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Changes in substrate utilization rates during 40 min of
walking within the Fatmax range
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Background and aims: The aim of this study was to evaluate changes in fat oxidation rate during 40 min of
continuous exercise and identify the intensity at the highest fat oxidation rate (Fatmax). Methods: A total of 14
sedentary males with age, body height, weight, and BMI averages 0f 29.3 + 0.7 years, 178.3 + 1.7 cm, 81.1 £ 3.9 kg,
and 25.4 + 0.9 kg/m?, respectively, were included in the study. Fatmax was determined using an indirect calorimeter
with an incremental treadmill walking test at least after 12 h of fasting. On a separate day, at least after 12 h of fasting,
the participants walked for 40 min within their predetermined individual Fatmax heart rate and speed ranges.
Results: The initial fat oxidation rate was not sustained within the first 16 min of exercise and was reduced; however,
carbohydrate oxidation reached a stable level after nearly 10 min. Conclusions: In sedentary individuals, during
low-intensity physical activity, fat oxidation rates may not be sustainable as expected from Fatmax testing. Therefore,
when exercise is prescribed, one should consider that the fat oxidation rate might decrease in sedentary overweight
individuals.
Keywords: exercise, lipid oxidation, carbohydrate oxidation, substrate metabolism, sedentary

Introduction

Carbohydrates and fats are essential sources of energy used during daily activities and
exercise. In particular, fat oxidation is a desired process for weight loss and weight
maintenance as well as the treatment of related diseases. Fat oxidation is affected by various
factors such as nutrition (34, 38), hormones (5, 45), glycogen content of the muscles (45), and
exercise duration and intensity (2, 9, 23, 44). Fat oxidation rates have been reported to reach
up to the highest levels at low/moderate exercise intensities [approximately 33%—65% of
maximal oxygen uptake (VO3 max)] (2). In addition, the main substrate for energy production
shifts from fats to carbohydrates at higher exercise intensities (6, 10).

The Fatmax concept was developed to prescribe exercise according to metabolic
responses (2, 24). This specific intensity, commonly presented as a percentage of
VOymax, is termed Lipoxmax or Fatmax by different researchers (9) and provides a
measure of the maximal fat oxidation (the highest rate of fat oxidation observed at various
intensities) (37).

On the other hand, the fat oxidation rate following low-intensity exercise (50% of
VO, may) has been reported to be elevated for 24 h (21). Therefore, it may be important to
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consider the daily changes in fat oxidation rate. In addition, aerobic exercise-induced long-
term adaptive responses may enhance resting and exercise fat oxidation rates (18). These
responses may include changes in muscle fiber type, upregulation of oxidative enzymes, and
increases in capillary density together with pulmonary and cardiovascular adaptations (15).
On the other hand, adipose tissue lipolysis, fatty acid transport to the skeletal muscle and its
uptake by the tissues, intramusclular lipolysis, mitochondrial uptake of fatty acids, and
mitochondrial biogenesis can be counted as training-induced adaptations to maximal fat
oxidation rate (18, 31).

Regular exercise around or at Fatmax may be prescribed for weight management,
improving the lipid profile, and increasing the oxidative capacity of skeletal muscle in obese
and type-2 diabetic patients (7, 9). It should also be kept in mind that most people are able to
intuitively self-select an exercise intensity that falls within the Fatmax zone (13). As
previously mentioned, fat oxidation may be regulated by many factors including exercise
intensity and duration (2, 9, 44). Fat oxidation rate is considered to remain constant when
exercising at Fatmax for a long period of time. Meyer et al. (33) reinvestigated the Fatmax
testing procedure with constant load tests for 60 min. They discarded the first 10 min of the
gas exchange results for the sake of adaptation, and they averaged the next 10 min (duration
between 10 and 20 min) (33). By excluding the first 10 min and by averaging longer time
intervals after the first 10 min, possible early changes in fat oxidation rate might be
overlooked. Thus, there seems to be a lack of studies that evaluate changes in the respiratory
exchange ratio and the fat oxidation rate at shorter time intervals throughout the exercise
period.

Although fatty acids are the main substrates for energy production during low-intensity
exercise, how substrate utilization changes during a single session of 40 min of constant low/
moderate-intensity exercise in sedentary overweight individuals has not been clarified.
Therefore, we aimed to investigate the substrate utilization and possible substrate shifts
during a single exercise session at Fatmax.

