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Abstract  
A common belief is that high intensity exercise (>60%VO2max) is 
best sustained by high rates of carbohydrate oxidation.  The belief 
is based, in part, on an idea developed by Krogh and Lindhard in 
1920. In the 100 years since, few studies have tested its validity. 
We tested the null hypothesis that performance in competitive 
recreational athletes exercising at >80% VO2max, during simu-
lated 5-km running time trials (5KTT) would be impaired during 
a 6-week period of adaption to a low-carbohydrate, high-fat 
(LCHF) diet, compared to their performances when they ate a diet 
higher in carbohydrate and lower in fat (HCLF). Seven male ath-
letes (age 35.6 ± 8.4 years, height 178.7 ± 4.1 cm, weight 68.6 ± 
1.6 kg) completed two maximal exercise (VO2max) tests (Day 1 
and 39) and four 5KTT (Day 4, 14, 28, and 42) in a fasted state 
during two 6-week periods when they ate either a HCLF or a 
LCHF diet, in a randomized counterbalanced, crossover design. 
Exercise performance during the VO2max tests was unchanged on 
either diet (p = 0.251). Performance in the initial 5KTT was sig-
nificantly slower on the LCHF diet (p = 0.011). There were no 
diet-related performance differences in the remaining three 5KTT 
(p > 0.22). Subjects exercised at ~82%VO2max. Carbohydrate ox-
idation provided 94% of energy on the HCLF diet, but only 65% 
on the LCHF diet. 5KTT performance at ~82%VO2max was inde-
pendent of the runners’ habitual diet. The HCLF diet offered no 
advantage over a diet with a high-fat content. Since these athletes 
run faster than 88% of recreational distance runners in the United 
States (U.S.), this finding may have wide general application.  
 
Key words: Fat oxidation, ketogenic, high carbohydrate, per-
formance, high-fat diet, low-carbohydrate diet.

 
 

Introduction 
 

In 1920 Krogh and Lindhard (1920) reported that “on fat 
diets the (exercise) fatigue became considerable and some-
times excessive. For several hours after the work on the er-
gometer these subjects were generally very tired when on 
a fat diet and much less tired or not tired at all when on 
carbohydrates”. Accordingly, “work is more economically 
performed on carbohydrate than on fat. When the work was 
sufficiently severe the subjects performed it with greater 
difficulty on fat than on carbohydrate and became much 
more tired”.  

This historical belief that fat is an inferior metabolic 
fuel unable to support exercise of higher intensity, is the 

singular belief that drives the prescription of high carbohy-
drate diets for most athletes (Hawley et al., 1998; 
Jeukendrup 2003; Stellingwerff and Boit, 2007; Stel-
lingwerff et al., 2011; Burke et al., 2011; Hawley and 
Leckey, 2015; Costa et al., 2018; Burke and Hawley, 2018; 
Cermak and van Loon, 2013; Jeukendrup et al., 2000; 
Spriet, 2007; Williams et al., 1984; Bartlett et al., 2015; 
Burke, 2015) since “CHO-based fuels become the predom-
inant energy source for trained muscle when exercise in-
tensities are >60% of peak oxygen uptake” (Hawley and 
Leckey, 2015); because “endogenous fatty acid stores are 
substantial but do not provide muscle contractile energy 
(i.e. adenosine triphosphate) at rates that sustain higher ex-
ercise intensity or high force contractions” (Costa et al., 
2018); because “rates of muscle fat oxidation are inade-
quate to support the high relative (70 –90% VO2max) and 
absolute work rates sustained by competitive athletes dur-
ing running or cycling events lasting <2hr (Hawley and 
Leckey, 2015; Jeukendrup et al., 2000; Spriet, 2007; Wil-
liams et al., 1984)” (Leckey et al., 2015).     

This doctrine is supported by key studies showing 
that exercise performance is impaired in athletes eating low 
carbohydrate high fat (LCHF) diets (Burke et al., 2017; 
Havemann et al., 2006), which substantially reduces rates 
of carbohydrate oxidation during exercise (Burke et al., 
2017; Vogt et al., 2003; Cameron-Smith et al., 2003; Stel-
lingwerff et al., 2006; Volek et al., 2016; Webster et al., 
2016).  For example, race walking performance during a 
25-km time trial was significantly impaired after 3 weeks 
on a LCHF diet (Leckey et al., 2015). Rates of carbohy-
drate oxidation (~0.5 g/min) were amongst the lowest rec-
orded in competitive athletes.  

But a feature of this common belief is the relative 
absence of studies designed specifically to refute that hy-
pothesis. The two studies (Burke et al., 2017; Havemann et 
al., 2006) most frequently cited as conclusive proof both 
evaluated performance during prolonged exercise, not dur-
ing high intensity exercise. Neither was designed specifi-
cally to test whether carbohydrate is the essential fuel for 
performance at exercise intensities of >60% (Hawley and 
Leckey, 2015) or 75% VO2max (Stellingwerff and Boit, 
2007; Stellingwerff et al., 2011). In addition, the period of 
exposure to a high fat diet in both studies (1-3 weeks) was 
shorter than the 4 or more weeks that is considered more 
optimal (Cipryan et al., 2017; Volek et al., 2016).  

Research article 



Prins et al.

 
 

 
 
 

739

Furthermore, four studies (van Loon et al., 2001; 
Achten et al., 2003; Capostagno and Bosch, 2010; Romijn 
et al., 1993) cited by Leckey et al. (2015) as evidence for 
this carbohydrate dependence of high intensity exercise   
included only subjects habituated to HCLF diets. Yet it is 
clear that the habitual diet strongly influences the meta-
bolic response during exercise. Thus studies of athletes 
who subsist on LCHF diets show that such athletes achieve 
higher rates of fat oxidation during exercise at intensities 
of 64% VO2max (Volek et al., 2016), 70% VO2max (Cam-
eron-Smith et al., 2003; Stellingwerff et al., 2006), 72% 
VO2max (Webster et al., 2016), 77% VO2max (Burke et al., 
2017) and even up to 89% VO2max (Vogt et al., 2003) than 
do athletes eating higher carbohydrate diets.  

Accordingly, to determine whether or not athletes 
can perform high intensity exercise whilst eating a LCHF 
diet, we studied competitive recreational athletes perform-
ing frequent 5-km laboratory time trials during adaptation 
to that diet. Racing at this distance is performed at higher 
intensities than longer races in which performance is also 
believed to be carbohydrate dependent (Hawley and 
Leckey, 2015; Spriet, 2007; Williams et al., 1984). We 
tested the hypothesis that the performance of competitive 
recreational athletes would be impaired during simulated 
5km running time trials run at >80% VO2max, compared to 
their performances when they ate a HCLF diet. This would 
confirm   the  current  belief   that   optimum   performance      

during exercise at intensities of >60% (Hawley and 
Leckey, 2015) or >75% VO2max (Stellingwerff et al., 2011) 
is     determined by the athletes’ ability to metabolize car-
bohydrate at high rates (“carbohydrate-dependence”).   

 
Methods 

 
Experimental design 
Participants underwent two 42-day experimental condi-
tions (HCLF or LCHF) in a randomized (www.random-
izer.org), counterbalanced, crossover design with a two 
week washout period between dietary interventions with-
out feeding limitations. Participants were instructed to 
maintain their same training loads for the duration of the 
study. A maximal oxygen consumption (VO2max) test was 
performed at baseline (Day 1) and 6 weeks (Day 39; Figure 
1) following the dietary intervention. A 5-km running time 
trial (5KTT) was performed four times during each dietary 
intervention (Day 4, 14, 28, and 42; Figure 1). Subjects 
were instructed to refrain from caffeine and alcohol con-
sumption for 48 hours and racing or training for 24 hours 
before each exercise test. Testing sessions were conducted 
in the morning, at least eight hours after each subject’s last 
meal in an environment with controlled temperature and 
humidity (19-21C, humidity = 35-40%). All testing took 
place within the Exercise Science Laboratory of the Col-
lege.    

