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Maximal fat oxidation during exercise (MFO) and the exercise intensity eliciting MFO (Fatmax) 
are considered important factors related to metabolic health and performance. Numerous 
MFO and Fatmax data collection and analysis approaches have been applied, which may 
have influenced their estimation during an incremental graded exercise protocol. Despite 
the heterogeneity of protocols used, all studies consistently stopped the MFO and Fatmax 
test when the respiratory exchange ratio (RER) was 1.0. It remains unknown however 
whether reaching a RER of 1.0 is required to have an accurate, reliable, and valid measure 
of MFO and Fatmax. We aimed to investigate the RER at which MFO and Fatmax occurred 
in sedentary and trained healthy adults. A total of 166 sedentary adults aged between 18 
and 65 years participated in the study. MFO and Fatmax were calculated by an incremental 
graded exercise protocol before and after two exercise-based interventions. Our findings 
suggest that a graded exercise protocol aiming to determine MFO and Fatmax could end 
when a RER = 0.93 is reached in sedentary healthy adults, and when a RER = 0.90 is 
reached in trained adults independently of sex, age, body weight status, or the Fatmax 
data analysis approach. In conclusion, we suggest reducing the RER from 1.0 to 0.95 to 
be sure that MFO is reached in outliers. This methodological consideration has important 
clinical implications, since it would allow to apply smaller workload increments and/or to 
extend the stage duration to attain the steady state, without increasing the test duration.
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INTRODUCTION

Metabolic flexibility is defined as the capacity of an individual to respond or adapt the nutrient 
balance to different metabolic demands (Goodpaster and Sparks, 2017). This concept has been 
particularly studied in the fasted state as well as in the shift from fasting to fed (Galgani 
et  al., 2008). The maximal fat oxidation during exercise (MFO) and the intensity that elicit 
MFO (Fatmax) are key factors of metabolic flexibility (Goodpaster and Sparks, 2017; Maunder 
et  al., 2018), affecting both endurance performance and metabolic health (Goodpaster and 
Sparks, 2017; Maunder et al., 2018), therefore their accurate determination is of clinical interest.
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In 2002, Achten et  al. (2002) were the first to validate a 
graded exercise protocol to determine MFO and Fatmax using 
3-min duration stages and 35-W workload increments. Later, 
other graded exercise protocols to determine MFO and Fatmax 
have been applied considering participants’ sex, age, training 
status, or body weight status (Amaro-Gahete et  al., 2019c). 
Two specific issues have traditionally been modified on the 
graded exercise protocol: (1) the stage duration (e.g., from 1 
to 10  min) and (2) the workload increment (e.g., from 10 to 
50  W) (Amaro-Gahete et  al., 2019c).

There is no consensus regarding the ideal stage duration of 
a graded exercise protocol for determining MFO and Fatmax 
(Amaro-Gahete et al., 2019c), yet reaching the steady state seems 
mandatory (Shephard and Aoyagi, 2012; MacFarlane, 2017). 
Achten et al. (2002) showed no differences in MFO and Fatmax 
between 3 and 5-min stage protocols in moderately trained 
men (Achten et  al., 2002), whereas others reported that 3-min 
stage duration is not long enough to reach a steady state in 
obese and diabetic patients with very low maximal oxygen 
uptake (VO2max) levels, and recommended 6-min stage duration 
in sedentary patients (Bordenave et al., 2007; Brun et al., 2011).

The workload increment has also largely varied across studies 
and, alike the stage duration, it has been adjusted to the 
participant’s biological characteristics (Maunder et  al., 2018; 
Amaro-Gahete et al., 2019c). Applying relatively small workload 
increments allows to accurately determine MFO and Fatmax, 
independently of the participant’s biological characteristics.

Taking into account the above-mentioned issues, it would 
be  advisable to apply long stage duration to reach the steady 
state (e.g., 6-min stage duration for sedentary patients with 
low levels of VO2max), and also to select small workload 
increments (e.g., 10-W increments) to accurately determine 
MFO and Fatmax through a graded exercise protocol. However, 
this can result in a very long test duration, which could 
negatively influence determination of MFO and Fatmax due 
to peripheral and/or central fatigue (Hultman and Greenhaff, 
1991). Therefore, the development of strategies aiming to 
decrease the total duration of a graded exercise protocol, while 
using long enough stage durations and relatively small workload 
increments, is of clinical relevance.

