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Summary
The body’s predominant choice of substrates and the rate of their oxidation in the work-

ing muscle are largely influenced by physical activity intensity. The higher the intensity of 
work, the more important role in energy supply processes are played by carbohydrates. It is 
suggested that the ability to most effectively use fat as an energy substrate at rest and during 
exercise allows athletes to save carbohydrates to perform high-intensity work. This study inves-
tigated the efficiency of metabolism in skilled athletes at rest and during the exercise of increas-
ing intensity. 99 body composition assessments (via bioelectrical impedance) and 99 incre-
mental exercise tests using a gas analysis system were performed in 90 male national- and 
international-level athletes (age 16-35 y.o.) of sports related to endurance and combat sports. 
The respiratory exchange ratio in skilled athletes at rest significantly correlates with the val-
ues of respiratory exchange ratio when reaching the anaerobic threshold ((r = 0.52, р ≤ 0,05)) 
and respiratory exchange ratio when reaching the maximum oxygen consumption ((r = 0.52,  
р ≤ 0,05)) and with the maximum oxygen consumption (r = -0.26, р ≤ 0,05). 

The oobtained data shows that efficient resting metabolism creates the preconditions for 
more efficient use of energy substrates during intense muscle activity. The respiratory exchange 
ratio is an informative indicator of the efficiency of metabolism, which can be used in the com-
plex control of the functional condition of the athlete.
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1. Introduction

Significant energy expenditure due to intense physical activity increases the metabolism 
of skilled athletes both during physical activity and in their recovery period. Athletes spend at 
least 1000-2000 kcal per day on physical activity. During intense training, total daily energy 
expenditure (TDEE) can exceed 10,000 kcal (Burke et al, 2015). However, all essential nutri-
ents – proteins, fats, and carbohydrates – can provide substrates for energy production in mus-
cles. The body’s predominant choice of substrates and the rate of their oxidation in the working 
muscle is influenced by many factors, primarily the duration and intensity of exercise, the ath-
lete's fitness, and nutrition. The intensity of physical activity largely determines the choice of 
substrates for energy. The higher the intensity of work, the more important role in energy supply 
processes are played by carbohydrates (Shils&Shike, 2006).

Recently, the term "metabolic efficiency" has come into use, meaning the ability to most 
effectively use fat as an energy substrate both at rest and during exercise, thus saving glyco-
gen stores (Seebohar, 2014). It is believed that this type of metabolism allows one to save 
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carbohydrates to perform high-intensity work. Most often, the respiratory exchange ratio (RER) 
is used to assess the use of oxidation substrates, which allows determining the contribution of 
carbohydrates and fats to the energy supply (Carpenter, 1964). Thus, the value of RER can be 
considered an informative indicator of metabolic reserves of the athlete.

The study by Helge et al. (1999) demonstrates significant individual variability in the 
ratio of the use of energy substrates during the same intensity of activity. In this case, physi-
cally active and trained people usually have lower RER than untrained during the same activ-
ity load (Jeukendrup et al., 1997; Bergman&Brooks, 1999). In addition, endurance training 
can reduce the value of RER while also increasing the oxidative activity of enzymes and oxy-
gen consumption, as well as help delay the development of fatigue during exercise (Messon-
nier et al., 2005). Meanwhile, even athletes who specialize in endurance sports demonstrate 
great variability of RER at rest and during exercise of varying intensity (Romijin et al., 2000; 
Carter et al., 2001). The study by Goedecke et al. (2000) has shown significant fluctuations 
in resting RER in the range from 0.93 to 0.72, which corresponds to energy production due 
to fat oxidation from 23% to 93% . 

In the study by Rauch et al. (1999) with the participation of qualified cyclists, it was 
demonstrated that not all athletes use the same amount of fat as an energy substrate when per-
forming the same work. Athletes whose contribution of carbohydrates to energy production was 
higher at rest and during exercise showed an earlier development of fatigue compared to those 
with lower RERs (and consequently a higher contribution of fat to energy production). This is 
due to their faster depletion of glycogen stores.

Therefore, it is of scientific interest to study the efficiency of athletes' metabolism. 
The aim of this study is to determine the efficiency of metabolism in skilled athletes at rest and 
during exercise of increasing intensity.