 
 

 
 

 

Figure 1. Timeline of experimental protocol. L/K/G = blood lactate, ketone, and glucose. M/P/PR = metabolic, physiological, 
and perceptual. 
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Participants  
Seven competitive recreational distance runners partici-
pated in this study (Table 1). Included were men who: 1) 
have completed a 5-km distance run under 21 minutes 
within the last 3 months; 2) currently run a minimum of 20 
miles per week; 3) are between the ages of 18 and 45 years; 
4) have >2 years of running experience; 5) currently con-
sume a carbohydrate-based diet (>50% kcals). Participants 
were not currently taking medications or following a LCHF 
or ketogenic diet. Before enrolling in the study, participants 
were fully informed of any associated risks and discom-
forts prior to giving their written informed consent to par-
ticipate.  The experimental protocol was approved by the 
Institutional Review Board of the College prior to imple-
mentation. 
 
 Table 1. Subject Characteristics (n = 7). 

Variable Mean ± SD 
Age (years) 35.6 ± 8.4 
Height (m) 1.79 ± 0.04 
Weight (kg) 68.6 ± 1.6 
BMI (kg/m2) 21.5 ± 1.1 
Body Fat (%) 5.0 ± 1.3 
Fat Mass (kg) 3.5 ± 1.0 
Lean Mass (kg) 65.1 ± 1.5 
Number of 5-km Races 115 ± 122 
Mean Running Distance Per Week (km) 63.0 ± 27.1 
Running Experience (years) 15.1 ± 7.1 

 
Familiarization procedures 
Before the diet interventions began, all the experimental 
procedures were explained to the subjects. Participants un-
derwent an orientation involving practice of treadmill run-
ning and familiarization to the various measurement instru-
ments, equipment, and perceptual measures of affect 
(Hardy and Rejeski, 1989) and of perceived exertion (Rob-
ertson, 2004).  
 
Exercise training monitoring  
Subjects were instructed to maintain their usual training 
frequency during the study intervention without increasing 
or decreasing the training load. Baseline training volume 
was measured one week prior to the intervention by having 
subjects complete a training log (mode, duration, and in-
tensity of each workout). Subjects were provided with a 
copy of their pre-trial log and instructed to maintain the 
same training load throughout the dietary intervention pe-
riod. Training volume was assessed during the first and last 
week of each dietary intervention to measure compliance.  
 
Dietary interventions   
Subjects received a mandatory dietary instruction session 
prior to the beginning of the study. This provided detailed 
instructions on how to keep an accurate record of their food 
intake. The subjects’ habitual dietary intake was assessed 
using a 3-day weighed dietary record, consisting of 2 week 
days and 1 weekend day. In addition, all subjects were re-
quired to provide a 3-day food log (2 weekdays and 1 
weekend) every week during the study. Subjects were 
given a digital portable food scale (Ozeri ZK14-S Pronto, 
San Diego, CA) and instructed to weigh all food items sep-

arately if possible or to estimate the amounts. Diet infor-
mation was entered into a commercial nutrient analysis 
software (Nutritionist Pro™, Axxya Systems, Stafford, 
TX). Subjects were provided with handouts summarizing 
the main aspects of each diet, given a list of suitable foods, 
and a 6-week LCHF and HCLF meal plan. The macronu-
trient goals were: LCHF <50g/day CHO, 75-80% fat, 15–
20% protein and HCLF 60–65% CHO, 15–20% protein, 
20% fat. Both diets were allowed to be consumed ad libi-
tum (to full satiety). No calorie count or limits were insti-
tuted. To prevent orthostatic hypotensive symptoms, the 
LCHF group was advised to consume 1-2g/day of sodium 
(McSwiney et al., 2018). Daily measurements of blood ke-
tones (LCHF diet) and 3-day weighed food records (LCHF 
and HCLF diet) ensured compliance with the dietary re-
gimes. 
 
The two dietary treatments that were investigated in the 
study are summarized below: 

1) The HCLF diet consisted of ad libitum consump-
tion of standard high-carbohydrate foods (cereals, 
pasta, bread, rice, and potatoes), vegetables with 
a high-starch content, low-fat confectionery, lean 
meats, and fish. 

2) The LCHF diet consisted of ad libitum consump-
tion of high-fat meats, beef (e.g., hamburger, 
steak), poultry (e.g., chicken, turkey), eggs, fish, 
cheese, peanut butternuts and seeds, low-starch 
vegetable products, salads with low-carbohydrate 
dressing, oils and water or low carbohydrate diet 
drinks. Foods that were avoided or consumed in-
frequently included fruits and fruit juices, most 
dairy products (with the exception of hard cheeses 
and heavy cream), breads, cereals, beans, rice, 
desserts/sweets, or any other foods containing sig-
nificant amounts of carbohydrate.  

 
Maximal aerobic capacity (Day 1 and 39) 
The VO2max test was performed at baseline (Day 1) and 6 
weeks (Day 39) following the dietary intervention (Figure 
1). Participants arrived at the laboratory between 06:00 h 
and 09:00 h having fasted for the previous eight hours. 
Subjects performed an incremental test to exhaustion on a 
motorized treadmill (Trackmaster TMX425C treadmill, 
Newton, KS). Oxygen consumption (VO2) and carbon di-
oxide production (VCO2) were measured using an auto-
mated metabolic analyzer system (TrueOne 2400, Parvo-
Medics, Sandy, UT) calibrated prior to each exercise test 
using standard calibration gases (16% O2 and 4% CO2), as 
well as a volume calibration using a 3L calibration syringe. 
For measurement of heart rate, subjects wore a Polar Heart 
Rate Monitor (Polar Electro, Kempele, Finland). To 
achieve their comfortable running pace, participants began 
running at a speed between 5–8 mph for 3 min (0% grade). 
After 3 min of running at 0% grade, the speed was kept 
constant and the grade was increased 2.5% every 2 min un-
til volitional exhaustion. Participants’ speed during the first 
VO2max trial was recorded and was replicated during all 
subsequent trials to ensure consistency. Expired gas was 
collected and analyzed continuously, with the final 30 sec 
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of each stage averaged to calculate minute ventilation vol-
ume (VE), Respiratory Rate (RR), VO2 and VCO2. At the 
end of the test, the highest average VO2 value recorded 
over a 30 second period of exercise was considered the sub-
ject’s VO2max.  
 
5-km time trial and body composition (Day 4, 14, 28, 
and 42) 
Body composition and a 5KTT was performed four times 
during each dietary intervention (Day 4, 14, 28, and 42; 
Figure 1). Participants arrived at the laboratory between 
06:00 h and 09:00 h having fasted for the previous eight 
hours. Participants’ body mass (kg) and body composition 
(fat and lean mass) were measured using a Tanita bioelec-
trical impedance analyzer (BIA) (MC-980Uplus, Tanita 
Corporation of America, Arlington Heights, Illinois). To 
determine exercise performance, participants performed a 
5KTT on a motorized treadmill (TMX425C treadmill; 
Trackmaster, Newton, KS, USA). Before the start of the 
5KTT, subjects completed a 5-minute self-paced warm-up 
run. Subjects were instructed to finish the 5KTT as fast as 
possible. The gradient was set at 0.0% grade. Participants 
were provided with feedback on the distance (at regular 
500-m intervals) covered during each 5KTT and where not 
informed of the overall performance time until completion 
of the study. During the 5KTT, participants were allowed 
to adjust their pace via control buttons located on the tread-
mill. Participants were permitted to adjust their speed how 
and whenever they saw fit during the time trial. The speed 
indicator and timing devices was concealed from the par-
ticipant’s view throughout the time trial. Therefore, sub-
jects regulated their treadmill pace according to their per-
ceived exertion associated with the intensity of the exercise 
and their subjective feelings of their running capabilities 
(Prins et al., 2016). Heart rate (Polar Electro, Kempele, 
Finland), RPE (RPE-Overall; RPE-Chest; RPE-Legs) and 
affect (Feeling Scale) were recorded at 500-m intervals 
during the 5KTT. Ratings of perceived exertion and affect 
for the entire exercise session (session RPE and session af-
fect) were obtained 5 minutes following the 5KTT. Meta-
bolic gases were continuously collected during the entire 
time trial using a metabolic cart for assessment of RER, 
VO2, VCO2, VE, RR, and substrate oxidation.  
 