Of note is that despite the heterogeneity of protocols used, 
all studies consistently stopped the MFO and Fatmax test when 
the respiratory exchange ratio (RER) was 1.0. This criterion 
was first applied by Achten et al. (2002) and all the subsequent 
studies followed the same criteria. It remains unknown however 
whether reaching a RER of 1 is required to have an accurate, 
reliable, and valid measure of MFO and Fatmax in both 
sedentary and trained individuals. We  aimed to investigate the 
RER at which MFO and Fatmax occurred in sedentary and 
trained healthy adults.

MATERIALS AND METHODS

Participants
This is a retrospective study of 124 young sedentary adults 
(age: 22.1  ±  2.2  years; body mass index: 25.0  ±  4.8  kg/m2; 

maximal oxygen uptake: 41.2 ± 7.8 ml/kg/min; 83 women/41 men) 
(Sanchez-Delgado et  al., 2015) and 42 middle-aged sedentary 
adults (age: 52.1 ± 4.6 years; body mass index: 27.8 ± 3.6 kg/m2; 
maximal oxygen uptake: 30.4 ± 5.6 ml/kg/min; 23 women/19 men) 
(Amaro-Gahete et al., 2018a) were included in the current study. 
Both cohorts completed two different exercise-based interventions 
(24 and 12  weeks, respectively) and a total of 52 young trained 
adults (age: 22.6 ± 2.2 years; body mass index: 24.3 ± 5.1 kg/m2; 
maximal oxygen uptake: 44.3  ±  9.5  ml/kg/min; 35 women/17 
men) and 30 middle-aged trained adults (age: 52.4  ±  4.6  years; 
body mass index: 27.1  ±  3.9  kg/m2; maximal oxygen uptake: 
34.8 ± 6.3 ml/kg/min; 15 women/15 men) finished their respective 
exercise training programs. Before participating in this study, 
the participants signed an informed consent form. The 
investigations were approved by the Human Research Ethics 
Committee of the University of Granada (no. 924), and by the 
Human Research Ethics Committee of the Junta de Andalucía 
(no. 0838-N-2017).

Procedures
We assessed MFO and Fatmax through a walking graded 
exercise protocol (Amaro-Gahete et  al., 2018b, 2019a) before 
and after both exercise training programs. Participants were 
instructed to avoid any vigorous or moderate physical activity 
(48 and 24  h, respectively) before the testing day. They were 
asked not to consume stimulant beverages or dietary supplements 
during the 24 h before to test. Participants came to the research 
center in a fasting state of 6–7  h (~6.2  h) avoiding any type 
of physical activity. The graded exercise protocol began with 
a 3-min warm-up at 3.5  km/h with a gradient of 0% followed 
by increments of the treadmill speed of 1  km/h every 3  min 
until the maximal walking speed (previously determined) was 
reached. Afterward, the treadmill speed was maintained and 
the treadmill gradient increased 2% every 3  min until RER 
reached 1.0 (Jeukendrup and Wallis, 2005). Gas exchange 
parameters in the submaximal test were averaged every 10  s 
with the Breeze Suite software (version 8.1.0.54 SP7, MGC 
Diagnostic®). We  considered the last 1  min of each 3-min 
stage (Amaro-Gahete et  al., 2019b) to calculate fat oxidation 
(g/min) using the Frayn stoichiometric equation (Frayn, 1983). 
We  determined MFO and Fatmax using the measured-values 
data analysis approach (i.e., the highest fat oxidation rate 
recorded across the graded exercise protocol; Figure 1A) and 
building a 3rd polynomial curve with intersection at (0,0) 
from a graphical depiction of fat oxidation data as a function 
of exercise intensity expressed as percentage of the maximal 
oxygen uptake (Figure 1B). A single participant response to 
VO2/VCO2 exchange and RER during the graded exercise 
protocol can be  seen in Figure 1C.

