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Extreme activities enable physiological mecha�
nisms to be most fully involved. An ultra�marathon
race is a prime example of an extreme activity. It is par�
ticularly interesting because a moderate load, typical
for it, lasts for hours, which enables multiple physio�
logical measurements to be carried out. This feature
has been often used by researchers, who recorded a
variety of physiological characteristics of ultra�mara�
thon and marathon running [1, 2]. In this case, studies
are most often focused on the energy supply and the
problems of maintaining temperature homeostasis [3,
4]. At the same time, interaction between the physio�
logical functions providing a prolonged adequate oxy�
gen supply of the body is of great interest [5, 6]. Mod�
ern instrumental techniques provide new opportuni�
ties for the study of these processes directly in the
course of running, which is what we have used in this
study. The unique experimental situation suggests that
the data obtained from the only subject in the experi�
ment can provide new information about the organi�
zation of the interaction of cardiorespiratory functions
at different stages of an extremely long load of rela�
tively constant intensity.

The goal of this study was to evaluate the dynamic
changes of the components of cardiorespiratory func�
tion in an athlete during a prolonged run at a constant
speed. The research objectives were (1) to compare the
dynamics of the parameters of oxygen transportation
in the body and the running speed during a 6�hour�

long ultra�marathon race and (2) to estimate the fea�
tures of interaction between the autonomic systems of
the body at different stages of an ultra�marathon run.

EXPERIMENTAL

The subject of our study was a regularly training
master of sports in skiing, aged 27 years; body weight
(at the start), 70 kg; body height, 170 cm; maximum
oxygen consumption (MOC), 67 mL/(min kg). The
subject had signed his informed consent to participate
in the experiment. The study protocol was approved by
the Ethics Committee of the All�Russian Research
Institute of Physical Culture and Sports.

The experiment was carried out during a 6�h
indoor Championship of Moscow, the ultra�marathon
Passatore cup, in February 2009. The race started at
10:00 p.m. and ended at 4:00 a.m. The track length was
229 m. The subject consumed water (a total amount of
about 2.5 L), chocolate, dried fruit, and bread during
the race.

The time spent on each circle was recorded by spe�
cial timekeepers. On the basis of these data, the speeds
on different parts of the distance were then calculated.
The heart rate (HR) was recorded continuously using
a PolarRS 800 HR monitor (Finland). Gas analysis of
the exhaled air and recording of the parameters of
external respiration were performed during the first
hour with the following repetitions during 20–30 min
each hour, using a Metamax mobile device (Germany)
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mounted on the subject throughout the race. The
device was calibrated with a standard gas mixture
shortly before the experiment. The protocol of the
parameters of gas exchange during the race is sche�
matically shown in Fig. 1. Before and after the subject
passed the intervals when these parameters were mea�
sured, the blood lactate content was measured using a
Biosen C�line analyzer (EKF Diagnostics, Germany).
The error of lactate measurements was ≤±1.5% for
12 mM. The stability was ≤±3% for ten samples with
values of 12 mM.

Data processing was performed by standard meth�
ods using the STATISTICA (version 8.0) software.

RESULTS AND DISCUSSION

During 6�h running, the subject covered a distance
of 56.211 km, with an average speed of 2.7 m/s. As
seen in Fig.1, during the first 120 min of running, the
speed remained almost constant (on average, 3.0 m/s).
Then, the speed slowly decreased during 3.5 h (on
average, 2.5 m/s); and only in the last 30 min, it began
to increase, reaching its initial values in the final cir�
cles of the marathon. From 2.5 h to 5.5 h, there was a
sharp, abrupt decrease in the running speed. This was
due to the alternation of the subject’s running and
walking. Note that the subject did not walk during the
measurements of gas exchange.

Table 1 shows the average values of the external res�
piration, gas exchange, HR, blood lactate levels, and
the average running speed on five separate intervals of
the ultra�marathon race when the parameters of exter�
nal respiration and gas exchange were being measured.
Table 1 also shows correlation diagrams demonstrating
the strength and sign of the correlations between the
parameters measured in each distance interval.