Blood sampling  
Blood samples were measured prior to beginning and at the 
end of each 5KTT. Fingertip blood samples were collected 
and immediately processed for measurement of blood lac-
tate (Lactate Plus, Nova Biomedical), ketones (β-hydroxy-
butyrate; Precision Xtra, Abbott Diabetes Care Inc., 
Almeda, CA) and glucose (Precision Xtra, Abbott Diabetes 
Care Inc., Almeda, CA) concentrations. Fingertip capillary 
samples were collected using a lancet following cleaning 
of the fingertip with an alcohol swab and then dried. The 
first droplet was wiped away with a cotton swab to remove 
any alcohol and the subsequent droplets were used for anal-
ysis.  
 
Metabolic calculations 
The average values for VO2 (L/min) and VCO2 (L/min),  

were calculated over the last minute of each 2-min exercise 
stage in the maximal exercise test, and each minute of the 
5KTT. Carbohydrate and fat oxidation rates were calcu-
lated from VO2 and VCO2 using the stoichiometric equa-
tions with the assumption that urinary nitrogen excretion 
rate is negligible (n = 0) (Webster et al., 2016; Frayn, 
1983). Fat oxidation (g/min) = (1.67 [VO2]) − (1.67 
[VCO2]) and carbohydrate oxidation (g/min) = (4.55 
[VCO2]) − (3.21 [VO2]). Peak fat and carbohydrate oxida-
tion were recorded in the stage with the highest recorded 
fat oxidation and carbohydrate oxidation value.  
 

Statistical analysis  
Statistical analyses were performed using SPSS version 
24.0 (SPSS Inc., Chicago, IL). Statistical significance was 
set a priori at p < 0.05. Descriptive statistics were calcu-
lated for all variables. Normality and absence of large out-
liers were verified by using Shapiro-Wilks test, observing 
the normality plots, and residual plots. Physiological, met-
abolic and perceptual data collected during the 5KTT (5-
km running time, mean exercise heart rate, RER, VO2, 
VCO2, VE, RR, carbohydrate and fat oxidation rates, affect, 
RPE-Chest, RPE-Legs, RPE-Overall, session RPE and ses-
sion affect) were analyzed using a 2 (condition, LCHF vs 
HCLF) x 4 (time) repeated measures analysis of variance. 
A 2 (condition, LCHF vs HCLF) x 2 (Week 1 vs Week 6) 
repeated measures analysis of variance was conducted to 
assess the effect of treatment, time, and interaction between 
treatment and time, on physiological and metabolic data 
obtained during the maximal exercise (VO2max) tests. A 2 
(condition, LCHF vs HCLF)) x 2 (pre 5KTT vs post 5KTT) 
x 4 (time) repeated measures analysis of variance was con-
ducted to assess the effect of treatment, time, and interac-
tion between treatment and time, on blood lactate, blood 
ketones, and blood glucose. Paired samples t-tests were 
used to analyze differences between macronutrient compo-
sition and training load between the two dietary interven-
tions. The assumption of sphericity was confirmed using 
Mauchly's test. Greenhouse-Geisser epsilon corrections 
were used when the sphericity assumption was violated. 
Partial-eta squared (p) was used to report effect size with 
0.01 considered small, 0.06 medium, and 0.14 large effects.  
 
Results 

 
Dietary and exercise adherence   
Energy intake was the same for each diet (Table 2). Sub-
jects ingested less than 50g/d of carbohydrate when on the 
LCHF diet compared to 402g/day on the HCLF diet (6% 
vs 56%, respectively of total daily calories; p = 0.001). Pro-
tein and fat intake were significantly higher on the LCHF 
diet compared to the HCLF diet (p = 0.001; Table 2). There 
were no significant differences for total weekly training 
time or weekly running distance during each 6-week die-
tary intervention (all p’s > 0.44; online supplementary Ta-
ble S3). When on the LCHF diet, subjects’ capillary blood 
βHB concentrations did not significantly change (p = 
0.284) and averaged 0.5 ± 0.05 mmol/L during the 6-week 
LCHF dietary intervention (online supplementary Figure 
S1). 
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Table 2. Summary of dietary intake during the 42-day dietary 
adaptation periods. Values are mean ± SD (n=7). 

Diet LCHF HCLF P Value 
Energy (Kcal/day) 2947 ± 284 2837 ± 251 0.686 
Carbohydrate (g) 43 ± 6.0 402 ± 32 0.001 
Protein (g) 184 ± 28 106 ± 9 0.001 
Fat (g) 226 ± 21 89 ± 14 0.001 
Carbohydrate (%) 6.0 ± 1.3 56.4 ± 2.6 0.001 
Protein (%) 25.1 ± 1.5 15.3 ± 1.1 0.001 
Fat (%) 68.6 ± 2.1 27.8 ± 2.3 0.001 

LCHF, low carbohydrate high fat; HCLF, high carbohydrate low fat. De-
termined from 3 day 24-hour weighed dietary food records including 1 
weekend day. 
 
Maximal exercise (VO2max) testing 
The graded exercise test time to exhaustion (TTE) was not 
different between dietary interventions (p = 0.251, p = 
0.212) and did not change during the trial (p = 1.00; Table 
3). VO2max increased in the LCHF and HCLF conditions 
during each 6-week intervention period (p = 0.027) but was 
not significantly different between diets (p = 0.435, p = 
0.104). Mean (p = 0.001, p = .838) and maximum (p = 
0.009, p = 0.711) carbohydrate oxidation rates were sig-
nificantly higher on the HCLF diet, and mean (p = 0.001, 
p = 0.893) and maximum (p = 0.001, p = 0.887) fat 
oxidation rates were significantly higher on the LCHF diet.  
Peak rates of fat oxidation (1.26 ± 0.20 g/min) on the 
LCHF diet were 63% higher than those measured on the 
HCLF diet (0.66 ± 0.23 g/min; Table 3; online supplemen-
tary Figure S2). In contrast, peak carbohydrate oxidation 
rates were 32% lower on the LCHF diet compared to the 
HCLF diet (Table 3). Peak (p = 0.004, p = 0.772) and 
mean (p = 0.001, p = 0.909) RER were significantly 
lower (10% and 15%, respectively) after 6 weeks on the 
LCHF diet compared to the HCLF diet; Table 3). 
 
5-km time trial performance  

There were no differences in 5KTT performance between 
LCHF (1214 ± 135 sec) and HCLF (1198.0 ± 130) across 
the four time trials (Mdiff = 16 sec; 95% CI, -19 to 51; p = 
0.301, p = 0.176; Day 4, 14, 28, and 42; Table 4; Figure 
2). In comparison to the mean time for the HCLF diet, the 
LCHF diet resulted in an average significant decrease in 
performance for the first 5KTT (Mdiff = 49 sec; 95% CI, 15 
to 82; p = 0.011, p = 0.683; Day 4; Table 4; Figure 2). 
No significant differences in performance were noted be-
tween the LCHF and HCLF condition for any of the other 
time trials (Mdiff = 32 sec; 95% CI, -26 to 91; p = 0.224, 
p = 0.235, Day 14; Mdiff = -5 sec; 95% CI, -51 to 41; p = 
0.806, p = 0.011, Day 28; Mdiff = -12 sec; 95% CI, -108 
to 85; p = 0.777, p = 0.014, Day 42; Table 4; Figure 2). 
Five subjects ran faster on the HCLF diet while two sub-
jects ran faster on the LCHF diet. No learning effect be-
tween the eight different time trials was observed (p = 
0.738). In addition, intraclass correlation coefficients were 
computed for all conditions of all participants of the 5KTT 
and was reported to be ICC r = 0.980 with a 95% confi-
dence interval of 0.932–0.995.  