Materials and Methods

Participants and intervention content

A total of 14 sedentary males with an average age of 29.3 + 0.7 years participated in this study.
The study procedures and purposes were explained to all participants in detail, and informed
consent forms were obtained. Measurements were performed following the approval of the
ethics committee and carried out in accordance with the Declaration of Helsinki. Participants
were excluded from the study in case of any disease or drug use, which may potentially
influence substrate metabolism. There were no calorie restrictions in terms of nutrition.
Participants were defined as “sedentary” who were reported to have no physical activity.

Anthropometric measurements

The participants visited the laboratory after 12 h of overnight fasting. Anthropometric
measurements were performed before the exercise by the same person. Body mass and height
were determined using a scale and a stadiometer. Calf, mid-thigh, and forearm circumfer-
ences were measured using inelastic tape. Body density, which was used in the Siri formula,
was calculated (22). Body fat estimates were derived according to Siri (40). Body muscle
mass was estimated using the Martin formula (30).
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Exercise protocol and indirect calorimetry

Three different tests including the maximal cardiopulmonary exercise test, the Fatmax test,
and the 40-min walking test on a treadmill (HP Cosmos, Nussdorf — Traunstein, Germany)
were performed. The tests were performed at least 48 h apart. Breath-by-breath gas
measurements were taken throughout the exercise using an indirect calorimetry system
(PFT Cosmed, Rome, Italy). The volume and gas of the system were calibrated using a 3-L
calibration syringe and calibration gases, respectively (16% O, and 5% CO,). The heart rate
(HR) was recorded continuously by telemetry using a HR monitor (Cosmed). Substrate
oxidation was calculated using a stoichiometric equation (16); the urinary nitrogen excretion
rate was ignored.

Maximal cardiopulmonary exercise test

The participants started the test at 4 km/h. The speed was increased by 0.5 km/h every minute
until exhaustion [reaching up to 90% of the maximum HR according to the 220-age formula,
achievement of an 7O, plateau, or continuation of a non-protein respiratory quotient (npRQ)
value at and over 1.15] (3). The anaerobic thresholds of the participants were calculated by
the V-slope method (4).

Fatmax test

Fatmax was determined with an incremental treadmill walking test at least after 12 h of
fasting. The participants performed a 2-min warm-up at 3 km/h. The speed was increased by
1 km/h every 6 min until the fat oxidation rate decreased to 0 with an npRQ value of 1.01. The
last 2 min of every loading stage was used for analysis. The stage at which the fat oxidation
rate was maximal was determined, and the last 2 min average HR and VO, were calculated
for the 40-min walking test (8).

40-Min walking test

The walking intensity of each participant was determined according to the stage at which their
fat oxidation rate in the Fatmax test was maximal. The 40-min walking test was performed
at least after 12 h of fasting. The participants performed a 2-min warm-up at 3 km/h before
40 min of walking. VO,, HR, and substrate oxidation of the participants were monitored
throughout 40 min of walking. The 40-min walking test’s data were averaged for every
minute. A capillary blood sample of 20 pl was taken from the fingertips of the subject at rest
and at 5 min intervals during the test. Blood lactate and glucose concentrations were

Table I. Participants’ characteristics

Age (years) 29.3+0.7
Height (cm) 1783 + 1.7
Weight (kg) 81.1+3.9
Body mass index (kg/m?) 254409
Fat (%) 18.7+1.4
Muscle (%) 31.5+1.0

The values are presented as mean + SEM
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measured using reagents provided by EKF Diagnostics (Germany) and a Biosen S-line lactate
analyzer (EKF Diagnostics).

Statistical analyses

The results are presented as the mean + SEM. Data distribution was determined by the
Shapiro—Wilk test. ANOVA with repeated measures was used to analyze the changes in HR,
VO,, blood lactate, and glucose concentrations during the 40-min walking test. The
Bonferroni post-hoc analysis was used to identify differences among trials. Non-parametric
data were compared with the Wilcoxon signed-rank test; normally distributed data were
compared using repeated-measures ANOVA for Fatmax, peak, and threshold values.
Exponential curve fitting for fat oxidation during the 40 min of walking was performed
using scientific data analysis and graphing software (SigmaPlot Version 11.0, Germany).
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Statistical significance was set at p < 0.05. Statistical analysis was performed using Statistical
Package for the Social Sciences (SPSS for Windows, version 22.0, USA). Effect size was
estimated for main effects and interaction by calculating partial eta-squared (n%) values
using the Statistical Package for the Social Sciences (SPSS for Windows, version 22.0).
The 1> value was evaluated after converting to Cohen’s d value. Effect size for F-test repeated
measured ANOVA was assessed with Cohen’s d. Effect sizes were classified as small (0.2),

medium (0.5), and large (>0.8).