RESULTS

Respiratory Exchange Ratio at Maximal 
Fat Oxidation in Sedentary Healthy Adults
We observed a RER at MFO of 0.82  ±  0.04 (range: 0.70–0.93; 
Figure 2A), which was similar in men and women (0.83 ± 0.05 
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vs. 0.82  ±  0.04, respectively, p  >  0.9), in young and middle-
aged adults (0.83  ±  0.05 vs. 0.82  ±  0.05, respectively, p  >  0.8), 
and across body weight status (0.82  ±  0.03, 0.82  ±  0.05 and 
0.83 ± 0.05 for normal-weight, overweight, and obese individuals, 
respectively, p  >  0.8). Interestingly, the RER at MFO were 
between 0.7 and 0.8  in 34.7% (n = 58) of participants, between 
0.8 and 0.9  in 62.3% (n  =  104) of participants, and between 
0.9 and 0.93  in 3% (n  =  5) of participants. To note is that 
the graded exercise protocol total duration was 21.3  ±  4.7  min 

when RER  =  1.0, while if the graded exercise protocol had 
been stopped at the highest registered RER at MFO (i.e., 0.93), 
the total duration would have been 13.4  ±  5.3  min (mean 
difference: 7.9  ±  2.9  min).

Respiratory Exchange Ratio at Maximal 
Fat Oxidation in Trained Healthy Adults
The RER at MFO was 0.82 ± 0.06 (range: 0.67–0.90; Figure 2B). 
As in the sedentary group, we  observed no sex (0.84  ±  0.05 
vs. 0.81  ±  0.06, men and women, respectively, p  =  0.3), age 
(0.83  ±  0.04 vs. 0.82  ±  0.05, young and middle-aged adults, 
respectively, p  >  0.9) and body weight status (0.81  ±  0.06, 
0.82  ±  0.06, 0.82  ±  0.05, for normal-weight, overweight, and 
obese individuals, respectively, p  >  0.9) differences. The RER 
at MFO was between 0.67 and 0.7  in 5.7% (n  =  5) of 
participants, between 0.7 and 0.8  in 26.1% (n  =  23) of 
participants, and between a 0.8 and 0.9  in 68.2% (n  =  60) 
of participants. To note is that the graded exercise protocol 
total duration was 24.0  ±  4.6  min when RER  =  1.0, while 
if we  had considered that the graded exercise protocol ended 
at the highest registered RER at MFO (i.e., 0.9), the total 
duration would have been 15.6  ±  5.8  min (mean difference 
8.5  ±  3.7  min).

DISCUSSION

Taken together, these findings suggest that a graded exercise 
protocol aiming to determine MFO and Fatmax could end 
when a RER  =  0.93 is reached in sedentary healthy adults, 
and when a RER = 0.90 is reached in trained adults independently 
of sex, age, and body weight status in walking graded exercise 
protocols. Whereas these figures should be  confirmed in other 
studies, we  suggest reducing the RER from 1.0 to 0.95 to 
be  sure that MFO is reached in outliers individuals.

More sophisticated data analysis approaches, such as 2nd 
or 3rd polynomial curve with intersection in (0,0) have been 
applied to accurately estimate MFO and Fatmax (Stisen et  al., 
2006; Croci et  al., 2014). These methodologies require at least 
four fat oxidation values (preferably six or more) to determine 
MFO and Fatmax. Reducing the maximum RER from 1.0 to 
0.95 could lead to fewer fat oxidation points, and may hamper 
the application of those methods. To this end, we  used the 
baseline data of the above-mentioned cohorts to calculate MFO 
by a 3rd polynomial curve using all fat oxidation values when 
RER was ≤0.95 and when RER ≤1.0. No meaningful differences 
in MFO were observed between both methodologies (0.37 ± 0.12 
vs. 0.36 ± 0.11 g/min, for RER ≤ 1.0 and RER ≤ 0.95 respectively; 
p = 0.971). Similarly, there were no differences in MFO calculated 
with the measured-values data analysis approach (0.34  ±  0.11 
vs. 0.34 ± 0.12 g/min, for RER ≤ 1.0 and RER ≤ 0.95 respectively; 
p  =  0.924). These findings suggest that reducing maximum 
RER to 0.95 does not affect the MFO estimation. Reducing 
maximum RER until 0.95 would allow to apply smaller workload 
increments without increasing the test duration, which would 
allow more fat oxidation values around Fatmax, increasing the 
accuracy of the MFO estimation.