 

Physiological, metabolic, and perceptual responses dur-
ing the 5-km time trials  
Mean VO2 (L/min, p = 0.041, p = 0.530; and ml/kg/min, 
p = 0. 0.012, p = 0.680) and rate of fat oxidation (p = 
0.001, p = 0.988) were significantly higher (3%, 3%, and 
138%, respectively) on the LCHF diet, respectively; Table 
4; online supplementary Figure S3). Mean carbohydrate 
oxidation rate was significantly higher (41%) on the HCLF 
diet (p = 0.001, p = 0.984; Table 4; online supplementary 
Figure S3)  whereas  mean  RER (p = 0.001, p = 0.958), 
VCO2 (p = 0.001, p = 0.907) and Respiratory Rate (p = 
0.029, p = 0.576) were significantly lower (11%, 6%, 
5%, respectively) on the LCHF diet (Table 4).

 
 Table 3. Measurements during maximal exercise (VO2max) testing (n = 7). Values are Mean ± SD. 

 LCHF HCLF P Value 

Variables 
Pre 

Day 1 
Post 

Day 39 
Pre 

Day 1 
Post 

Day 39 
Condition Time Interaction

Maximal Data 
Time to Exhaustion (sec) 844.3 ± 87.3 818.6 ± 114.5 775.7 ± 107.4 801.4 ± 74.9 0.251 1.000 0.206 
VO2max (ml/kg/min) 61.6 ± 3.1 62.9 ± 6.9 60.6 ± 8.4 62.5 ± 6.0 0.435 0.027 0.854 
VO2max (L/min) 4.2 ± 0.2 4.3 ± 0.6 4.2 ± 0.6 4.3 ± 0.4 0.476 0.088 0.773 
VCO2max (L/min) 4.6 ± 0.3 4.4 ± 0.7 4.7 ± 0.7 4.9 ± 0.5 0.022 0.812 0.316 
HRmax (b/min) 180.9 ± 11.4 181.1 ± 10.0 178.6 ± 15.0 179.2 ± 10.5 0.195 0.757 0.881 
VEmax (L/min) 115.3 ± 26.1 121.3 ± 23.5 119.0 ± 17.1 125.2 ± 20.9 0.514 0.086 0.987 
RRmax (bpm) 47 ± 10 47 ± 8 48 ± 8 47 ± 9 0.774 0.920 0.613 
Peak RER 1.09 ± 0.09 1.03 ± 0.08 1.13 ± 0.07 1.14 ± 0.05 0.004 0.176 0.072 
Peak Carbohydrate Oxidation (g/min) 7.2 ± 1.5 6.2 ± 1.6 8.0 ± 1.5 8.5 ± 1.2 0.009 0.522 0.148 
Peak Fat Oxidation (g/min) 1.01 ± 0.21 1.26 ± 0.20 0.67 ± 0.14 0.66 ± 0.23 0.001 0.093 0.072 

 Average Data 
Mean VO2 (ml/kg/min) 44.8 ± 2.5  45.2 ± 4.0 43.7 ± 4.4 44.3 ± 3.1 0.134 0.588 0.906 
Mean VO2 (L/min) 3.1 ± 0.2 3.1 ± 0.3 3.0 ± 0.3 3.0 ± 0.2 0.283 0.738 0.523 
Mean VCO2 (L/min) 2.8 ± 0.3 2.6 ± 0.3 2.9 ± 0.4 3.0 ± 0.2 0.015 0.465 0.149 
Mean VE (L/min) 70.7 ± 19.0 71.9 ± 15.9 72.9 ± 13.0 77.4 ± 14.5 0.216 0.053 0.588 
Mean RR (bpm) 34 ± 7 34 ± 6 36 ± 8 36 ± 8 0.064 0.850 0.845 
Mean RER 0.9 ± 0.06 0.83 ± 0.05 0.95 ± 0.04 0.96 ± 0.03 0.001 0.042 0.050 
Mean Carbohydrate Oxidation (g/min) 3.0 ± 0.9 2.1 ± 0.8 3.6 ± 0.8 3.7 ± 0.4 0.001 0.106 0.075 
Mean Fat Oxidation (g/min) 0.43 ± 0.34 0.74 ± 0.25 0.16 ± 0.22 0.13 ± 0.18 0.001 0.032 0.047 
LCHF, low carbohydrate high fat; HCLF, high carbohydrate low fat; VO2 = oxygen consumption; VCO2 = carbon dioxide production; HR = heart rate; 
RER = Respiratory exchange ratio; VE = ventilation; RR = Respiratory Rate 
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Table 4. Physiological, metabolic, respiratory, and performance data collected during the 5 km time trials (N = 7). Values are 
Mean ± SD. 

LCHF Running Trials HCLF Running Trials P Value 

 
 

Day 4 
 

Day 14 
 

Day 28 
 

Day 42 
Mean

 
Day 4 

 
Day 14 

 
Day 28 

 
Day 42 

Mean COND Time Interaction

Mean VO2  
(L/min) 

3.5  
±0.5 

3.6  
±0.6 

3.7  
±0.5 

3.7  
±0.8  

3.6  
±0.6 

3.6 
±0.5 

3.6 
±0.5 

3.6  
±0.5 

3.4  
±0.7 

3.5  
±0.5 

0.041 0.842 0.207 

Mean VCO2  
(L/min) 

3.1  
±0.5 

3.2  
±0.6 

3.2 
±0.5 

3.3  
±0.8 

3.2  
±0.6 

3.5  
±0.5 

3.5  
±0.6 

3.5  
±0.6 

3.3  
±0.8 

3.4  
±0.6 

0.001 0.840 0.340 

RER 
0.89  

±0.04 
0.87  

±0.05
0.87  

±0.05 
0.86  

±0.05 
0.87 

±0.04
0.97  

±0.04 
0.97  

±0.04 
0.98  

±0.03 
0.96  

±0.05 
0.97  

±0.03 
0.001 0.280 0.578 

Mean VO2  
(ml/kg/min) 

51.3  
±7.2 

52.6  
 ±8.0 

54.1 
±6.7 

55.2 
±11.1 

53.3 
±7.8 

52.0  
±7.4 

52.7  
±7.1 

51.9  
±7.0 

49.7  
±10.5 

51.6  
±7.2 

0.012 0.857 0.168 

Mean VO2  
(%VO2max) 

82.2  
±6.6 

84.2 
±8.0 

86.9 
±8.3 

88.2 
±12.9 

85.4 
±7.8 

84.4  
±7.6 

85.6  
±4.7 

84.3  
±5.7 

80.8  
±13.7 

83.8  
±6.0 

0.340 0.836 0.187 

VE  
(L/min) 

86.9  
±24.3 

87.8  
±26.6

93.0 
±22.1 

99.0 
±29.3 

91.7 
±24.2

93.5  
±13.5 

93.3  
±9.7 

93.3  
±11.1 

95.0  
±26.1 

93.8  
±13.1 

0.743 0.424 0.472 

RR  
(bpm) 

42.7  
±6.6 

42.4  
±6.7 

43.0 
±6.2 

43.4 
±7.2 

42.9 
±6.6 

44.7  
±7.9 

44.9 
±8.6 

44.3  
±7.6 

44.9  
±7.7 

44.7  
±7.7 

0.029 0.923 0.720 

Mean Carbohydrate  
Oxidation (g/min) 

