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A B S T RAC   T
BACKGROUND: Exercise efficiency and economy are key determinants of endurance exercise performance. In this cross-over intervention 
trial, we investigated the effect of adherence to a low carbohydrate, high fat (LCHF) diet versus a high carbohydrate (HC) diet on gross efficiency 
(GE) and (OC) during exercise, both after 2 days and after 14 days of adherence.
METHODS: Fourteen recreational male athletes followed a two-week LCHF diet (<10 energy % carbohydrate) and a two-week HC diet (>50 
energy % carbohydrate), in random order, with a wash-out period of three weeks in between. After 2 and 14 days on each diet, the athletes 
performed a 90-minutes submaximal exercise session on a bicycle ergometer. Indirect calorimetry measurements were done after 60 minutes of 
exercise to calculate GE and OC.
RESULTS: GE was significantly lower on the LCHF diet compared to the HC diet, after 2 days (17.6±1.9 vs. 18.8±1.2%, P=0.011, for the LCHF 
and HC diet respectively), not after 14 days. OC was significantly higher on the LCHF diet compared to the HC diet, after 2 days (1191±138 vs. 
1087±72 mL O2/kCal, P=0.003, for the LCHF and HC diet respectively), and showed a strong tendency to remain higher after 14 days, P=0.018.
CONCLUSIONS: Although LCHF diets are popular strategies to increase fat oxidation during exercise, adherence to a LCHF diet was associ-
ated with a lower exercise efficiency and economy compared to a HC diet.
(Cite this article as: Baart AM, Schaminee H, Mensink M, Terink R. Effect of a low carbohydrate, high fat diet versus a high carbohydrate diet on 
exercise efficiency and economy in recreational male athletes. J Sports Med Phys Fitness 2023;63:282-91. DOI: 10.23736/S0022-4707.22.14066-1)
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In sports, athletes and coaches, as well as scientists, are 
constantly searching for strategies to improve exercise 

performance. This includes recognition of the key deter-
minants of endurance performance, including exercise ef-
ficiency and economy.1, 2 Exercise efficiency is a measure 
of effective work, and various types and definitions exists, 
among which is gross efficiency (GE).3 GE is defined as 
the percentage of energy expenditure that appears as work 
output.4 Exercise economy, also referred to as oxygen cost 
(OC), is defined as the oxygen requirement to produce a 

certain exercise output, such as a movement speed or pow-
er output, and a high OC implies a low economy. A small 
improvement in efficiency and/or economy may already 
contribute to an improvement in endurance performance. 
For example, mathematical modelling has been used to 
predict that 1% increase in GE could result in a 63-second 
improvement in a 40 km cycling time trial.5

Several factors have been shown to influence exercise 
efficiency and/or economy, of which the most important 
factors are training status,6-9 fatigue,10 gender,11 and tech-
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to a LCHF diet versus a HC diet on exercise efficiency and 
economy, more specifically on GE and OC, both after 2 
days and after 14 days of adherence.

Materials and methods

Participants

For this study, data from a previously conducted study, 
aimed to identify differences in exercise-induced stress 
and metabolic responses between adherence to a LCHF 
diet and adherence to a HC diet, was used. The study 
population and protocol have been extensively described 
elsewhere.30 In brief, the study population consisted of 14 
recreational male athletes, aged 22-44 years, who trained 
at least four hours per week in a variety of sports (cy-
cling, running, swimming, triathlon, climbing, football, 
volleyball, strength training). This corresponds to Tier 
2 (trained/developmental athletes) of the recentely pro-
posed framework to classify training and performance of 
athletes.31 The athletes had no chronic diseases or inju-
ries and no dietary restrictions such as food intolerances 
or specific diets. Study population characteristics can be 
found in Table I.

The athletes participated in an intervention trial with a 
cross-over design, consisting of two times two weeks of 
dietary intervention with a wash-out period during which 
they followed their habitual diet in between. The dietary 
intervention involved following either a LCHF diet or a 
HC diet. After 2 and 14 days of each dietary intervention, 
the athletes performed a 90 minutes exercise session on 
a bicycle ergometer, with indirect calorimetry measure-
ments after 60 minutes of exercise. We chose to perform 
measurements after 2 days to represent (metabolic) stress, 
while after 14 days an adaptive response in metabolism 
may be expected. After a wash-out period of three weeks, 
the athletes followed the other diet and the exercise pro-

nique.12-14 However, dietary status and nutritional factors 
might also play a role. Among the currently popular inter-
ests in sports nutrition are adaptation to low carbohydrate, 
high fat (LCHF) diets,15 including ketogenic versions,16 
and the periodization of CHO availability in so-called 
“train low, compete high” strategies.17 Whereas the latter 
concept is undertaken to enhance cellular adaptation to the 
training program including an increase in mitochondrial 
biogenesis,17 adaptation to a LCHF diet is principally un-
dertaken to retool the muscle to increase its use of fat as an 
exercise substrate and reduce the dependency on the rela-
tively limited muscle glycogen stores.16, 18-20 However, im-
provement of endurance performance following a LCHF 
diet is generally not observed.21, 22