2. Materials and methods

Participants
99 incremental exercise tests were performed in 90 male national- and international-level 

athletes (age 16-35 y.o.) of sports related to endurance (biathlon (n = 40), triathlon (n = 4),  
rowing (n = 13), canoeing (n = 12), modern pentathlon (n = 12), and combat sports (boxing  
[n = 14], taekwondo [n = 4]).

Procedure
The study was performed in the morning, 2 hours after breakfast. After measuring 

anthropometric parameters (length [cm], body mass [kg], and body composition (mass [kg] and 
percentage of body fat, lean body mass (LBM) [kg]), we performed a test to determine subjects’ 
maximum oxygen uptake (VO2max, ml · min-1 · kg-1).

The test to determine the maximum oxygen consumption (VO2max, ml · min-1 · kg-1), 
used exercise of increasing intensity on the rowing ergometer Concept II (USA) for rowers, 
on the manual ergometer Technogym (Italy) for the kayak and canoe athletes, on the LE 500 
treadmill, (Viasys Healthcare, Germany) for the biathlon, triathlon, modern pentathlon, boxing, 
and taekwondo athletes. The exercises lasted until the athletes reached the VO2max. The sign 
of reaching VO2max was the lack of increase in oxygen consumption with increasing power or 
its fluctuations within 100 ml ·min-1. Respiratory system parameters were recorded using an 
Oxycon mobile gas analyzer (Care fusion, USA; Jeager, Germany). Before performing the test 
load, a 6-minute warm-up was performed, and after the test was completed, the rate of recovery 
processes was assessed for three minutes via measurement of heart rate, blood lactate concen-
tration, oxygen consumption, and carbon dioxide excretion.
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The magnitude of the initial exercise load on the Concept rowing ergometer was  
1.5 W · kg-1 body mass, at each subsequent stage the load increased by 30 W; initial load on 
the running ergometer was 2.0 W per kg body mass (running speed – 10 km · h-1). The duration 
of each step of the test load was two minutes (testing on a treadmill) or three minutes (testing 
on a rowing ergometer).

To assess the effectiveness of metabolic processes, we determined the respiratory 
exchange ratio, which reflects the use of energy substrates. To find out the changes in the struc-
ture of energy expenditure during muscular activity, the RERs of the athletes were examined 
both at rest and during exercise.

The study determined the following metabolic parameters:
VO2: ml · min-1 · kg-1– oxygen consumption at rest and during exercise with increasing 

intensity;
RERrest – respiratory exchange ratio at rest;
RERAT – respiratory exchange ratio when reaching the anaerobic threshold;
RERVO2max – respiratory exchange ratio when reaching maximum oxygen consumption;
Q, kcal · min-1 – energy consumption;
Qc, kcal · min-1 – energy obtained from carbohydrates;
Qf, kcal · min-1 – energy obtained from fat;
Statistical analysis
The data obtained were analyzed using methods of mathematical statistics: mean values 

method, correlation analysis, two-way ANOVA post-hoc Tukey test.
3. Ethics
The research was conducted following the basic bioethical norms of the Helsinki Declara-

tion of the World Medical Association on Ethical Principles of Scientific and Medical Research, 
as amended (2000, as amended in 2008), the Universal Declaration on Bioethics and Human 
Rights (1997), and the Council of Europe Convention on Human Rights and Biomedicine. 
1997).  Each study participant provided written informed consent to participate in the study. 

4. Results

RER variability at rest, during anaerobic threshold, and maximum oxygen uptake was 
recorded (Table 1).

Table 1
RER in skilled endurance athletes at rest, during AT and VO2max

Condition Х ± ∂ - 95%* + 95%
Resting 0.81±0,10 0.79 0.83

AT 0.96±0,07 0.95 0.97
VO2max 1.09±0,09 1.07 1.11

* Confidence interval of 95%

In this study, the average value of RER at rest in skilled athletes was 0.81 ± 0.10, which 
corresponds to the use of 65% of energy from fat, while the range of confidence interval 
(0.79- 0.83) shows that the contribution of fat to production energy at rest ranges from 58-71%.