The average running speed in intervals I and II, is
almost the same; however, in the middle of the dis�
tance, i.e., in intervals III and IV, the speed markedly
decreased. In the final interval V, the average running
speed goes back to high values due to a finishing spurt
made by the subject (Fig. 1).

The changes in lactate content in the peripheral
blood indicate the unequal difficulty of various inter�
vals of distances. In interval I, which is characterized
by an urgent adaptation to stress, the level of lactate
was reduced from the beginning to the end of the inter�
val, reflecting the high activity of aerobic metabolism.
In intervals II and III, lactate levels were stable, which
suggests that the subjects reached a state close to sus�
tainable. However, by the beginning of the interval IV,
the lactate levels begin to increase. This increase con�
tinues throughout this and the next interval, ultimately
reaching the values close to the anaerobic threshold.
Thus, according to the dynamics of lactate, it can be
assumed that intervals IV and V are characterized by a
growing fatigue. Probably, this is also indicated by a
significant decrease in the running speed in interval IV.

At the same time, the values of HR do not indicate
fatigue. The HR values in interval IV are lower than
that in interval III; however, this is combined with
slower running in this interval. In other words, the HR
parameters under such loads are not sufficiently sensi�
tive to indicate a degree of stress of the body. Much the
same can be said about the values of oxygen consump�
tion. The ratio of these parameters, i.e., the oxygen
pulse, also demonstrates the constancy of its average
values at various stages of an ultra�marathon race
despite the changes in the ergometric characteristics of
the load.

Pulmonary ventilation, which is much higher on
the final distance interval compared with the previous
intervals studied, can serve as a relatively more sensi�
tive indicator in terms of diagnosis of fatigue. A signif�
icant increase in the respiratory coefficient on the final
interval of the marathon may be due to the intensifica�
tion of lung ventilation and to the causes of metabolic
nature, as it is combined with a sharp increase in lac�
tate levels in the peripheral blood.

The dynamics of two simultaneously measured
parameters of the functional stress of the body, oxygen
consumption (OC) and HR during the 6�h race, are
shown in Fig. 2. Note that no strict parallelism is
observed between OC and HR; the curves depicting
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these functions sometimes converge and then diverge.
This shows that the HR does not fully characterize
oxidative metabolic stress during a prolonged cyclic
physical performance with relatively constant power.
The functional state of the body, apparently, greatly
modulates the extent of the correlation between the
requests for oxygen in the body tissues and oxygen
delivery to consuming structures. Throughout inter�
vals I and II (0–1 and 1.5–2 h of running), an uneven
gradual increase in these parameters was observed.
The highest degree of synchronization in the changes
of these parameters was recorded in interval II, when,
probably, the physiological functions were close to
their optimal values for prolonged cyclic activity of
moderate power. This particular interval was charac�
terized by the highest average running speed, no epi�
sodes of changing to walking mode, and stable low
blood lactate levels.

The third interval (from 3 to 3.33 h of running) was
characterized by a reduced running speed compared to
the previous intervals. Against this background, a
decrease in OC and HR were recorded. This decrease
was not detected at the level of the average values;
however, it can be clearly seen on the graph (Fig. 3).
The dynamic changes in OC and HR at this period of
running are asynchronous, and even have the opposite
sign at times. This may be the first sign of an imbalance
in the oxygen supply system of the body.

This trend is expressed even stronger in interval IV
(from 4.66 to 5 h of running). The parameters mea�
sured often had opposing trends. For example, against
the background of a decrease in or stable values of OC,
the HR almost constantly increased. This can be
explained by the fact that with the growth of fatigue,
the efficiency of the cardiorespiratory system declines.
Note that in interval IV, the running speed was rela�
tively stable, with no sudden accelerations or deceler�
ations (Fig. 1); however, it declined, on average, dur�
ing the fourth interval compared to the third one.

At the last (final) interval of the run, the running
speed slightly increased, which was immediately
reflected in an increase in the average values of OC
and HR.