Interestingly, dietary macronutrient composition can 
have an effect on exercise efficiency and economy. How-
ever, studies that investigated the effect of dietary macro-
nutrient composition on exercise efficiency and economy 
are scarce. In one study among cyclists, a higher GE was 
observed when adhering to a high carbohydrate (HC) diet 
compared to adhering to a diet that contained either a 
low or a moderate amount of carbohydrates.23 In another 
study among runners, it was shown that a ketogenic diet 
impaired exercise efficiency at a higher intensity, as evi-
denced by oxygen uptake that could not be explained by 
shifts in the respiratory exchange ratio (RER), i.e. the ratio 
between carbon dioxide output (VCO2) and oxygen uptake 
(VO2), from pre- to post-dietary conditions, whereas exer-
cise efficiency was maintained when exercising at a lower 
intensity.24 In a series of studies among elite race walkers, 
adaptation to a LCHF diet increased fat oxidation but re-
sulted in an increased OC, i.e. reduced economy, to walk 
at the speeds relevant to real life competitive events.25-28 
Finally, in a study among swimmers, no difference in 
swimming economy was observed between swimmers 
who consumed a LCHF diet or a high carbohydrate, low 
fat (HCLF) diet.29

Despite these studies, knowledge of the effect of dietary 
macronutrient composition on exercise efficiency and 
economy is limited. Moreover, although different studies 
on exercise efficiency or economy used different periods of 
dietary intervention, the studies that have been published 
assessed exercise efficiency or economy in general only 
after a single period of dietary intervention. In order to 
take into account the importance of adaptation to a specific 
diet with regard to changes in efficiency and economy, it is 
necessary to study the effect of different periods of dietary 
intervention within the same subject. Therefore, the aim of 
the present study was to investigate the effect of adherence 

Table I.—��Study population characteristics (N.=14).
Characteristic Mean±SD
Age (years) 33±8
Height (cm) 182±5
Weight (kg) 76.4±5.4
BMI (kg/m2) 23.1±1.4
Training (hours/week) 5.6±1.1
VO2max (mL/kg/min) 57.3±5.8
Max heart rate (bpm) 187±9
Wmax (W) 346±46
BMI: Body Max Index; VO2max: maximal aerobic capacity; Wmax: maximal 
power output.
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personalized diets. They had to weigh the food products 
that they consumed, and they were asked to record any de-
viations from the prescribed diet. Leftovers from provided 
foods were returned and weighed at the end of each dietary 
intervention period. Dietary intake was assessed at the end 
of each intervention period by adding or subtracting the 
written deviations from the prescribed diet and by subtract-
ing the leftovers from provided foods. Deviations from the 
prescribed diet plans were very small. An overview of ha-
bitual dietary intake at baseline, and dietary intake during 
both intervention periods is presented in Table II.

Exercise protocol

Prior to the first intervention, a maximal exercise test on 
a bicycle ergometer (Lode Excalibur, Groningen, The 
Netherlands) was performed. Oxygen consumption was 
measured with indirect calorimetry (Oxycon Carefusion, 
Hoechberg, Germany), to assess maximal aerobic capacity 
(VO2max) and maximal power output (Wmax). In addition, 
body height (Seca 213 portable stadiometer, Hamburg, 
Germany) and weight (Seca 761 scale) were measured.