3.0  
±0.9 

2.9  
±1.1 

3.0 
±0.9 

2.9  
±1.3 

2.9  
±1.0 

4.4  
±0.9 

4.4  
±1.1 

4.6  
±1.0 

4.1 
±1.4 

4.4  
±0.9 

0.001 0.618 0.753 

Mean Fat Oxidation   
(g/min) 

0.63  
±0.15 

0.71  
±0.23

0.71 
±0.15 

0.78  
±0.26 

0.71 
±0.18

0.14 
±0.18 

0.14  
±0.24 

0.08  
±0.18 

0.17  
±0.20 

0.13  
±0.16 

0.001 0.156 0.586 

Heart Rate  
(b.min-1) 

172 
±13 

175 
±10 

172 
±13 

172 
±15 

173 
±12 

171 
±12 

171 
±13 

168 
±14 

167  
±16 

169  
±13 

0.051 0.349 0.696 

Time 
(sec) 

1231  
±137 

1217 
±153 

1198 
±116 

1211 
±152 

1214 
±135

1182 
±119 

1185 
±138 

1203 
±143 

1223 
±175 

1198 
±130 

0.301 0.920 0.282 

LCHF, low carbohydrate high fat; HCLF, high carbohydrate low fat; COND= Condition; HR = heart rate; RER = Respiratory exchange ratio; VO2 = 
oxygen consumption; VCO2 = carbon dioxide production; VE = ventilation; RR = Respiratory Rate. 
 
No significant differences between diets were observed for 
mean percentage of maximal oxygen consumption 
(%VO2max; p = 0.340), mean VE (p = 0.743), mean heart 
rate (p = 0.051; Table 4), mean RPE (Chest, legs, overall; 
p = 0.933, p = 0.680, p = 0.486, respectively), mean session 
RPE (p = 0.325), and mean session affect (p = 0.419; online 
supplementary Table S1). None of aforementioned varia-
bles changed significantly during the course of the four 
time trials over the 6 weeks of the experiment (all p’s > 
0.34). 

 
 

 
 

Figure 2. Mean and individual 5-km time trial running times 
for LCHF and HCLF. Values are Mean ± SE. (N=7). * Significant 
difference between LCHF and HCLF conditions (p < 0.05). 

 
Blood metabolite data 
Blood lactate and glucose concentrations rose from base-
line to the end of exercise (p < 0.001) but there were no 
significant differences between conditions at any time 
point (p > 0.05; online supplementary Table S2). Blood 

βHB was significantly higher both before and after exer- 
cise on the LCHF diet compared to the HCLF diet (p = 
0.004; online supplementary Table S3). 

 
Body composition data 
There were no changes in body mass (p = 0.549), body fat 
(p = 0.176), fat mass, (p = 0.160) and lean mass (p = 0.549) 
on either diet and across time trials (p > 0.05; online sup-
plementary Table S4). 
 
Discussion 
 

There were five relevant findings in this study. First, we 
document that subjects reduced their carbohydrate and in-
creased their fat intakes appropriately when following the 
LCHF diet for 42 days. Second, subjects maintained their 
performances during maximal (VO2max) exercise testing. 
Third, running performance was impaired during the initial 
5KTT which was performed within the first ~4 days of ex-
posure to the LCHF diet. However, running performance 
on the LCHF diet improved thereafter. Accordingly, the 
fourth relevant finding was that 5KTT performance was the 
same on both diets for the remainder of the 6 weeks trial. 
Finally, athletes ran at ~82%VO2max during the 5KTTs. 
This exceeds the apparent threshold intensity of 60-
75%VO2max, at which it is believed that fat oxidation is no 
longer able to support high intensity exercise (Hawley and 
Leckey, 2015; Stellingwerff and Boit, 2007; Stellingwerff 
et al., 2011; Costa et al., 2018).  

The first relevant finding was that subjects reduced 
their carbohydrate and increased their fat intakes appropri-
ately when following the LCHF intervention diet (Table 2).  
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Proof that the subjects correctly followed the LCHF diet 
were their elevated blood ketone concentrations (online 
supplementary Figure S1). Evidence that the subjects had 
adapted metabolically, at least in part to the higher fat diet, 
was the significantly higher rates of fat oxidation during 
maximal exercise (Table 3) and during the 5KTTs (Table 
4).  

Our next important finding was the absolute VO2max 
value and exercise time to exhaustion during the VO2max 
test, was the same independent of diet (Table 3). Peak 
workload – also measured as exercise time to exhaustion - 
rather than measured VO2max value is the better measure of 
athletic ability (Noakes et al., 1990).  A high fat diet in-
creases the oxygen cost of running at any speed (Table 3) 
as previously reported (Burke et al., 2017). As a result, be-
cause of a higher VO2 at any running speed whilst eating 
the LCHF diet, athletes might achieve the same VO2max but 
at a lower peak work rate or a reduced exercise time to ex-
haustion when eating the HCLF diet. Thus, equivalent 
VO2max values on both diets could falsely hide an impaired 
exercise performance on the LCHF diet, resulting from the 
increased oxygen cost of running (Noakes and Tucker, 
2004).  

This finding that the LCHF diet did not impair ei-
ther the measured VO2max or the exercise time to exhaus-
tion during the VO2max test clearly conflicts with the tradi-
tional doctrine (Krogh and Lindhard, 1920; Hawley et al., 
1998; Jeukendrup 2003; Stellingwerff and Boit, 2007; Stel-
lingwerff et al., 2011; Burke et al., 2011; Hawley and 
Leckey, 2015; Costa et al., 2018; Burke and Hawley, 2018; 
Cermak and van Loon, 2013; Jeukendrup et al., 2000; 
Spriet, 2007; Williams et al., 1984; Bartlett et al., 2015; 
Burke, 2015;Leckey et al., 2015).  Yet many have reported 
this finding (Vogt et al., 2003; Horvath et al., 2000; Paoli 
et al., 2012; Cipryan et al., 2017; Heatherly et al., 2018; 
Miele et al., 2018).  A logical counter-argument is that even 
when eating a LCHF diet, subjects still have substantial 
muscle glycogen stores (Volek et al., 2016; Webster et al. 
2016; Hoppeler et al., 1999; Van Proeyen et al., 2010). This 
muscle glycogen would be more than adequate to fuel sin-
gle bouts of high intensity exercise. As a result, persons 
eating an LCHF diet would still be able to perform some 
high intensity exercise, even if only of the short duration 
required to measure the VO2max.  

But others (Hetlelid et al., 2015) have argued that 
the fastest athletes show higher rates of fat, but not carbo-
hydrate oxidation during exercise at 94%VO2max. In that 
study, the superior running ability of the fastest sprinters 
“was explained by their nearly threefold higher rates of fat 
oxidation at high intensity” (without any evidence for su-
perior rates of carbohydrate use). Another study showed 
that fat oxidation provided 20% of the energy requirements 
for the fifth and seventh repetitions in interval repetitions 
at 86% VO2max (Stepto et al., 2001). These studies show 
that a substantial contribution of fat oxidation to energy use 
even at very high exercise intensities, may have been over-
looked in the past. 

The third key finding was that performance in the 
initial 5KTT, after subjects had been eating the LCHF diet 
for ~4 days, was significantly impaired (Figure 1). This has 
been reported frequently (Krogh and Lindhard, 1920; Kark  

et al., 1945; Bergstrom et al., 1967). 
The fourth key finding was that performances in the  

second and all subsequent 5KTTs were the same on both 
diets (Figure 2). During this period athletes maintained the 
same training load (online supplementary Table S3). Oth-
ers found that adaptation to a LCHF diet did not impair 5-
km exercise performance (Heatherly et al., 2018). In fact, 
6 of the 8 athletes in that study improved their performance 
after 3 weeks on the LCHF diet. Our failure to show an 
impaired exercise performance in those eating the LCHF 
diet disproves the belief that chronic dietary-induced 
changes in skeletal muscle metabolism must impair exer-
cise performance in all persons eating this diet (Stel-
lingwerff et al., 2006). Instead we argue that performance 
during exercise is a centrally-regulated outcome (Noakes 
et al., 2005; Amann et al., 2006; Venhorst et al., 2018) in 
which the key performance determinant is the extent to 
which the athlete chooses to continue recruiting a large 
skeletal muscle mass in the face of changing physiological, 
emotional and motivational inputs (Venhorst et al., 2018). 
A diet change could act on many different components of 
the human biology, either singly or in combination.  