The average values of RERAT were 0.96 ± 0.07, which indicates a 14% contribution by fat 
to energy supply. The range of RER oscillations at the level of AT (0.95-0.97) is smaller com-
pared to at resting state and corresponds to a 10-17% contribution of fat to energy production.
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It is traditionally believed that 100% of energy at the level of VO2max is provided by 
carbohydrates [1, 2]. Our average data (1.09 ± 0.09) confirms this fact, but there were some 
athletes for whom RER when reaching their VO2max was 0, 96-0.99, and in some cases 0.93, 
which indicates a possible contribution of fat to energy production even during high-intensity 
exercise.

Energy consumption and use of energy substrates during intense physical activity at the 
level of AT and VO2max are in Table 2.

Table 2
Energy expenditure in skilled athletes associated with the manifestation of endurance 

when reaching the anaerobic threshold and VO2max (n = 99)

Measurement AT VO2max
Х ± ∂ 95% СI Х ± ∂ 95% СI

VO2, ml·min-1·kg-1 46,93±8,65 45,21-48,66 56,90±9,26 55,05-58,75
Q, kcal·min-1·kg-1 0,22±0,06 0,21-0,24 0,27±0,07 0,26-0,29
Qс, kcal·min-1·kg-1 0,18±0,06 0,17-0,20 0,27±0,07 0,26-0,29
Qf, kcal·min-1·kg-1 0,04±0,04 0,03-0,05 0,00±0,01 0,00-0,01

As can be seen from Table 2, the standard deviation of the fat utilization rate when 
reaching the AT is equal to the average value, which indicates a large variability in the values 
of this indicator.

For the VO2max level, the value of the quadratic deviation Qf is associated with isolated 
recorded cases of VO2max  achievement with RER of less than 1.

In order to determine whether these differences in muscle metabolism affect the meta-
bolic reserves and performance of athletes, we performed a correlation analysis (Table 3).

Table 3
Significant (p <0.05) correlation between energy consumption, contribution  

of energy supply substrates and capacity at AT and VO2max

Measurement
AT VO2max

VO2,
ml·min-1·kg-1

Power output,
W·kg-1

VO2,
ml·min-1·kg-1

Power output,
W·kg-1

RERrest -0,21* -0,16* -0,26 -0,17*

AT

RERAT -0,13* 0,02* -0,22 -0,02*
Q, kcal·min-1·kg-1 0,97 0,78 0,84 0,67
Qс, kcal·min-1·kg-1 0,60 0,56 0,45 0,45
Qf, kcal·min-1·kg-1 0,30 0,15* 0,37 0,18*

VO2max

Q, kcal·min-1·kg-1 0,87 0,73 0,99 0,74
Qс, kcal·min-1·kg-1 0,82 0,70 0,95 0,72

* Marked correlations are not significant at p < 0,05

We found that athletes with higher use of fat as an energy substrate at rest tend to more 
intensively use fat for energy at AT and VO2max: The RER resting value has a reliable relation-
ship with RERAT (r = 0.52, p ≤ 0.05) and RERVO2max (r = 0.52, p ≤ 0.05). An even greater reliable 
relationship was found between the RERAT and the RERVO2max (r = 0.86, p ≤ 0.05).
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In addition, there is a relationship between resting metabolic efficiency and VO2max  
(r = – 0.26, p ≤ 0.05). Athletes with higher metabolic efficiency at rest have the advantage of 
using different sources of energy during intense muscular activity. In the case of efficient use 
of fat as a substrate of energy at rest, the share of their contribution to energy supply remains 
significant (up to 37%) even when reaching the AT.

Table 4
 Body composition, energy expenditure and level of performance in athletes with 

different metabolic efficiency at rest (X ± ∂; 95% CI)

Conditions Measurement Groups
1 (n=56) 2 (n=17) 3 (n=26)

R
es

tin
g

Body mass, kg 75,02±11,28
(72,00-78,04)

78,56±13,44
(71,65-85,47)

79,33±10,74
(74,99-83,67)

LBM, kg 66,56±8,55
(64,27-68,85)

69,00±10,78
(63,46-74,54)

70,72±8,34
(67,35-74,08)

Fat,% 10,53±3,78
(9,51-11,54)

11,92±3,11
(10,32-13,51)

10,64±2,93
(9,45-11,82)

RER * 0,74±0,06
(0,73-0,76)

0,85±0,01
(0,84-0,86)