A 

B 

C 

FIGURE 1 | Case study example of a single participant. (A) It shows 
maximal fat oxidation during exercise (MFO) and the intensity that elicit MFO 
(Fatmax) using the measured-values data analysis approach (i.e., the highest 
fat oxidation rate recorded across the graded exercise protocol). (B) It shows 
MFO and Fatmax building a 3rd polynomial curve with intersection at (0,0) 
from a graphical depiction of fat oxidation data as a function of exercise 
intensity expressed as percentage of the maximal oxygen uptake. (C) It 
shows the single participant response to VO2/VCO2 exchange and 
respiratory exchange ratio during the graded exercise protocol.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Amaro-Gahete et al. Optimizing MFO Assessment

Frontiers in Physiology | www.frontiersin.org 4 July 2019 | Volume 10 | Article 909

Limitations
Our data should however be  taken with caution since 
we  conducted a treadmill test, and we  do not know whether 
these findings can be  extended to cycle ergometer test. Of 
note is also that our participants were healthy adults, thus 
future studies are needed to elucidate if these results can 
be  applied to younger people or to patients. Future studies 
should confirm these findings in other populations of elite 
athletes or very well-trained individuals. Moreover, future studies 
are needed to describe the slow component effect on VO2 
kinetics in graded exercise protocols aiming to determine MFO 
and Fatmax. Finally, the work rates of our graded exercise 
protocol were based on absolute increments of the treadmill 
grade, instead of a personalized workload increase (i.e., % 
of VO2max).

CONCLUSION

In summary, our results have important implications, and may 
allow to substantially reduce the graded exercise protocol duration to 
assess MFO and Fatmax. Further studies are needed to investigate 
the impact of reducing the RER criteria on the MFO and Fatmax 
accuracy, by means of increasing the stage duration to attain 
the steady state and decreasing the workload increments magnitude.

DATA AVAILABILITY

The raw data supporting the conclusions of this manuscript 
will be made available by the authors, without undue reservation, 
to any qualified researcher.

A 

B 

FIGURE 2 | Respiratory exchange ratio (RER) reached at the intensity that elicits the maximal fat oxidation during exercise (Fatmax) (A) in 124 young sedentary 
adults (83 women/41 men) and in 42 middle-aged sedentary adults (23 women/19 men) and (B) in 52 young sedentary adults (35 women/17 men) and in 30 
middle-aged sedentary adults (15 women/15 men).

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Amaro-Gahete et al. Optimizing MFO Assessment

Frontiers in Physiology | www.frontiersin.org 5 July 2019 | Volume 10 | Article 909

ETHICS STATEMENT

The investigations were approved by the Human Research Ethics 
Committee of the University of Granada (No. 924), and by 
the Human Research Ethics Committee of the Junta de Andalucía 
(No. 0838-N-2017).

AUTHOR CONTRIBUTIONS

FA-G drafted the article. FA-G, GS-D, JH, and JR fully reviewed 
and criticized the original article. FA-G, GS-D, JH, and JR 
reviewed and approved the final manuscript.

FUNDING

This study was supported by the Spanish Ministry of Economy 
and Competitiveness via the Fondo de Investigación Sanitaria 
del Instituto de Salud Carlos III (PI13/01393), Retos de la 

Sociedad (DEP2016-79512-R) and European Regional 
Development Funds (ERDF), the Spanish Ministry of Education 
(FPU 13/04365, FPU14/04172), the Spanish Ministry of Education 
and Science (Red EXERNET DEP2005-00046), the Fundación 
Iberoamericana de Nutrición (FINUT), the Redes Temáticas 
de Investigación Cooperativa RETIC (Red SAMID RD16/0022), 
the AstraZeneca HealthCare Foundation, the University of 
Granada Plan Propio de Investigación 2016 – Excellence actions: 
Unit of Excellence on Exercise and Health (UCEES) – and 
Plan Propio de Investigación 2018 – Programa Contratos-Puente, 
and the Junta de Andalucía, Consejería de Conocimiento, 
Investigación y Universidades (ERDF: ref. SOMM17/6107/UGR).