The fifth important finding was that athletes 
achieved an exercise intensity >82% of VO2max during 
these time trials (Table 4) and were able to extract a sub-
stantial percentage of their energy from fat oxidation at that 
exercise intensity. This is important because this exercise 
intensity is well above the supposed “carbohydrate depend-
ent” prescriptive exercise intensity of 60-75%VO2max (Stel-
lingwerff and Boit, 2007; Stellingwerff et al., 2011; Haw-
ley and Leckey, 2015; Costa et al., 2018).  

Calculations based on data in Table 4 also reveal 
that during the 5KTTs, subjects derived 94% of their total 
energy expenditure from carbohydrate oxidation when eat-
ing the HCLF diet; this reduced to 65% on the LCHF. 
Thus, even when exercising at ~82%VO2max, fat-adapted 
athletes oxidized fat at rates 5.25 times faster than when 
they ate the HCLF diet (6.3 vs 1.2Kcal/min). Yet their rates 
of carbohydrate oxidation (11.6 vs 17.5Kcal/min) were still 
66% of that achieved during the HCLF diet. Other studies 
show that fat oxidation in athletes adapted to the LCHF diet 
provided 52% of total energy during 20 minutes of exercise 
at 70% VO2max (Cameron-Smith et al., 2003); 69% during 
2 hours of exercise at 72%VO2max (Webster et al., 2016); 
approximately 80% during a 100-km cycling time trial 
(McSwiney et al., 2018), and 87% during 3 hours’ exercise 
at 64%VO2max (Volek et al., 2016). 

It is argued that athletes eating a LCHF diet develop 
impaired “metabolic flexibility” (Burke, 2015).  This ex-
periment shows the opposite. On the HCLF diet subjects 
showed an almost complete dependence on carbohydrate 
oxidation during exercise at >80%VO2max. In contrast 
when eating the LCHF diet, athletes retained the capacity 
to oxidize both fat and carbohydrate at high rates during 
exercise at that intensity whilst maintaining their perfor-
mance capacity.  Superior metabolic flexibility would 
likely be beneficial during ultradistance events as maximal 
fat oxidation rate measured during a graded exercise test is 
a significant predictor of performance time during the    
Ironman Triathlon (Frandsen et al., 2017).  

The study of Burke et al (2017) shows how quickly  
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major changes in metabolism can develop in athletes 
adopting a LCHF diet. After just 3 weeks exposure to a 
LCHF diet, elite race walkers increased the amount of en-
ergy derived from fat during the final kilometer of a 25km 
time trial when exercising at 77%VO2max, from 33% on a 
HCLF diet to 86% on a LCHF diet (their Figure 5). As a 
result, the LCHF diet caused the percentage contribution of 
carbohydrate to total energy expenditure to fall from 66% 
on the HCLF diet to 14% on the LCHF diet. 

Finally, when properly trained these athletes, able 
to run 5-km in ~20 minutes, should be able to run a 26-mile 
marathon in 3hr18min (Noakes, 1991) making them faster 
than 88% of the estimated 500,000 U.S marathon finishers 
(Marathon Statistics, 2019). This might suggest that the 
overwhelming majority of competitive recreational US 
marathon runners may not need to eat a HCLF diet in order 
to optimize their performance.   

 

Limitations 
Multiple limitations should be considered with interpreta-
tion of the present study. The present study included a 
small number of subjects participating in the experiment 
and bioelectrical impedance was used for body composi-
tion analysis. In addition, intramuscular glycogen levels 
were not directly measured, which could have enhanced 
our understanding of the results. Additionally, a 2-week 
washout period may have been insufficient to eliminate 
carry-over effects of the previous dietary intervention. 
However, random allocation slightly reduced the influence 
of the short washout period. Lastly, diets where consumed 
ad libitum and subjects were instructed not to change their 
training load for the duration of the study. Therefore, we 
were reliant on subjects to accurately comply with each di-
etary intervention and to monitor their training appropri-
ately.    

 
Conclusion 
 
In summary, our study shows that compared to when they 
ate a HCLF diet, running performance during 5KTTs run 
at ~80%VO2max and during which 35% of energy was de-
rived from fat oxidation was not impaired when athletes ate 
a LCHF diet for between 13 to 42 days. In contrast when 
eating the HCLF diet, 94% of energy was derived from car-
bohydrate oxidation without any improvement in perfor-
mance. 
 
Acknowledgements  
The study was internally funded by the Grove City College Jewell, Moore, 
& McKenzie Fund. The experiments comply with the current laws of the 
country in which they were performed. The authors have no conflict of 
interest to declare.  
 

References  
 
Achten, J., Venables, MC. and Jeukendrup, AE. (2003) Fat oxidation rates 

are higher during running compared with cycling over a wide 
range of intensities. Metabolism 52, 747-752. 

Amann, M., Eldridge, M. W., Lovering, A. T., Stickland, M. K., Pegelow, 
D. F. and Dempsey, J. A. (2006. Arterial oxygenation influences 
central motor output and exercise performance via effects on     
peripheral locomotor muscle fatigue in humans. The Journal of 
Physiology 575(3), 937-952.  

Bartlett, J. D., Hawley, J. A. and Morton, J. P. (2015) Carbohydrate avail-
bility and exercise training adaptation: too much of a good 
thing?. European Journal of Sport Science 15(1), 3-12.  

Bergström, J., Hermansen, L., Hultman, E. and Saltin, B. (1967) Diet, 
muscle glycogen and physical performance. Acta Physiologica  
Scandinavica 71(2‐3), 140-150. 

Burke, L. M., Hawley, J. A., Wong, S. H. and Jeukendrup, A. E. (2011) 
Carbohydrates for training and competition. Journal of Sports 
Sciences 29(sup1), S17-S27. 

Burke, L. M. and Hawley, J. A. (2018) Swifter, higher, stronger: What’s 
on the menu?. Science 362(6416), 781-787.  

Burke, L. M. (2015) Re-examining high-fat diets for sports performance: 
did we call the ‘nail in the coffin’too soon? Sports Medicine 
45(1), 33-49. 

Burke, L. M., Ross, M. L., Garvican‐Lewis, L. A., Welvaert, M., Heikura, 
I. A., Forbes, S. G. and Hawley, J. A. (2017) Low carbohydrate, 
high fat diet impairs exercise economy and negates the perfor-
mance benefit from intensified training in elite race walkers. The 
Journal of Physiology 595(9), 2785-2807. 

Cermak, N. M. and van Loon, L. J. (2013) The use of carbohydrates dur-
ing exercise as an ergogenic aid. Sports Medicine 43(11), 1139-
1155. 

Cameron-Smith, D., Burke, L. M., Angus, D. J., Tunstall, R. J., Cox, G. 
R., Bonen, A. and Hargreaves, M. (2003) A short-term, high-fat 
diet up-regulates lipid metabolism and gene expression in human 
skeletal muscle. The American Journal of Clinical Nutrition 
77(2), 313-318. 

Capostagno, B. and Bosch, A. (2010) Higher fat oxidation in running than 
cycling at the same exercise intensities. International Journal of 
Sport Nutrition and Exercise Metabolism 20(1), 44-55. 