0,94±0,06
(0,91-0,96)

AT

RER ** 0,93±0,05
(0,92-0,94)

0,99±0,06
(0,95-1,08)

1,00±0,07
(0,97-1,03)

Oxygen uptake, ml·min-1·kg-1 48,30±8,84
(45,94-50,67)

44,76±6,84
(41,24-48,28)

45,40±9,01
(41,76-49,04)

Power output, W·kg-1 3,31±0,93
(3,06-3,56)

3,35±0,94
(2,87-3,84)

3,06±1,02
(2,63-3,49)

Q, kcal·min-1·kg-1 0,24±0,05
(0,23-0,25)

0,22±0,03
(0,21-0,24)

0,23±0,05
(0,21-0,24)

Qс, kcal·min-1·kg-1 0,18±0,05
(0,17-0,20)

0,20±0,05
(0,18-0,23)

0,20±0,05
(0,18-0,22)

Qf, kcal·min-1·kg-1** 0,06±0,04
(0,05-0,07)

0,02±0,03
(0,01-0,04)

0,02±0,03
(0,01-0,03)

VO2max

RER ** 1,05±0,06
(1,04-1,07)

1,12±0,11
(1,06-1,17)

1,15±0,09
(1,12-1,19)

Oxygen uptake, ml·min-1·kg-1 58,66±9,52
(56,11-61,20)

54,47±9,08
(49,80-59,13)

54,71±8,28
(51,37-58,06)

Power output, W·kg-1 4,50±1,31
(4,14-4,85)

4,62±1,46
(3,86-5,37)

4,13±1,41
(3,54-4,72)

Q, kcal·min-1·kg-1 0,30±0,05
(0,28-0,31)

0,28±0,05
(0,25-0,30)

0,27±0,04
(0,26-0,29)

Qс, kcal·min-1·kg-1 0,29±0,05
(0,28-0,30)

0,27±0,05
(0,25-0,30)

0,27±0,04
(0,26-0,29)

Qf, kcal·min-1·kg-1 0,01±0,01
(0,00-0,01)

0,003±0,01
(-0,002-0,008)

0,00±00,00
(0,00-0,01)

* Difference is significant between all groups (Tukey honestly significant difference, p ≥ 0.05)
** Difference is significant between 1st group and 2nd group, and 1st group and 3rd group  

(Tukey honest significant difference, p ≥ 0.05)
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As significant variability was found between the indicators of resting RER in the sur-
veyed athletes, the athletes were divided into 3 groups according to their RER in order to deter-
mine the value of metabolic efficiency for the metabolic reserve (Table 4):

Group 1 – RER ≤ 0.82 (energy supply from fat – 60% and more)
Group 2 – RER 0.83-0.87 (energy supply from fat – 44-58%)
Group 3 – RER ≥ 0.88 (energy supply from fat 41% and below)
As can be seen from the Table 4, the groups are homogeneous in body weight and com-

position. Differences in resting RER values are significant between all groups. The greater 
contribution of fat to energy production in athletes of the first group has been established not 
only at rest, but also during exercise. Thus, significantly lower values of RER were registered 
when reaching AT and VO2max. The contribution of fat to energy supply was substantive during 
exercise at the level of the anaerobic threshold in athletes with the highest metabolic efficiency. 
Thus, the contribution of fat to the energy supply when reaching AT was 24% for athletes of the 
1st group; 4% for the 2nd group and 0% for the 3rd group.

It is worth noting the fact that oxygen consumption was higher in athletes with the high-
est metabolic efficiency (group 1) both when achieving AT and VO2max. So VO2 averaged 48.3; 
44.8 and 45.4 ml · min-1 · kg-1, respectively, in groups 1, 2, and 3 when reaching AT and 58,6; 
54.5 and 57.7 ml · min-1 · kg-1 when reaching VO2max. These differences in VO2 values are not 
significant. At the same time, this fact needs further research, as the study revealed a significant 
correlation between the efficiency of metabolism (RERrest and RERAT) and maximum oxygen 
consumption (Table 3).