After 2 and 14 days of each dietary intervention, the ath-
letes performed a 90-minute exercise session on a bicycle 
ergometer. Athletes arrived at the research facility after an 
overnight fast. At the research facility, they consumed a 
standardized breakfast corresponding to the macronutri-
ent composition of their intervention diet and customized 
to their energy needs. For the LCHF breakfast, mean en-
ergy content was 588 kCal (74 En% fat, 17 En% protein, 
6 En% carbohydrate), and for the HC breakfast 505 kCal 
(34 En% fat, 15 En% protein, 48 En% carbohydrate). One 
and a half hour after breakfast they started a 90-minute 
exercise session on the bicycle ergometer. The exercise 
session consisted of 10 minutes warming-up followed by 
80 minutes at 60% of the athlete’s individual Wmax. The 
warming up consisted of 5 minutes at 100 Watt (W), fol-
lowed by 5 minutes at a power in between 100 W and their 

tocols were repeated. A three weeks wash-out period was 
based on results from previous studies showing that meta-
bolic adaptations to a LCHF diet already occurred within 
five days32 and that substrate utilization had changed back 
to baseline levels within five to six days after following a 
HC diet.28 Athletes were randomly assigned to start with 
either the LCHF diet or the HC diet. Athletes were in-
structed to keep their physical activity level and training 
regimen the same during both dietary intervention periods.

This study was conducted according to the guidelines 
laid down in the Declaration of Helsinki and approved by 
the Medical Ethical Committee of Wageningen University 
(approval number: NL6540408118; ClinicalTrials.gov ID: 
NCT04019730). Written informed consent was obtained 
from all participants prior to participation.

LCHF and HC diets

Prior to the first intervention, dietary intake was assessed 
using a 3-day food record (two week days and one week-
end day, randomly assigned) in order to gain insight in eat-
ing habits and to estimate energy needs for the develop-
ment of personalized diet plans. These food records were 
analyzed for the total energy and macronutrient intake us-
ing Compl-eatTM software (Department of Human Nutri-
tion and Health, Wageningen University).33 Personalized 
diet plans were designed based on the participants esti-
mated total energy needs. In total, six energy groups were 
considered: from 10 to 15 MJ with increments of 1 MJ.

The intervention diets were either a LCHF diet (<10 en-
ergy [En] % carbohydrates and ~75 En% fats) or a moder-
ate HC diet (~50 En% carbohydrates and ~35 En% fats). 
Protein intake was higher in the LCHF diet compared to 
the HC diet (16±1 vs. 15±0 En%, for the LCHF and HC 
diet, respectively), although this was not intended. Total 
energy intake was equal in both diets for each individual 
athlete.

Each athlete individually received nutritional counsel-
ling, prior to the LCHF diet and prior to the HC diet. A 
detailed menu for two weeks and some standard products 
were provided. For the LCHF diet these products were: 
48+ cheese (cheese with more fat per 100 g), olive oil, 
margarine, nuts, low-carb bread and beet muffins. For the 
HC diet these were: 30+ cheese (cheese with less fat per 
100 gram), sunflower oil, margarine, nuts, muesli bars, 
fruit juices. The detailed menu consisted of a shopping list, 
prescribed recipes for breakfast, lunch, dinner and snacks 
of every day of the week and information about drinks 
(water, coffee and tea without sugar or milk were allowed) 
and herbs. Athletes were instructed to strictly follow their 

Table II.—��Reported daily dietary intake.
Nutrient Habitual diet LCHF diet HC diet P value
Energy (kCal) 2961±528 3104±297 3075±298 0.221
Carbohydrate (g) 318±72 64±6 373±38 <0.001*
Carbohydrate (En%) 43±5 8±0 49±0 <0.001*
Fat (g) 122±29 254±25 116±11 <0.001*
Fat (En%) 36±6 73±1 33±0 <0.001*
Protein (g) 116±22 124±12 112±11 <0.001*
Protein (En%) 16±3 16±1 15±0 <0.001*
Data are presented as mean±SD.
P values represent differences between the LCHF and the HC diet and were 
obtained with a paired t-test; *statistical significance (P<0.05).
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GE (%) = work output (kCal/min) /  
energy expenditure (kCal/min) * 100.

The work output was the power (W) at which the athlete 
was cycling during the measurements after 60 minutes of 
exercise, using a conversion factor of 0.0002388 kCal for 
1 J. Energy expenditure was calculated using the VO2 and 
RER values that were obtained with indirect calorimetry 
measurements, according to the formula of Lusk.36 First, 
a “caloric value” was calculated as follows: caloric value 
(kCal/mL O2) = 3.815+1.232 * RER. Subsequently, en-
ergy expenditure was calculated as: Energy expenditure 
(kCal/min) = caloric value (kCal/mL O2) * VO2 (mL/min).

OC was defined as oxygen consumption per kCal when 
cycling at a given power (i.e. the power after 60 minutes 
of exercise) and was calculated as follows:

OC (mL O2/kCal) = VO2 (mL/min) /  
work output (kCal/min).