Results

Participants’ characteristics are shown in Table I. The performance values of the participants
in the maximal cardiopulmonary exercise and Fatmax tests are shown in Table II. Maximal
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test values and anaerobic threshold values were obtained from the maximal cardiopulmonary
exercise test, whereas the Fatmax values were determined from the Fatmax test.

The fat oxidation rate at Fatmax was significantly higher than those at the anaerobic
threshold (p < 0.05) and maximal test values (p < 0.001). The maximal percentage of energy
derived from fats and carbohydrates at Fatmax was 57.3% +3.4% and 42.9% + 3.3%,
respectively. Carbohydrate oxidation rate at Fatmax was significantly lower than those at
anaerobic threshold (p < 0.05) and peak values (p <0.001). The VO, and HR values at
Fatmax corresponded to ~40.9% of VO, ... and ~57.2% of HR. The npRQ value at Fatmax
was 0.83 +0.0.

The fat and carbohydrate oxidation rates during the 40-min walking test are presented in
Fig. 1A, B, respectively. The fat oxidation rate started to decrease exponentially with the
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onset of exercise and reached a plateau after nearly 16 min (Fig. 1A; Equation 1).

£ =90 + aexp). (1)

In comparison with the oxidation rate of fats, the carbohydrate oxidation rate increased
exponentially and reached a plateau after nearly 10 min (Fig. 1B; Equation 2).

f=20+a(l —expt). (2)

Although the fat oxidation rate decreased exponentially, HR did not show significant
fluctuations throughout the 40 min of exercise (Fig. 2). VO, increased significantly with the
onset of exercise and remained stable throughout the 40-min walking test (Fig. 3).

Neither lactate nor glucose values showed any significant change during the 40-min
walking test at Fatmax (Figs 4 and 5).

Discussion

The main finding of this study was that during low-intensity continuous exercise for 40 min,
the fat oxidation rate was not sustained and decreased to a plateau level within the first
16 min. On the other hand, the carbohydrate oxidation rate was increased exponentially and
reached a stable level after nearly 10 min. This reduction in fat oxidation rate may point out
different physiological mechanisms in substrate metabolism during low/moderate-intensity
physical activity.

The exercise intensity used in this study was determined by the same method used to
define Fatmax (2, 24). The fat oxidation rate has been reported to be maximal during
endurance exercise at approximately 33%—65% of VO, . (1), corresponding to mild-
moderate exercise (6, 12). Therefore, the exercise intensity at Fatmax used in this study
(~40.9% V02 max and 57.2% HR,,,4) is in agreement with previously reported exercise
intensities.

In indirect calorimetry systems, the fat oxidation rate is calculated from the VO, and
carbon dioxide production (VCOZ) (16). Although the fat oxidation rate is not measured
directly with these systems, indirect calorimetry is commonly used to measure substrate
metabolism during exercise (25, 32). VO, and VCO, kinetics are important variables that
can affect fat oxidation rate calculation. In previous studies, VO, demonstrated faster gas
kinetics compared with 77CO,, and approximately 4 min was required for VCO, to reach a
steady state (11, 46). Therefore, the decrease in the fat oxidation rate during the first 10 min
may not be attributed to gas “exchange” kinetics. Notably, the mean response time of VO, in
low-intensity exercises has been reported to be lower compared with high-intensity exercises
(41). Another important finding of this study is that HR and VO, did not show significant
fluctuations throughout the 40 min of exercise (Figs 2 and 3). The exercise intensity in this
study (4.35 km/h and 40.9% VO, max) Was lower than the anaerobic threshold intensity
(5.89 km/h and 54.5% VO, ,,,,) (Table ID). Since the resting and exercise blood lactate values
did not show any significant difference in this study, we did not expect any significant change
in blood pH. Therefore, this finding may not explain the observed substrate shift from fatty
acids to carbohydrates in this study. These findings suggest that metabolic stress including
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lactate accumulation did not occur during the 40-min of exercise. Stable blood glucose levels
indicate that substrate supply to active muscle did not change throughout the 40 min of
exercise.