5. Discussion

The study found a link between RER and the use of energy substrates at rest and when 
achieving AT and VO2max in the athletes. The largest range of RER differences is registered at 
rest. Thus, the coefficient of variation was 12.3%, 7.3% and 8.3%, respectively, at rest, when 
reaching AT and VO2max. The variability at the level of AT and VO2max is lower, as the con-
tribution of carbohydrates to energy production increases, but the differences in the use of 
fat between groups with different metabolic efficiencies persist. It should be noted that for 
untrained people at rest is characterized by RER 0.85, which corresponds to the use as energy 
substrates of 49% carbohydrates and 51% fat (Shils&Shike, 2006). In athletes at rest, the RER 
averaged 0.81 ± 0.10, which reflects the use of 65% of energy from fat. Such differences indi-
cate a greater efficiency of metabolism of skilled athletes at rest.

Increasing the efficiency of metabolism in skilled athletes at rest plays a significant role 
during intense exercise, as evidenced by the established in this study a significant correlation 
between RER at rest and when achieving AT and VO2 max (for both r = 0.52, p ≤ 0, 05). This fact 
indicates the importance of increasing the contribution of fat to energy for the more efficient use 
of glycogen stores during intense and especially long-term muscle activity.

Restoration of energy and substrate resources in the athlete’s muscular activity is import-
ant to ensure his special performance: it is known that the duration of training can exceed 6 hours 
a day with energy expenditures that can exceed 10,000 kcal and while internal glycogen stores 
are limited, so the use of fat as a substrate of energy is of great importance (Seebohar, 2014). 
Thus, increasing metabolic efficiency can increase the energy supply of muscle activity, and 
thus increase metabolic reserves while reducing glycogen expenditure.

Given the limited amount of carbohydrate reserves on the one hand and the duration 
of training and competitive activities on the other, the efficient use of fat can be of particular 
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importance for maintaining efficiency. This is confirmed by the reliable relationship between 
RER at the level of the anaerobic threshold and RERVO2max (r = 0.86, p ≤ 0.05). The efficiency of 
metabolism significantly affects the values of VO2max and the use of fat as a substrate of energy 
during intense exercise. This fact deserves special attention because the use of fat as a substrate 
of energy can play a crucial role in increasing metabolic reserves and prevent glycogen deple-
tion, which allows for the delayed development of fatigue.

For comparison, in the case of the same glycogen stores in athletes of the 1st group when 
performing the exercise load at the level of the anaerobic threshold, they will be enough for 
120 minutes, for 102 minutes in the second group, and for 99 minutes for the 3rd. Therefore, 
with the same level of metabolic and other reserves, with efficient metabolism, athletes can 
extend the duration of intense exercise, which is especially important for sports with a predom-
inant manifestation of endurance.

It is clear that creating conditions for maintaining the efficiency of metabolism is one of 
the ways to increase metabolic reserves and possibly increase the special performance of skilled 
athletes, as well as to increase the duration of intense exercise and delay the manifestations 
of decompensated fatigue during training and competition. As the data obtained in the study 
indicate a close, reliable relationship between metabolic efficiency at rest and during exercise 
of varying intensity, the determination of respiratory exchange ratio is appropriate to assess the 
metabolic reserves of qualified athletes.

This study is not without limitations. With an RER above AT, it is impossible to accu-
rately determine the contribution of fat to energy supply, because the value of RER in this state 
is significantly affected by non-metabolic CO2 increase. However, the relationship between 
lower RERrest and lowering values of RERAT and RERVO2max allows us to assess this value indi-
rectly. The results of the study would be more significant in practice if the nutrition of athletes 
is taken into account, which may also affect the efficiency of metabolism. However, the aim of 
this study was to investigate the efficiency of metabolism in a relatively large sample. Assess-
ment of the impact of nutrition on metabolic efficiency a promising area of further research.

6. Conclusions
1. Metabolic efficiency is an important component of metabolic reserves and sports per-

formance in athletes with the predominant manifestation of endurance. Efficient resting metab-
olism creates the preconditions for more efficient use of energy substrates during intense mus-
cle activity.

2. The respiratory exchange ratio in skilled athletes at rest significantly correlates with 
the values of RER when reaching the anaerobic threshold and VO2max and with the maximum 
oxygen consumption.

3. The respiratory exchange ratio is an informative indicator of the efficiency of metabo-
lism, which can be used in the complex control of the functional state of the athlete.
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