Statistical analysis

A two-way repeated measures Analysis of Variance 
(ANOVA) was performed to assess potential effects of 
diet, time or their interaction, on GE, OC and on other ex-
ercise characteristics. The level of significance was set at 
P<0.05. Next, differences in GE, OC and other exercise 
characteristics between diets or measurement days were 
evaluated using paired t-tests. To adjust for multiple com-
parisons, we applied a Bonferroni correction: we divided 
alpha by four, the number of tests we performed, resulting 

individual 60% Wmax. If an athlete was unable to maintain 
the workload at 60% Wmax, the power was decreased to 
a level at which the athlete could keep on cycling until 
the end of the 90 minutes exercise session. Any adapta-
tions in workload were carefully recorded. Heart rate was 
measured using a heart rate belt (Polar T31-coded, Oulu, 
Finland). After 60 minutes of exercise, gaseous exchange 
was measured (Oxycon Carefusion, Hoechberg, Germany) 
during a five-minute period to assess VO2, VCO2 and the 
RER. Mean values for VO2, VCO2 and the RER were cal-
culated within this five-minute period, and these mean val-
ues were used for further calculations and analyses. Ath-
letes were allowed to drink plain water during the test, but 
were not allowed to eat. Directly after the exercise session, 
athletes where asked to indicate the rate of perceived exer-
tion (RPE) using a Borg Scale.34

Calculation of oxidation rates, and exercise efficiency and 
economy measures

In order to obtain insight in the degree of metabolic ad-
aptation after 2 days and after 14 days, carbohydrate and 
fat oxidation rates were calculated according to the non-
protein respiratory quotient,35 as follows:

carbohydrate oxidation rate (g/min) = 4.585 * V̇CO2  
(L/min) - 3.226 * V̇O2 (L/min)  

fat oxidation rate (g/min) = 1.695 * V̇O2 (L/min) -  
1.701 * V̇CO2 (L/min)

GE, defined as the percentage of energy expenditure 
that appears as work output,4 was calculated as follows:

Table III.—��Exercise characteristics and exercise efficiency and economy measures during the four exercise sessions, after 60 minutes 
of exercise.36

LCHF diet HC diet
P value

LCHF vs. HC 
after 2 days

P value
LCHF vs. HC 
after 14 days

After 2 days After 14 days
P value
after 14 
days vs. 

after 2 days

After 2 days After 14 days
P value
after 14 
days vs. 

after 2 days
Power (W)† 170±36 186±26 0.019 201±32 200±30 0.808 <0.001* 0.008*
VO2 (mL/kg/min) 2870±516 3034±415 0.035 3119±474 3097±400 0.776 0.010* 0.414
RER 0.81±0.02 0.81±0.03 0.751 0.90±0.04 0.91±0.02 0.432 <0.001* <0.001*
Carbohydrate oxidation rate (g/min) 1.46±0.40 1.50±0.45 0.714 2.84±0.80 2.94±0.60 0.561 <0.001* <0.001*
Fat oxidation rate (g/min) 0.89±0.18 0.95±0.22 0.140 0.50±0.20 0.45±0.13 0.338 <0.001* <0.001*
Energy expenditure (kCal/min)‡ 13.8±2.5 14.6±2.0 0.040 15.4±2.4 15.3±2.0 0.843 0.003* 0.086
Heart rate (bpm) 165±13 170±11 0.014 163±18 165±14 0.633 0.652 0.001*
RPE score 18.0±1.4 17.3±1.7 0.151 15.5±2.7 16.1±2.0 0.300 0.001* 0.053
GE (%) 17.6±1.9 18.2±1.2 0.089 18.8±1.2 18.7±1.3 0.897 0.011* 0.182
OC (mL O2/kCal) 1191±138 1143±75 0.111 1087±72 1088±78 0.954 0.003* 0.018
Data are presented as mean±SD.
VO2: oxygen uptake; RER: respiratory exchange ratio; RPE: rate of perceived exertion.
P values are obtained with a paired t-test; *statistical significance (P<0.0125); †conversion factor to calculate work (kCal/min) output from power (W): 0.01433; 
‡energy expenditure was calculated using VO2 and RER values, according to the formula of Lusk.36
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diet respectively). The carbohydrate oxidation rate was 
lower on the LCHF diet compared to the HC diet, both 
after 2 days and after 14 days (1.46±0.40 vs. 2.84±0.80, 
P<0.001, after 2 days, and 1.50±0.45 vs. 2.94±0.60, 
P<0.001, after 14 days, for the LCHF and HC diet respec-
tively). Correspondingly, the fat oxidation rate was higher 
on the LCHF diet compared to the HC diet, both after 2 
days and after 14 days (0.89±0.18 vs. 0.50±0.20, P<0.001, 
after 2 days, and 0.95±0.22 vs. 0.45±0.13, P<0.001, after 
14 days, for the LCHF and HC diet respectively). Energy 
expenditure was lower on the LCHF diet compared to the 
HC diet, however, this difference was only significant af-
ter 2 days (13.8±2.5 vs 15.4±2.4 kCal/min, P=0.003, for 
the LCHF and HC diet respectively). Regarding the dura-
tion of dietary adherence, energy expenditure tended to be 
lower after 2 days than after 14 days when adhering to the 
LCHF diet, but not when adhering to the HC diet. Heart 
rate was higher on the LCHF diet compared to the HC 
diet, however, this difference was only significant after 
14 days (170±11 vs. 165±14 bpm, P=0.001, for the LCHF 
and HC diet respectively). Regarding the duration of di-
etary adherence, heart rate tended to be lower after 2 days 
than after 14 days when adhering to the LCHF diet, but 
not when adhering to the HC diet. Athletes rated their per-
ceived exertion during exercise higher when on the LCHF 
diet compared to the HC diet, however, this difference 
was only significant after 2 days (18.0±1.4 vs. 15.5±2.7, 
P=0.001, for the LCHF and HC diet respectively).