The fat oxidation rates calculated in both the Fatmax and 40-min walking tests were in
concordance with the literature (6, 29, 31). A study has reported that fat oxidation rates are
increased with an improvement in aerobic capacity (29). In addition, the capacity for fat
oxidation may be disrupted in sedentary overweight individuals, and the substrate may shift
from fats to carbohydrates at lower exercise intensities (35). As the adjustment of fuel
oxidation to fuel availability is an indication of “metabolic flexibility,” the fat oxidation rate is
not limited during low-intensity exercise in normal individuals. Individuals (including those
who are sedentary, obese, or with a poor cardiovascular fitness level) with low-resting
metabolic rates and high respiratory quotients may be defined as “metabolically inflexible.”
These individuals rely mainly on glucose metabolism with a blunted preference for muscle fat
oxidation (17, 26, 39). In this study, the resting metabolic rates of the participants were not
evaluated. As the participants were sedentary and overweight with a low aerobic capacity
(19, 42), the discontinuation of lipid oxidation with constant low-intensity exercise may be
attributed to their metabolic inflexibility. In this context, as an alternative method, the use of
the individual ventilatory threshold can be a useful parameter that identifies physical activity
that maximizes fat oxidation in obese individuals (14).

Mitochondrial content and/or mitochondrial functional qualities might be a limiting
factor in fat oxidation in sedentary/overweight individuals. In sedentary individuals, possible
intramyocellular lipid accumulation may impair fat oxidation capacity and reduce lipid
turnover (17, 28). Different mechanisms are known to regulate fat oxidation. An early
decrease in fat oxidation rate suggests a rapid change in the metabolic pathways of the cell.
One of the important pathways that regulate fat oxidation is the carnitine pathway, which
plays a role in fatty acid transport. Even though carnitine palmitoyltransferase activity in
skeletal muscles is shown to be decreased in sedentary obese individuals (27), any reduction
in free carnitine could also lead to decreased fat oxidation rates; at high-intensity exercises,
the depletion of free carnitine would prevent fat oxidation (43). Therefore, free carnitine
concentration in the cytoplasm is a key determinant of long-chain fatty acid metabolism (36).
The decrease in fat oxidation rate during the first 15 min at the beginning of exercise may be
attributed to a decrease in the concentration of free carnitine, as demonstrated by a previous
study (20); the study reported a decrease (around 10%) in the free carnitine level in the first
10 min of exercise.

This study found that the fat oxidation rate decreased in around 15 min and remained
constant for the rest of the exercise duration in sedentary overweight individuals. The
identification of the physiological mechanisms associated with the initial reduction in fat
oxidation rate may be important for developing various strategies to improve the fat oxidation
rate during low-intensity exercise.

Acknowledgements

The authors would like to thank C. Caglar Bildircin for his valuable contributions. No financial or material support of
any kind was received for the work described in this article.

Conflict of interest

The authors declare no conflict of interest.

Physiology International (Acta Physiologica Hungarica) 106, 2019



20.

21.

22.

23.

24.

Substrate utilization during Fatmax range 303

REFERENCES

. Achten J, Gleeson M, Jeukendrup AE: Determination of the exercise intensity that elicits maximal fat oxidation.

Med. Sci. Sports Exerc. 34, 92-97 (2002)

. Achten J, Jeukendrup AE: Optimizing fat oxidation through exercise and diet. Nutrition 20, 716-727 (2004)
. American Thoracic Society; American College of Chest Physicians: ATS/ACCP statement on cardiopulmonary

exercise testing. Am. J. Respir. Crit. Care Med. 167, 211-277 (2003)

. Beaver WL, Wasserman K, Whipp BJ: A new method for detecting anaerobic threshold by gas exchange.

J. Appl. Physiol. 60, 2020-2027 (1986)

. Ben Ounis O, Elloumi M, Zouhal H, Makni E, Lac G, Tabka Z, Amri M: Effect of an individualized physical

training program on resting cortisol and growth hormone levels and fat oxidation during exercise in obese
children. Ann. Endocrinol. (Paris). 72, 34-41 (2011)

. Bogdanis GC, Vangelakoudi A, Maridaki M: Peak fat oxidation rate during walking in sedentary overweight

men and women. J. Sports Sci. Med. 7, 525-531 (2008)

. Bordenave S, Metz L, Flavier S, Lambert K, Ghanassia E, Dupuy AM, Michel F, Puech-Cathala AM, Raynaud