There is a well�known view that, with the growth of
fatigue (body stress), the relationships between auto�
nomic functions vary and generally become more
stringent [6]. We calculated the correlation coeffi�
cients between the main parameters of the cardiores�
piratory system obtained on five intervals of the ultra�
marathon distance (Table 1). The correlation diagram
presented shows that the minimum number and
strength of relationships were recorded in interval II,
when the body seems to function optimally. Subse�
quently, the number of reliable relationships and their
strength gradually increase, reaching the highest val�
ues at interval V corresponding to the end of the ultra�
marathon.

All these findings suggest that, with an increase in
fatigue, the changes in the interaction of the body
functions related to the OC take place; and, ulti�
mately, the efficiency of the cardiovascular system
declines. We assume that this process is combined with
an increase in the central regulatory effects on the
activity of autonomic functions.

The mechanical power (intensity) of the work is
one of the most important factors modulating the
activity of physiological functions. In our study, it was
not constant throughout the race, which can signifi�
cantly distort the true relationships between the com�
ponents of the cardiorespiratory system. In order to
better analyze these processors, we have identified
three 5�min intervals at various stages of the ultra�
marathon distance, where the running speed (i.e., the
power output of the mechanical work) was almost the
same; and a synchronous recording of gas exchange
and HR was carried out. Such intervals occurred dur�
ing the first, second, and sixth hours of running. The
results of this analysis are shown in Table 2 and Fig. 3.
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Distance interval

I (V = 3.07 m/s) II (V = 3.02 m/s) V (V = 3.03 m/s)

VE = 64.0126 + 0.0107 × HR VE = 17.3173 + 0.3063 × HR VE = –74.5217 + 0.9167 × HR

Relationship between oxygen consumption and pulmonary ventilation

Relationship between oxygen consumption and heart rate

HR = 155.7465 – 1.4066 × VO2 HR = 159.9745 – 0.0967 × VO2 HR = 143.5525 + 7.7867 × VO2

Relationship between heart rate and pulmonary ventilation

VE = 22.2631 + 15.9369 × VO2 VE = 17.334 + 17.5337 × VO2 VE = 17.2162 + 20.8858 × VO2

Relationship between oxygen consumption and oxygen pulse

O2Puls = –0.6512 + 6.8332 × VO2 O2Puls = 0.0745 + 6.2352 × VO2 O2Puls = 2.0738 + 6.8332 × VO2

Fig. 3. The relationships between the parameters of the cardio�respiratory system during different intervals of the ultra�marathon
distance with the same running speed.
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The pulse rate, oxygen consumption, and pulmo�
nary ventilation increase (significantly in the compar�
ison of the first and the third intervals, p < 0.05) during
the periods from the first to the second interval and
from the second to third distance interval, which indi�
cates a decrease in the efficiency of muscular work.
This is also confirmed by an increase in the value of
pulse and oxygen costs of passing a 1�m distance. The
oxygen pulse shows a downward trend during the tran�
sition from the stage of warming up to the optimum
stage; however, it demonstrates no further changes.
The respiratory rate increases, particularly, at the early
stages of the race; this probably reflects the gradual
involvement of carbohydrate resources in the substrate
supply of physical activity. However, the change in the
ventilation–perfusion relationships, especially in the
final stage of the marathon, when the sharp increase in
pulmonary ventilation (17% compared to the second
stage) was significantly greater than the increase in the
pulse rate (3.75%) may also be the reason for an
increase in the respiratory rate. Since, against the
background of fatigue, a significant increase in the
beat ejection could hardly be expected, the increase in
the blood flow rate is also likely to be low. This irregu�
larity can cause a noticeable increase in the respiratory
coefficient. At the same time, at the final stage of the
race, a sharp increase in lactate levels in the peripheral

blood was recorded; this acidification of the internal
media can cause both an increase in the respiratory
coefficient and an intensification of pulmonary venti�
lation.