Exercise efficiency and economy measures

Exercise efficiency and economy measures during the four 
exercise sessions are presented in Table III.36 The two-way 
repeated measures ANOVA indicated significant effects of 
diet on GE (F=10.2; P=0.007), and OC (F=20.1; P=0.001). 
No significant effects of time or interaction effects between 
diet and time on GE and OC were observed.

Paired t-tests showed that GE was lower on the 
LCHF diet compared to the HC diet, however, this dif-
ference was only significant after 2 days (17.6±1.9 vs. 
18.8±1.2%, P=0.011, for the LCHF and HC diet re-
spectively), not after 14 days (18.2±1.2 vs.18.7±1.3%, 
P=0.182, for the LCHF and HC diet respectively). OC 
was significantly higher on the LCHF diet compared to 
the HC diet after 2 days (1191±138 vs. 1087±72 mL O2/
kCal, P=0.003, for the LCHF and HC diet respectively), 
and showed a strong tendency to be higher on the LCHF 
diet compared to the HC diet after 14 days (1143±75 vs. 
1088±0.78 mL O2/kCal, P=0.018, for the LCHF and HC 
diet respectively).

in a level of significance of P<0.0125 for the paired t-tests. 
Statistical analyses were performed with SPSS software 
(Version 23, IBM, Armonk, NY, USA).

Results

Exercise characteristics

An overview of the exercise characteristics during the four 
exercise sessions is presented in Table III.36 At multiple 
occasions the workload had to be reduced during the exer-
cise session. Athletes had more problems to maintain the 
workload at 60% Wmax when adhering to the LCHF diet: 
12 athletes were not able to maintain this after 2 days on 
the diet, and 9 athletes were not able to maintain this after 
14 days. On the HC diet this was the case for 4 athletes 
after 2 days and 5 athletes after 14 days. As a result, mean 
power, and consequently mean work output and energy 
expenditure, was not equal during the four exercise ses-
sions (Table III).36

The two-way repeated measures ANOVA identified 
significant diet effects for power (F=24.0; P<0.001), VO2 
(F=4.9; P=0.045), RER (F=101.4; P<0.001), carbohy-
drate oxidation rate (F=72.1, P<0.001), fat oxidation rate 
(F=71.3, P<0.001), energy expenditure (F=9.8; P=0.008), 
and RPE (F=17.7; P=0.001). No significant time effects 
were observed. However, interaction effects between diet 
and time were observed for power (F=6.8; P=0.22), heart 
rate (F=5.3; P=0.038), VO2 (F=6.4; P=0.026), and energy 
expenditure (F=5.3; P=0.038).