Cipryan, L., Tschakert, G. and Hofmann, P. (2017) Acute and post-exer-
cise physiological responses to high-intensity interval training in 
endurance and sprint athletes. Journal of Sports Science & Med-
icine 16(2), 219-229. 

Costa, R. J., Hoffman, M. D. and Stellingwerff, T. (2018) Considerations 
for ultra-endurance activities: Part 1-nutrition. Research in 
Sports Medicine 27(2), 166-181. 

 Frandsen, J., Vest, S. D., Larsen, S., Dela, F. and Helge, J. W. (2017) 
Maximal fat oxidation is related to performance in an Ironman 
triathlon. International Journal of Sports Medicine 38(13), 975-
982. 

Frayn, K. N. (1983) Calculation of substrate oxidation rates in vivo from 
gaseous exchange. Journal of Applied Physiology 55(2), 628-
634. 

Hardy, C. J. and Rejeski, W. J. (1989) Not what, but how one feels: the 
measurement of affect during exercise. Journal of Sport and Ex-
ercise Psychology 11(3), 304-317. 

Havemann, L., West, S. J., Goedecke, J. H., Macdonald, I. A., St Clair 
Gibson, A., Noakes, T. D. and Lambert, E. V. (2006) Fat adap-
tation followed by carbohydrate loading compromises high-in-
tensity sprint performance. Journal of Applied Physiology 
100(1), 194-202.  

Hawley, J. A. and Leckey, J. J. (2015) Carbohydrate dependence during 
prolonged, intense endurance exercise. Sports Medicine 45(1), 5-
12. 

Hawley, J. A., Brouns, F. and Jeukendrup, A. (1998) Strategies to enhance 
fat utilisation during exercise. Sports Medicine 25(4), 241-257. 

Heatherly, A. J., Killen, L. G., Smith, A. F., Waldman, H. S., Seltmann, 
C. L., Hollingsworth, A. and O'Neal, E. K. (2018) Effects of Ad 
libitum Low-Carbohydrate High-Fat Dieting in Middle-Age 
Male Runners. Medicine and Science in Sports and Exercise 
50(3), 570-579. 

Hetlelid, K. J., Plews, D. J., Herold, E., Laursen, P. B. and Seiler, S. 
(2015) Rethinking the role of fat oxidation: substrate utilisation 
during high-intensity interval training in well-trained and recre-
ationally trained runners. BMJ Open Sport & Exercise Medicine 
1(1), e000047. 

Hoppeler, H., Billeter, R., Horvath, P. J., Leddy, J. J. and Pendergast, D. 
R. (1999) Muscle structure with low-and high-fat diets in well-
trained male runners. International Journal of Sports Medicine 
20(08), 522-526. 

Horvath, P. J., Eagen, C. K., Fisher, N. M., Leddy, J. J. and Pendergast, 
D. R. (2000) The effects of varying dietary fat on performance 
and metabolism in trained male and female runners. Journal of 
the American College of Nutrition 19(1), 52-60. 



Low-carbohydrate diet and 5-km running performance 
 

 

 

746 

Jeukendrup, A. E. (2003) High-carbohydrate versus high-fat diets in en-
durance sports. Schweizerische Zeitschrift fur Sportmedizin und  
Sporttraumatologie 51(1), 17-24. 

Jeukendrup, A. E., Craig, N. P. and Hawley, J. A. (2000) The bioenerget-
ics of world class cycling. Journal of Science and Medicine in 
Sport 3(4), 414-433. 

Kark, R. M., Johnson, R. E. and Lewis, J. S. (1945) Defects of pemmican 
as an emergency ration for infantry troops. War Medicine 7, 345-
352. 

Krogh, A. and Lindhard, J. (1920). The changes in respiration at the tran-
sition from work to rest. The Journal of Physiology 53(6), 431-
439. 

 Leckey, J. J., Burke, L. M., Morton, J. P. and Hawley, J. A. (2015) Alter-
ing fatty acid availability does not impair prolonged, continuous 
running to fatigue: Evidence for carbohydrate dependence. Jour-
nal of Applied Physiology 120(2), 107-113. 

van Loon, L. J., Greenhaff, P. L., Constantin‐Teodosiu, D., Saris, W. H., 
and Wagenmakers, A. J. (2001) The effects of increasing exer-
cise intensity on muscle fuel utilisation in humans. The Journal 
of Physiology 536(1), 295-304. 

Marathon Statistics. (2019) Available from URL: https://mara-
stats.com/marathon/. Retrieved: February 27, 2019.  

McSwiney, F. T., Wardrop, B., Hyde, P. N., Lafountain, R. A., Volek, J. 
S. and Doyle, L. (2018) Keto-adaptation enhances exercise per-
formance and body composition responses to training in endur-
ance athletes. Metabolism 81, 25-34. 

Miele, E. M., Vitti, S., Christoph, L., O’neill, E. C., Matthews, T. D., & 
Wood, R. J. (2018) The Effects Of A Six-week Ketogenic Diet 
On The Performance Of Short-duration, High-intensity Exercise: 
A Pilot Study. Medicine & Science in Sports & Exercise 50(5S), 
792. 

Noakes, T. D., Gibson, A. S. C., & Lambert, E. V. (2005) From catastro-
phe to complexity: a novel model of integrative central neural 
regulation of effort and fatigue during exercise in humans: sum-
mary and conclusions. British Journal of Sports Medicine 39(2), 
120-124. 

Noakes, T. D., Myburgh, K. H., & Schall, R. (1990) Peak treadmill run-
ning velocity during the VO2 max test predicts running perfor-
mance. Journal of Sports Sciences 8(1), 35-45. 

Noakes, T., & Tucker, R. (2004) Inverse relationship between VO2max 
and economy in world-class cyclists. Medicine & Science in 
Sports & Exercise 36(6), 1083-1084. 

Noakes, T. (1991) Lore of running. Champaign, IL. 
Paoli, A., Grimaldi, K., D’Agostino, D., Cenci, L., Moro, T., Bianco, A., 

& Palma, A. (2012) Ketogenic diet does not affect strength per-
formance in elite artistic gymnasts. Journal of the International 
Society of Sports Nutrition 9(1), 34. 

Prins, P. J., Goss, F. L., Nagle, E. F., Beals, K., Robertson, R. J., Lova-
lekar, M. T., & Welton, G. L. (2016) Energy Drinks Improve 
Five-Kilometer Running Performance in Recreational Endur-
ance Runners. Journal of Strength and Conditioning Research 
30(11), 2979-2990. 

Robertson, R. J. (2004) Perceived exertion for practitioners: rating effort 
with the OMNI picture system. Human Kinetics. 

Romijn, J. A., Coyle, E. F., Sidossis, L. S., Gastaldelli, A., Horowitz, J. 
F., Endert, E., & Wolfe, R. R. (1993) Regulation of endogenous 
fat and carbohydrate metabolism in relation to exercise intensity 
and duration. American Journal of Physiology-Endocrinology 
And Metabolism 265(3), E380-E391. 

Spriet, L. L. (2007) Regulation of substrate use during the marathon. 
Sports Medicine 37(4-5), 332-336. 

Stellingwerff, T., & Boit, M. K. (2007) Nutritional strategies to optimize 
training and racing in middle-distance athletes. Journal of Sports 
Sciences 25(S1), S17-S28. 

Stellingwerff, T., Maughan, R. J., & Burke, L. M. (2011) Nutrition for 
power sports: middle-distance running, track cycling, rowing, 
canoeing/kayaking, and swimming. Journal of Sports Sciences 
29(sup1), S79-S89. 

Stellingwerff, T., Spriet, L. L., Watt, M. J., Kimber, N. E., Hargreaves, 
M., Hawley, J. A., & Burke, L. M. (2006) Decreased PDH acti-
vation and glycogenolysis during exercise following fat adapta-
tion with carbohydrate restoration. American Journal of Physiol-
ogy-Endocrinology and Metabolism 290(2), E380-E388. 