ACKNOWLEDGMENTS

We are grateful to Prof. Manuel Castillo and Ángel Gutiérrez 
for their scientific advices. This study is part of a Ph.D. thesis 
conducted in the Biomedicine Doctoral Studies of the University 
of Granada, Spain.

 

REFERENCES

Achten, J., Gleeson, M., and Jeukendrup, A. E. (2002). Determination of the 
exercise intensity that elicits maximal fat oxidation. Med. Sci. Sports Exerc. 
34, 92–97. doi: 10.1080/02640414.2013.815360

Amaro-Gahete, F. J., De-la-, O. A., Jurado-Fasoli, L., Espuch-Oliver, A., 
Robles-Gonzalez, L., Navarro-Lomas, G., et al. (2018a). Exercise training 
as S-Klotho protein stimulator in sedentary healthy adults: rationale, design, 
and methodology. Contemp. Clin. Trials Commun. 11, 10–19. doi: 10.1016/j.
conctc.2018.05.013

Amaro-Gahete, F. J., Jurado-Fasoli, L., Triviño, A. R., Sanchez-Delgado, G., 
de la, O. A., Helge, J. W., et al. (2019a). Diurnal variation of maximal fat 
oxidation rate in trained male athletes. Int. J. Sports Physiol. Perform. 1–20. 
doi: 10.1123/ijspp.2018-0854 [Epub ahead of print].

Amaro-Gahete, F. J., Sanchez-Delgado, G., Alcantara, J. M. A., Martinez-Tellez, B., 
Acosta, F. M., Helge, J. W., et al. (2019b). Impact of data analysis methods 
for maximal fat oxidation estimation during exercise in sedentary adults. 
Eur. J. Sport Sci. 1–10. doi: 10.1080/17461391.2019.1595160

Amaro-Gahete, F. J., Sanchez-Delgado, G., Jurado-Fasoli, L., De-la-, O. A., 
Castillo, M., Helge, J. W., et al. (2019c). Assessment of maximal fat 
oxidation during exercise: a systematic review. Scand. J. Med. Sci. Sports 
29, 910–921.

Amaro-Gahete, F. J., Sanchez-Delgado, G., and Ruiz, J. R. (2018b). Commentary: 
contextualising maximal fat oxidation during exercise: determinants and 
normative values. Front. Physiol. 9:1460. doi: 10.3389/fphys.2018.01460

Bordenave, S., Flavier, S., Fedou, C., Brun, J. F., and Mercier, J. (2007). Exercise 
calorimetry in sedentary patients: procedures based on short 3  min steps 
underestimate carbohydrate oxidation and overestimate lipid oxidation. 
Diabetes Metab. 33, 379–384. doi: 10.1016/j.diabet.2007.04.003

Brun, J. F., Romain, A. J., and Mercier, J. (2011). Lipoxmax ou oxydation 
maximale des lipides lors de l’exercice: des mesures physiologiques aux 
applications cliniques. Sci. Sports 26, 57–71. doi: 10.1016/j.scispo.2011.02.001

Croci, I., Borrani, F., Byrne, N. M., Byrne, N., Wood, R. E., Wood, R., et al. 
(2014). Reproducibility of Fatmax and fat oxidation rates during exercise 
in recreationally trained males. PLoS One 9:e97930. doi: 10.1371/journal.
pone.0097930

Frayn, K. N. (1983). Calculation of substrate oxidation rates in  vivo  
from gaseous exchange. J. Appl. Physiol. 55, 628–634. doi: 10.1152/jappl.1983. 
55.2.628

Galgani, J. E., Moro, C., and Ravussin, E. (2008). Metabolic flexibility and 
insulin resistance. Am. J. Physiol. Endocrinol. Metab. 295, E1009–E1017. doi: 
10.1152/ajpendo.90558.2008