Paired t-tests showed that power was significantly low-
er on the LCHF diet compared to the HC diet, both after 
2 days and after 14 days (170±36 vs 201±32 W, P<0.001, 
after 2 days, and 186±26 vs 200±30 W, P=0.008, after 14 
days, for the LCHF and HC diet respectively). Regard-
ing the duration of dietary adherence, power tended to be 
lower after 2 days than after 14 days when adhering to 
the LCHF diet. This tendency was not observed for the 
HC diet. VO2 was lower on the LCHF diet compared to 
the HC diet, however this difference was only significant 
after 2 days (2870±516 vs. 3119±474 mL/min, P=0.10, 
for the LCHF and HC diet respectively). Regarding the 
duration of dietary adherence, VO2 tended to be lower af-
ter 2 days than after 14 days when adhering to the LCHF 
diet, but not when adhering to the HC diet. The RER was 
significantly lower on the LCHF diet compared to the 
HC diet, both after 2 days and after 14 days (0.81±0.02 
vs. 0.90±0.04, P<0.001, after 2 days, and 0.81±0.03 vs. 
0.91±0.02, P<0.001, after 14 days, for the LCHF and HC 
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er efficiency and a lower economy, when adhering to the 
LCHF diet compared to the HC diet. These differences 
were only statistically significant after 2 days on the diet, 
although there was a strong tendency for OC to remain 
higher after 14 days on the diet. These results replicate 
earlier observations23-28 and resemble physiological differ-
ences expected after adaptation to a LCHF diet.

Effect of dietary macronutrient composition

Exercise economy, also referred to as OC, is defined as the 
oxygen requirement to produce a certain exercise output, 
such as a movement speed or power output3 and a high OC 
implies a low economy. Exercise economy can be char-
acterized in different ways, e.g. as VO2 (mL/min) or as 
%VO2max for a given workload or speed using a step-wise 
protocol.24-28 We chose to use the term OC and to express 
it anchored to the changing workload in our study (mL O2/
kcal), as the intended 60% Wmax exercise intensity had to 
be reduced on several occasions. Not correcting for these 
changes in workload would have flawed our observations.

A series of recent studies investigated the effect of ad-

Figure 1 presents GE and OC values for each individual 
athlete after 2 days (Figure 1A, C) and after 14 days (Fig-
ure 1B, D) of each dietary intervention. Individual differ-
ences in GE after 2 days of dietary intervention (LCHF 
diet vs. HC diet) ranged from -3.8% to +0.7%, with 12 out 
of 14 athletes having a lower GE on the LCHF diet. After 
14 days, individual differences ranged from -2.3 to +2.2%, 
with 10 out of 14 athletes having a lower GE on the LCHF 
diet. For OC, individual differences (LCHF diet vs. HC 
diet) ranged from -25 to +353 O2/kCal after 2 days, with 
13 out of 14 athletes having a higher OC on the LCHF 
diet. After 14 days, individual differences ranged from and 
from -102 to +143 O2/kCal, with 10 out of 14 athletes hav-
ing a higher OC on the LCHF diet.

Discussion

The aim of this study was to investigate the effect of ad-
herence to a LCHF diet versus a HC diet on exercise effi-
ciency and economy, both after 2 days and after 14 days of 
adherence, in a group of recreational male athletes.

We observed a lower GE and a higher OC, thus a low-

Figure 1.—GE and OC 
values for each individual 
athlete after 2 days (A and 
C) and after 14 days (B 
and D) of intervention, on 
either the LCHF or the HC 
diet.
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put,4 and considers any additional increases in oxygen con-
sumption beyond those predicted by the economy of fuel 
choices. The effect of dietary macronutrient composition on 
exercise efficiency is only scarcely investigated. In a study 
on GE, cyclists performed a 2-hour steady-state exercise 
session on a bicycle, after three days adherence to either a 
LCHF diet, a HC diet, or a diet that contained a moderate 
amount of carbohydrates.23 Results from that study indi-
cated a higher GE when adhering to a HC diet compared to 
adhering to a diet that contained either a low or a moderate 
amount of carbohydrates. This is in line with our observa-
tion that GE was lower on the LCHF diet after 2 days of 
dietary intervention. In another study, runners performed a 
run-to-exhaustion trial after 31 days adherence to either a 
ketogenic diet or their habitual diet.24 Exercise efficiency 
was investigated by estimating oxygen uptake that could 
not be explained by shifts in RER from pre- to post-dietary 
conditions. Results showed that, after adherence to a keto-
genic diet, at intensities above 70% VO2max, the shifts in 
RER could not fully explain the increase in oxygen uptake, 
indicating impaired exercise efficiency. However, at lower 
intensities, particularly below 60% VO2max, the shifts in 
fuel choice could fully explain the increase in oxygen up-
take, indicating that exercise efficiency was not impaired. 
In line with this, we observed a lower GE on the LCHF 
diet when exercising at 60% Wmax, although the difference 
was not significant after 14 days of adaptation. Changes in 
efficiency are subtle, and measuring gaseous exchange to 
calculate exercise efficiency and economy relies on preci-
sion and reliability of the measurements, which could have 
made us unable to detect a difference.