It is interesting to analyze the correlations between
the parameters of activities of the components of the
cardiorespiratory system at various stages of an ultra�
marathon distance. As the intervals described in our
instance, are characterized by stable and almost the
same running speed (i.e., the power of the external
mechanical work), the differences found in the struc�
ture of the correlation diagrams are related solely to
the differences in the functional state of the body. In
the initial period, the number of strong relationships is
relatively small. At the stage of the optimal load, the
total number of significant relationships increases;
some of them become noticeably stronger. At the final
stage, against the background of accumulated fatigue,
a decrease in the number of strong relationships and
the change in correlation foci are recorded. Thus, at
the first and second stages of the run, the respiratory
coefficient was an important focus, and HR did not
show strong relationships with other functions; while
in the phase of fatigue, the relationships of the respira�
tory coefficient with other parameters weakened, and
the HR was one of the main focuses of the correlation
diagram. It is difficult to interpret the changes found;

Distance interval

I (V = 3.07 m/s) II (V = 3.02 m/s) V (V = 3.03 m/s)
Relationship between oxygen consumption and respiration coefficient

VE = 6.0179 + 67.9161 × RQ VE = 23.0557 + 45.7742 × RQ VE = –8.3016 + 88.012 × RQ

Relationship between respiration coefficient and pulmonary ventilation

RQ = 1.0563 – 0.0656 VO2 RQ = 1.0896 – 0.0524 VO2 RQ = 0.9794 – 0.0005 VO2

Fig. 3. (Contd.) 
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however, it is clear that the state of optimum perfor�
mance is characterized by the well�coordinated inter�
action of various functions of the body, while fatigue is
characterized by the weakening and alternation of the
pattern of correlations within the cardiorespiratory
system.

Given these results, the analysis of binary interac�
tions between various parameters of the performance
of the cardiorespiratory system, taking into account
the functional state of the body, is of particular inter�
est. These results are shown in Fig. 3.

The OC and pulmonary ventilation show the most
obvious nature of the relationship and its changes. In
the initial period, the binary data cloud is of low den�
sity, though the parameters are clearly and signifi�
cantly correlated to each other. At the stage of opti�
mum performance, the point cloud becomes denser,
which indicates the intensification of the interaction
between the parameters, whereas against the back�
ground of fatigue, the low density of the point cloud
and the weakening of relations between the traits are
recorded.

The results of the analysis of the relationships
between OC and HR were surprising. It turned out
that, at the initial stage of performance, as well as at
the stage of optimal performance, no statistically sig�
nificant correlations were found between these seem�
ingly strongly functionally related parameters. Only
against the background of fatigue, a relatively strong
relationship, albeit, characterized by a diffuse cloud of
points on the regression diagram, was found. The rea�
son for this unexpected result could be that the indi�
vidual data obtained at relatively the same moderate
loads were analyzed. In this case, the factors causing a
strong relationship of OC and HR in the mode of
alternating loads, when both factors are dependent on
the load, did not work. This result indicates that there
are degrees of freedom in these two important param�
eters by which we usually estimate the severity of the
load and its power supply; and these degrees of free�
dom are not always taken into account. These results
result in doubts about the accuracy of such sugges�
tions, at least, under the conditions of moderate loads.

Similar relationships were found between the HR
and pulmonary ventilation; significant relationships
between these parameters are formed only against the
background of fatigue.

The relationship between the OC and oxygen pulse
is characterized by the narrow range of scatter of the
data at all stages of the race. However, at the stage of
optimal performance (interval II), the strength of this
relationship is particularly high; against the back�
ground of fatigue, it decreases.

In the initial period of the race, the relationship
between the OC and oxygen pulse is weak and nega�
tive. Apparently, in this case, the respiratory coeffi�
cient reflects the metabolic structure of the energy
production. The fluctuations of the respiratory coeffi�
cient to some extent depend on the fluctuations of the

ratio between the aerobic and anaerobic glycolysis
paths of energy production in the muscles. In the state
of optimal performance (interval II), the pattern
described persists; and the density of the points around
the regression line even slightly increases. However, at
the final stage, the pattern changes; the relationship
between the parameters disappears, and the scatter of
data significantly increases. This can be explained by
the fact that, at this stage, the changes in the respira�
tory coefficient are not related to the metabolic struc�
ture of energy production, but depend on other fac�
tors, such as the ratio of the alveolar ventilation and
the blood flow. It is clear that our data allow us to only
approximately describe the effect of these physiologi�
cal mechanisms.