Goodpaster, B. H., and Sparks, L. M. (2017). Metabolic flexibility in health 
and disease. Cell Metab. 25, 1027–1036. doi: 10.1016/j.cmet.2017.04.015

Hultman, E., and Greenhaff, P. L. (1991). Skeletal muscle energy metabolism 
and fatigue during intense exercise in man. Sci. Prog. 75, 361–370. Available 
at: http://www.ncbi.nlm.nih.gov/pubmed/1842855

Jeukendrup, A. E., and Wallis, G. A. (2005). Measurement of substrate oxidation 
during exercise by means of gas exchange measurements. Int. J. Sports Med. 
26(Suppl. 1), S28–S37. doi: 10.1055/s-2004-830512

MacFarlane, D. J. (2017). Open-circuit respirometry: a historical review of 
portable gas analysis systems. Eur. J. Appl. Physiol. 117, 2369–2386. doi: 
10.1007/s00421-017-3716-8

Maunder, E., Plews, D. J., and Kilding, A. E. (2018). Contextualising maximal 
fat oxidation during exercise: determinants and normative values. Front. 
Physiol. 9, 1–13. doi: 10.3389/fphys.2018.00599

Sanchez-Delgado, G., Martinez-Tellez, B., Olza, J., Aguilera, C. M., Labayen, I., 
Ortega, F. B., et al. (2015). Activating brown adipose tissue through exercise 
(ACTIBATE) in young adults: rationale, design and methodology. Contemp. 
Clin. Trials 45, 416–425. doi: 10.1016/j.cct.2015.11.004

Shephard, R. J., and Aoyagi, Y. (2012). Measurement of human energy expenditure, 
with particular reference to field studies: an historical perspective. Eur. J. 
Appl. Physiol. 112, 2785–2815. doi: 10.1007/s00421-011-2268-6

Stisen, A. B., Stougaard, O., Langfort, J., Helge, J. W., Sahlin, K., and Madsen, K. 
(2006). Maximal fat oxidation rates in endurance trained and untrained 
women. Eur. J. Appl. Physiol. 98, 497–506. doi: 10.1007/s00421-006-0290-x

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest.

Copyright © 2019 Amaro-Gahete, Sanchez-Delgado, Helge and Ruiz. 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.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1080/02640414.2013.815360
https://doi.org/10.1016/j.conctc.2018.05.013
https://doi.org/10.1016/j.conctc.2018.05.013
https://doi.org/10.1123/ijspp.2018-0854
https://doi.org/10.1080/17461391.2019.1595160
https://doi.org/10.3389/fphys.2018.01460
https://doi.org/10.1016/j.diabet.2007.04.003
https://doi.org/10.1016/j.scispo.2011.02.001
https://doi.org/e97930
https://doi.org/10.1371/journal.pone.0097930
https://doi.org/10.1371/journal.pone.0097930
https://doi.org/10.1152/jappl.1983.55.2.628
https://doi.org/10.1152/jappl.1983.55.2.628
https://doi.org/10.1152/ajpendo.90558.2008
https://doi.org/10.1016/j.cmet.2017.04.015
http://www.ncbi.nlm.nih.gov/pubmed/1842855
https://doi.org/10.1055/s-2004-830512
https://doi.org/10.1007/s00421-017-3716-8
https://doi.org/10.3389/fphys.2018.00599
https://doi.org/10.1016/j.cct.2015.11.004
https://doi.org/10.1007/s00421-011-2268-6
https://doi.org/10.1007/s00421-006-0290-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Optimizing Maximal Fat Oxidation Assessment by a Treadmill-Based Graded Exercise Protocol: When Should the Test End?
	Introduction
	﻿﻿MATERIALS AND Methods
	Participants
	Procedures

	Results
	Respiratory Exchange Ratio at Maximal Fat Oxidation in Sedentary Healthy Adults
	Respiratory Exchange Ratio at Maximal Fat Oxidation in Trained Healthy Adults

	Discussion
	Limitations

	Conclusion
	Data Availability
	Ethics Statement
	Author Contributions

	References