A reduced exercise efficiency or economy after adequate 
adaptation to a LCHF diet, greater than can be accounted 
for by stoichiometry of fat and CHO oxidation, should be 
explained by other factors. A change in the microbiome, 
and changes in nitrate/nitric oxide pathway, are suggested 
to play a role,26, 27, 38 as well as increased mitochondrial 
uncoupling due to higher fatty acid-activated transcrip-
tion factor peroxisome proliferator-activated receptor al-
pha.24 This should, however, be explored further. A factor 
as muscle fatigue could also play a role, which is known 
to decrease exercise efficiency.10 The ability of skeletal 
muscles to exercise is seriously compromised when en-
dogenous glycogen stores are reduced to low levels prior 
to exercise, even when there is an abundance of other fuel 
sources.18 Also, administration of carbohydrates during 
exercise can delay the onset of muscle fatigue.39 Thus, a 
negative relationship exists between carbohydrate avail-
ability and fatigue. So, fatigue could be a mediating factor 

aptation to a LCHF diet on exercise economy in endurance 
athletes.25-28 Elite race walkers consumed either a HC diet, 
a diet periodized within or between days to alternate be-
tween high and low carbohydrate availability, or a LCHF 
diet, during three weeks of intensified training. After three 
weeks of training, several measurements were performed 
to assess exercise metabolism and exercise economy and 
performance. Results showed that adaptation to a LCHF 
diet increased fat oxidation but resulted in an increased 
OC, i.e. reduced economy, to walk at the speeds relevant 
to real life competitive events. Results of the first study in 
these series25 were replicated in a subsequent study.26, 27 
This observation is in line with our observed higher OC 
on the LCHF diet compared to the HC diet. Indeed, fat and 
carbohydrate have a different oxygen requirement, and 
consequently a different economy, for energy production 
due to their distinct metabolic pathways.37 Stoichiometry 
of oxidation of substrates tells us that the OC is higher 
when relying more on fat oxidation as energy source when 
on a LCHF diet compared to a HC diet where carbohy-
drates are the dominant fuel. The oxidation of carbohy-
drates leads to a greater ATP yield per unit of oxygen con-
sumption, or, vice versa, to a lower oxygen consumption 
for the same amount of energy, despite the greater ATP 
production per unit of substrate from fat.37 Thus, the effect 
of dietary carbohydrate content on OC that we observed 
can be explained by the differences that occur in oxidation 
of fat and carbohydrates when adhering to either a LCHF 
diet or a HC diet, as can be seen in the lower RER, lower 
carbohydrate oxidation rate, and higher fat oxidation rate 
on the LCHF diet.

However, results from another study are not in line with 
our observation nor with those in the studies among race 
walkers.25-28 In that study, the effect of dietary macronutri-
ent composition on swimming economy was investigated.29 
Swimmers consumed either a LCHF or a HCLF diet for 
three days, after which they swam in a flume at velocities 
associated with 50, 60, and 70% of their VO2max. Subjects 
swam at each velocity for 5 minutes and each trial was sep-
arated by a brief rest period. No difference in swimming 
economy was observed between the diets at each of the in-
tensities, notwithstanding the lower RER on the LCHF diet 
compared to the HCLF diet, which doesn’t match with our 
observation. The lack of power to detect small but relevant 
changes in exercise economy could underlie this.

Exercise efficiency is a measure of effective work, and 
various types and definitions exists, among which is GE,3 
which was investigated in the current study. GE is the per-
centage of energy expenditure that appears as work out-
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at least six months showed very high fat oxidation rates 
during exercise in athletes adhering to a LCHF diet, but re-
markably also equal resting muscle glycogen levels com-
pared to athletes consuming a HC diet,20 although other 
researchers question the results of that study.43

Practical implications

Although LCHF diets are popular strategies to increase fat 
oxidation from endogenous fat stores during endurance 
exercise performance,20 partially relieving an athlete’s de-
pendency on glycogen stores,16 we observed an unfavor-
able effect of adherence to a LCHF diet on exercise effi-
ciency and economy. We investigated GE and OC using a 
bicycle ergometer, however results of this study might also 
be applicable to other endurance sports, such as running, 
swimming, triathlon, and race walking.