E, Brun JF, Mercier J: Training-induced improvement in lipid oxidation in type 2 diabetes mellitus is related to
alterations in muscle mitochondrial activity. Effect of endurance training in type 2 diabetes. Diabetes Metab. 34,
162-168 (2008)

. Brun JF, Romain AJ, Guiraudou M, Fedou C, Mercier J: Stability over time of the level of maximal lipid

oxidation during exercise. Sci. Sports. 29, 168-171 (2014)

. Brun JF, Romain AJ, Mercier J: Maximal lipid oxidation during exercise (LipoXmay): from physiological

measurements to clinical applications. Facts and uncertainties. Sci. Sports 26, 57-71 (2011)

. Cheneviere X, Borrani F, Ebenegger V, Gojanovic B, Malatesta D: Effect of a 1-hour single bout of

moderate-intensity exercise on fat oxidation kinetics. Metabolism 58, 1778-1786 (2009)

. Chuang ML, Ting H, Otsuka T, Sun XG, Chiu FYL, Beaver WL, Hansen JE, Lewis DA, Wasserman K:

Aerobically generated CO, stored during early exercise. J. Appl. Physiol. 87, 1048-1058 (1999)

. Coyle EF: Substrate utilization during exercise in active people. Am. J. Clin. Nutr. 61(4 Suppl.), 968S-979S

(1995)

. Dasilva SG, Guidetti L, Buzzachera CF, Elsangedy HM, Krinski K, De Campos W, Goss FL, Baldari C: Gender-

based differences in substrate use during exercise at a self-selected pace. J. Strength Cond. Res. 25, 2544-2551
(2011)

. Emerenziani GP, Ferrari D, Marocco C, Greco EA, Migliaccio S, Lenzi A, Baldari C, Guidetti L: Relationship

between individual ventilatory threshold and maximal fat oxidation (MFO) over different obesity classes in
women. PLoS One 14, ¢0215307 (2019)

. Fiuza-Luces C, Garatachea N, Berger NA, Lucia A: Exercise is the real polypill. Physiology (Bethesda). 28,

330-358 (2013)

. Frayn KN: Calculation of substrate oxidation rates in vivo from gaseous exchange. J. Appl. Physiol. Respir.

Environ. Exerc. Physiol. 55, 628-634 (1983)

. Galgani JE, Moro C, Ravussin E: Metabolic flexibility and insulin resistance. Am. J. Physiol. Endocrinol. Metab.

295, E1009-E1017 (2008)

. Granata C, Jamnick NA, Bishop DJ: Training-induced changes in mitochondrial content and respiratory function

in human skeletal muscle. Sports Med. 48, 1809-1828 (2018)

. Herdy AH, Uhlendorf D: Reference values for cardiopulmonary exercise testing for sedentary and active men

and women. Arq. Bras. Cardiol. 96, 54-59 (2011)

Hiatt WR, Regensteiner JG, Wolfel EE, Ruff L, Brass EP: Carmitine and acylcarnitine metabolism during
exercise in humans. Dependence on skeletal muscle metabolic state. J. Clin. Invest. 84, 1167-1173 (1989)
Iwayama K, Kurihara R, Nabekura Y, Kawabuchi R, Park I, Kobayashi M, Ogata H, Kayaba M, Satoh M,
Tokuyama K: Exercise increases 24-h fat oxidation only when it is performed before breakfast. EBioMedicine 2,
2003-2009 (2015)

Jackson AS, Pollock ML: Generalized equations for predicting body density of men. Br. J. Nutr. 40, 497-504
(1978)

Jeppesen J, Kiens B: Regulation and limitations to fatty acid oxidation during exercise. J. Physiol. 590,
1059-1068 (2012)

Jeukendrup A, Achten J: Fatmax: a new concept to optimize fat oxidation during exercise? Eur. J. Sport Sci. 1,
1-5 (2001)

Physiology International (Acta Physiologica Hungarica) 106, 2019



304

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Ozdemir et al.

