes during exercising for health purposes 
or during elite training sessions.

CONCLUSION

It is difficult to make a decision about 
physiologically suitable intensity of exercising 
or at what a moment exercising becomes not 
physiological and damaging. Individual assessment 
the dynamics of concatenation between ECG 
parameters suggests the usefulness of such 
approach in the field of functional state monitoring 
and feedback formation during exercising. Matrix 
analysis of ECG parameters may be a way to 
improve the quality of functional state monitoring 
during exercising.
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