Exercise efficiency and economy are key determinants 
of endurance performance,1, 2 and a small improvement in 
efficiency and/or economy may already contribute to an 
improvement in endurance performance. Several factors 
are known to influence exercise efficiency and/or econ-
omy, such as training status,6-9 fatigue,10 gender,11 and 
technique.12, 13 This study shows that nutritional factors 
can also affect exercise efficiency and economy, and ac-
cordingly, endurance performance. Based on the results of 
this study we would not recommend adhering to a LCHF 
diet for the purpose of exercise efficiency and economy. 
Future studies could investigate potential favorable nutri-
tional strategies aiming to improve exercise efficiency and 
economy, and hence endurance performance.

Strengths and limitations of the study

To our knowledge this is the first study that considered 
the duration of adherence to a specific diet with regard to 
changes in exercise efficiency and economy, by perform-
ing measurements both after 2 days and after 14 days of 
dietary intervention, investigating both acute metabolic 
stress of, as well as adaptation to, a LCHF diet. When op-
timizing a dietary strategy aimed at increasing exercise ef-
ficiency and economy, knowledge about the effect of the 
duration of dietary adherence is essential.

Like any study, this study has some limitations. Al-
though we aimed to use a steady-state exercise protocol at 
60% Wmax, the workload had to be reduced during the ex-
ercise session at multiple occasions. It is known that alter-
ing the exercise intensity influences the efficiency,4, 44 and 
this could have influenced our results. However, although 
the workload had to be reduced more often on the LCHF 

that underlies the lower GE on the LCHF diet, most likely 
due to a lower carbohydrate availability and reduced gly-
cogen stores on the LCHF diet. The observed higher RPE 
scores on the LCHF diet, as well as the observation that 
the workload had to be reduced on more occasions on the 
LCHF diet, support this suggestion.

Duration of dietary adherence

We observed no statistically significant difference in GE 
and OC between measurements after 2 days and after 14 
days, neither on the LCHF or HC diet. However, on the 
LCHF diet, GE tended to improve and OC to decrease, 
over time. Correspondingly, differences in GE and OC be-
tween the two diets were larger after 2 days than after 14 
days on the diets. An explanation for this observation is 
that a short-term, i.e. 2 days, adherence to a LCHF diet 
reduces exercise capacity by depleting liver and muscle 
glycogen stores, without yet a full compensatory increase 
(adaptation) in fat oxidation,40, 41 whereas long-term ad-
herence to a LCHF diet increases breakdown, transport 
and oxidation of fat in skeletal muscle.42 Indeed, fat oxida-
tion rates were higher after 14 days than after 2 days on the 
LCHF diet, although this difference was not significant. 
Various studies suggest that it takes about five days for 
the muscle to metabolically adapt to either ketogenic or 
non-ketogenic versions of a LCHF diet.26, 27, 32 So, after 2 
days the body is in an acute energy crisis, i.e. body glyco-
gen stores are low and fat oxidative capacity is not at peak 
level yet, while after 14 days adaptation has occurred. This 
‘crisis’ is also reflected in the lower exercise capacity, e.g. 
lower power, VO2, energy expenditure and heart rate, after 
2 days compared to after 14 days on the LCHF diet, while 
cortisol levels and RPE were higher.30 No difference in the 
RER was observed after 2 days compared to after 14 days 
on the LCHF diet. However, on both days the RER was 
significantly lower compared to the HC diet. This obser-
vation, which of course parallels the higher fat oxidation 
rates on the LCHF diet compared to the HC diet, indicates 
that fat is already the main fuel after 2 days on the LCHF 
diet. The smaller differences in GE and OC between the di-
ets after 14 days indicate that adaptation to the LCHF diet 
takes place over time, however after 14 days GE and OC 
were not yet at the same level as on the HC diet. Whether 
an even longer adaptation period would result in compa-
rable exercise efficiency and economy on the LCHF and 
the HC diet is questionable, because no further increase 
in fat oxidation is expected after five days.32 On the other 
hand, results from a study among ultra-endurance athletes 
habitually consuming either a LCHF diet or a HC diet for 
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GE and OC, especially after 2 days of dietary interven-
tion. In addition, results indicated that some adaptation 
to a LCHF diet takes place over time, however, GE and 
OC were not yet at the same level as on the HC diet after 
14 days of dietary adherence. Although LCHF diets are 
popular strategies in sports to increase fat oxidation, we 
would not recommend adhering to a LCHF diet in order 
to improve endurance performance by increasing exercise 
efficiency and economy.
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