Jeukendrup AE, Wallis GA: Measurement of substrate oxidation during exercise by means of gas exchange
measurements. Int. J. Sports Med. 26(Suppl. 1), S28-S37 (2005)

Kelley DE: Skeletal muscle fat oxidation: timing and flexibility are everything. J. Clin. Invest. 115, 16991702
(2005)

Kim JY, Hickner RC, Cortright RL, Dohm GL, Houmard JA: Lipid oxidation is reduced in obese human skeletal
muscle. Am. J. Physiol. Endocrinol. Metab. 279, E1039-E1044 (2000)

Krssak M, Falk Petersen K, Dresner A, DiPietro L, Vogel SM, Rothman DL, Roden M, Shulman GI:
Intramyocellular lipid concentrations are correlated with insulin sensitivity in humans: a 1H NMR spectroscopy
study. Diabetologia 42, 113-116 (1999)

Lima-Silva AE, Bertuzzi RCM, Pires FO, Gagliardi JFL, Barros RV, Hammond J, Kiss MAPDM: Relationship
between training status and maximal fat oxidation rate. J. Sports Sci. Med. 9, 31-35 (2010)

Martin AD, Spenst LF, Drinkwater DT, Clarys JP: Anthropometric estimation of muscle mass in men. Med. Sci.
Sport Exerc. 22, 729-733 (1990)

Maunder E, Plews DJ, Kilding AE: Contextualising maximal fat oxidation during exercise: determinants and
normative values. Front. Physiol. 9, 599-611 (2018)

Mendelson M, Jinwala K, Wuyam B, Levy P, Flore P: Can crossover and maximal fat oxidation rate points be
used equally for ergocycling and walking/running on a track? Diab. Metab. 38, 264-270 (2012)

Meyer T, Gassler N, Kindermann W: Determination of “Fatmax” with 1 h cycling protocols of constant load.
Appl. Physiol. Nutr. Metab. 32, 249-256 (2007)

Nielsen S, Guo Z, Albu JB, Klein S, O’Brien PC, Jensen MD: Energy expenditure, sex, and endogenous fuel
availability in humans. J. Clin. Invest. 111, 981-988 (2003)

Perez-Martin A, Dumortier M, Raynaud E, Brun JF, Fedou C, Bringer J, Mercier J: Balance of substrate
oxidation during submaximal exercise in lean and obese people. Diab. Metab. 27, 466—474 (2001)

Purdom T, Kravitz L, Dokladny K, Mermier C: Understanding the factors that effect maximal fat oxidation.
J. Int. Soc. Sports Nutr. 15, 3-12 (2018)

Randell RK, Rollo I, Roberts TJ, Dalrymple KJ, Jeukendrup AE, Carter JM: Maximal fat oxidation rates in an
athletic population. Med. Sci. Sports Exerc. 49, 133-140 (2017)

Shimada K, Yamamoto Y, Iwayama K, Nakamura K, Yamaguchi S, Hibi M, Nabekura Y, Tokuyama K: Effects
of post-absorptive and postprandial exercise on 24 h fat oxidation. Metabolism 62, 793-800 (2013)

Shook RP, Hand GA, Paluch AE, Wang X, Moran R, Hebert JR, Jakicic JM, Blair SN: High respiratory quotient
is associated with increases in body weight and fat mass in young adults. Eur. J. Clin. Nutr. 70, 1197-1202
(2016)

Siri WE (1961): Volumetric approach to body composition. In: Techniques for Measuring Body Composition,
eds Brozek J, Henschel A, National Academy of Sciences — National Research Council, Washington, DC,
pp. 77-135

Stasiul L, apkauskien S: Kinetics of pulmonary ventilation and carbondioxide output during intermittent
increasing cycling exercise after a prior anaerobic load. J. Sport Health Sci. 2, 48-55 (2014)

Steinhaus LA, Dustman RE, Ruhling RO, Emmerson RY, Johnson SC, Shearer DE, Shigeoka JW, Bonekat WH:
Cardio-respiratory fitness of young and older active and sedentary men. Br. J. Sports Med. 22, 163—166 (1988)
Stephens FB, Constantin-Teodosiu D, Greenhaff PL: New insights concerning the role of carnitine in the
regulation of fuel metabolism in skeletal muscle. J. Physiol. 581, 431-444 (2007)

Venables MC, Achten J, Jeukendrup AE: Determinants of fat oxidation during exercise in healthy men and
women: a cross-sectional study. J. Appl. Physiol. 98, 160-167 (2005)

Weltan SM, Bosch AN, Dennis SC, Noakes TD: Influence of muscle glycogen content on metabolic regulation.
Am. J. Physiol. 274, 72-82 (1998)

Whipp BJ: Physiological mechanisms dissociating pulmonary CO, and O, exchange dynamics during exercise
in humans. Exp. Physiol. 92, 347-355 (2007)

Physiology International (Acta Physiologica Hungarica) 106, 2019