However, the following group diagram can be an
indirect confirmation of this suggestion. It reflects the
relationship between the respiratory coefficient and
pulmonary ventilation. The strength of this relation�
ship decreases from the initial to the second stage;
however, at the final stage, it markedly increases. Of
course, it is not clear why this happens and what the
consequences are; i.e., whether the pulmonary venti�
lation increases under the action of the same factors
(acidification) as the respiratory coefficient, or vice
versa, the respiratory rate increases as a result of an
increase in the ventilation–perfusion ratio. At this
stage, acidification occurs (as shown above), as well as
an increase in the ventilation�perfusion ratio. In any
case, a significant increase in the respiratory rate can
be considered as a sign of fatigue accumulated during
the race and as an indication of desynchronization
between the functions of the components of the car�
diorespiratory system.

CONCLUSIONS

Our data have demonstrated a number of obvious
and predictable features that accompany fatigue dur�
ing prolonged muscular work of moderate intensity.
The first feature consists in a decrease in efficiency,
which results in increased HR and the oxygen used.
The second feature consists in the activation of the
anaerobic glycolysis path of energy production. Since
the simultaneous increases in the activity of aerobic
and anaerobic glycolytic energy production occur
against the background of fatigue, actual energy con�
sumption increases very considerably; this shows an
increasing imbalance in the mechanisms of energy
production and utilization. The third feature consists
in the intensification of the respiratory function;
which is, probably, partly due to acidification of the
internal media of the body and, thus, is a consequence
of metabolic changes.

In addition, we recorded some features that are not
obvious. They reflect the mechanisms of the interac�
tion between functions, which are subtle, varying in
dependence of the current functional state, and poorly
understood. They are expressed in the changes
(increase or decrease) in the relationships between the
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functions, depending on whether the work is at the
stage of warming up, sustainably high performance, or
at the stage of considerable fatigue. It seems that with
the development of fatigue, the functional system, that
meets the needs of an organism in oxygen, goes
through a set of stages. At the initial stages, the degree
of interaction between the functions increases, which
creates an optimal background for muscular perfor�
mance; while at the final stages, this interaction weak�
ens and its pattern partially changes. Probably, these
changes have a central origin, and lead to the decrease
in the efficiency of muscular performance observed
against the background of constant mechanical effi�
ciency.

Our comprehensive data suggest the combined
effect of the central and tissue mechanisms of fatigue
on oxygen transportation in the body.

The lack of strong relationships between the HR
and OC when the load is constantly moderate, outside
of the fatigue zone, is unexpected and seemingly
strange. This is probably due to the variety of functions
of blood circulation; along with the delivery of oxygen
and substrates to the working tissues, it solves various
tasks, such as thermoregulation and detoxification.
Apparently, under the conditions of the constant load
of moderate intensity, the cardiovascular system has
many possible ways of functioning, which is expressed,
in particular, in the significant variability of the HR.
Oxygen consumption is also not constant and varies
continuously over a wide range. This is confirmed by
the values of the standard deviations of both parame�
ters (Table 2), which significantly decrease by the end
of the distance, compared to the initial period. Under
the conditions of warming up and optimal perfor�
mance, the HR and OC are often not synchronized.
However, under the conditions of fatigue, the syn�
chronization of the functions is forced to increase; this
is similar to an increase in the tension index against the
background of stress [7]. In this situation, the interde�
pendence between these two parameters dramatically
increases. All this findings show the feasibility of using
tools that can assess the variations in the patterns of
physiological functions in order to study the mecha�
nisms of the autonomous support of muscular work.
These attempts have been recently undertaken [8].

Analyzing the mechanisms of fatigue, which limit
the athlete’s physical abilities and athletic perfor�
mance, researches often consider four types of mod�
els: energy, strength, biomechanical, and psychologi�
cal [9]. Probably, in the instance of ultra�marathon

running, that is, in the case of an extremely long per�
formance of moderate power, the autonomic system
rather than the energy of the body is the main limiting
factor. The balance and concurrency of the functions
may be the main limiting factor under these condi�
tions; while the changes in the pattern of their interac�
tion can be an informative sign of fatigue starting.
However, further research is required in order to iden�
tify the indicators and criteria of developing fatigue.
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