Stepto, N. K., Martin, D. T., Fallon, K. E., & Hawley, J. A. (2001) Meta-
bolic demands of intense aerobic interval training in competitive 
cyclists. Medicine and Science in Sports and Exercise 33(2), 
303-310.  

Van Proeyen, K., Szlufcik, K., Nielens, H., Pelgrim, K., Deldicque, L., 
Hesselink, M., & Hespel, P. (2010) Training in the fasted state 
improves glucose tolerance during fat‐rich diet. The Journal of 
physiology 588(21), 4289-4302. 

Venhorst, A., Micklewright, D. P., & Noakes, T. D. (2018) The psycho-
physiological determinants of pacing behaviour and performance 
during prolonged endurance exercise: a performance level and 
competition outcome comparison. Sports Medicine 48(10), 
2387-2400. 

Vogt, M., Puntschart, A., Howald, H., Mueller, B., Mannhart, C., Gfeller-
Tuescher., & Hoppeler, H. (2003) Effects of dietary fat on mus-
cle substrates, metabolism, and performance in athletes. Medi-
cine & Science in Sports & Exercise 35(6), 952-960. 

Volek, J. S., Freidenreich, D. J., Saenz, C., Kunces, L. J., Creighton, B. 
C., Bartley, J. M., ... & Lee, E. C. (2016) Metabolic characteris-
tics of keto-adapted ultra-endurance runners. Metabolism 65(3), 
100-110. 

Webster, C. C., Noakes, T. D., Chacko, S. K., Swart, J., Kohn, T. A., & 
Smith, J. A. (2016) Gluconeogenesis during endurance exercise 
in cyclists habituated to a long‐term low carbohydrate high‐fat 
diet. The Journal of Physiology 594(15), 4389-4405. 

Williams, C., Brewer, J., & Patton, A. (1984) The metabolic challenge of 
the marathon. British Journal of Sports Medicine 18(4), 244. 

 
 

Key points 
 

 We found that athletes running 5km time trials at 
>80%VO2max performed equally well when eating di-
ets high in either carbohydrate or fat for 14 days or 
more.  

 But performance during the initial maximal exercise 
test performed within 4 days of adopting the low car-
bohydrate diet was impaired. 

 Athletes involved in higher intensity exercise (>60% 
VO2max) are usually advised to eat high carbohydrate 
diets (7-12g carbohydrate/kg body weight/day). Our 
study shows that the vast majority of recreational ath-
letes (best marathon times slower than 3hrs 20min) 
may not need to eat high carbohydrate diets to opti-
mize performance in both racing and training. 
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Supplemantary Tables and Figures 
 

 Table S1.   5-km time trial perceptual data (n = 7). Values are Mean ± SD. 
  LCHF Running Trials HCLF Running Trials P Value 

   
Day 4 

 
Day 14 

 
Day 28 

 
Day 42 

Mean
 

Day 4
 

Day 14
 

Day 28
 

Day 42
Mean Condition Time Interaction

Affect 
-0.9 ± 
1.73 

-0.7 ± 
1.74 

-0.9 ± 
1.49 

-0.9 ± 
1.51 

-0.9 ± 
0.11 

-0.5 ± 
1.52 

-0.9 ± 
1.41 

-0.8 ± 
1.64 

-0.9 ± 
1.48 

-0.8 ± 
0.20 

0.661 0.946 0.494 

RPE-C 
6.0 ±   
1.52 

5.7 ±   
1.27 

6.0 ±   
1.04 

6 .0 ±   
1.05 

5.9 ±   
0.14 

5.7 ±   
1.12 

6.2 ±  
1.62 

5.8 ±   
1.36 

6.0 ±   
1.25 

5.9 ±   
0.23 

0.933 0.904 0.122 

RPE-L 
6.0 ±   
1.20 

6.1 ±   
0.81 

5.9 ±   
0.83 

6.2 ±   
0.80 

6.0 ±   
0.13 

5.8 ±   
1.04 

5.9 ±  
1.21 

5.7 ±   
1.36 

6.2 ±   
0.78 

5.9 ±   
0.23 

0.680 0.355 0.947 

RPE-O 
6.1 ±   
1.21 

6.3 ±   
0.97 

6.2 ±   
0.83 

6.4 ±   
0.76 

6.2 ±   
0.11 

6.0 ±   
0.99 

6.2 ±  
1.11 

5.9 ±   
1.30 

6.3 ±   
1.06 

6.1 ±   
0.18 

0.486 0.606 0.654 

Session 
RPE 

7.9 ±   
1.46 

7.9 ±   
0.84 

7.1 ±   
1.07 

6.9 ±   
1.21 

7.4 ±   
0.53 

7.1 ±   
0.90 

7.0 ±  
1.41 

7.0 ±   
1.41 

7.3 ±   
1.38 

7.1 ±   
0.14 

0.325 0.484 0.112 

Session 
Affect 

-2.1 ± 
1.95 

-2.0 ±   
1.41 

-1.7 ± 
1.38 

-1.4 ± 
1.81 

-1.8 ± 
0.32 

-1.3 ± 
1.60 

-1.3 ± 
2.29 

-1.6 ± 
1.90 

-2.0 ±  
1.53 

-1.5 ± 
0.34 

0.419 0.996 0.282 

LCHF, low carbohydrate high fat; HCLF, high carbohydrate low fat; RPE-O = RPE for overall body; RPE-C = RPE for chest; RPE-L = RPE for legs; 
RPE = rating of perceived exertion (OMNI rating of exertion) 

 
Table S2.  Blood metabolite data (n = 7). Values are Mean ± SD. 

    LCHF Running Trials HCLF Running Trials P Value 

  
  

 
Day 4 

 
Day 14 

 
Day 28 

 
Day 42 

 
Day 4

 
Day 14 

 
Day 28 

 
Day 42 

Condition Time Interaction

Blood Glucose 
(mg/dl) 

Pre 
80.6 ±   

3.2 
85.7 ±   

4.2 
84.0 ±   

6.5 
82.6 ±   

9.1 
89.3 ±  
10.4 

91.1 ±   
12.3 

86.0 ±   
9.5 

87.1 ±   
8.6 

      

Post 
114.4 ± 

17.0 
134.7 ± 

21.5 
129.3 ± 

18.1 
134.4 ± 

25.8 
144.9 ± 

29.2 
131.0 ± 

22.8 
132.4 ± 

24.9 
141.3 ± 

22.4 
0.063 0.603 0.126 

Blood Lactate 
(mmol/L) 

Pre 
1.60 ±   
1.09 

1.37 ±   
1.25 

1.01 ±   
0.80 

1.10 ±   
0.53 

1.01 ±  
0.58 

1.09 ±   
0.39 

0.79 ±   
0.16 

1.27 ±   
0.53 

   

Post 
5.29 ±   
2.16 

7.20 ±   
4.17 

7.04 ±   
3.15 

5.30 ±   
1.99 

5.31 ±  
1.82 

6.09 ±   
3.31 

6.16 ±   
3.16 

5.36 ±   
2.36 

0.417 0.529 0.838 

Blood Ketone 
(mmol/L) 

Pre 
0.66 ±   
0.28 

0.40 ±   
0.17 

0.47 ±   
0.26 

0.64 ±   
0.57 

0.11 ±  
0.04 

0.13 ±   
0.05 

0.16 ±   
0.05 

0.17 ±   
0.05 

      

Post 
0.37 ±   
0.16 

0.31 ±   
0.11 

0.36 ±   
0.09 

0.36 ±   
0.21 

0.13 ±  
0.05 

0.16 ±   
0.05 

0.16 ±   
0.05 

0.14 ±   
0.05 

0.004 0.617 0.082 

LCHF, low carbohydrate high fat; HCLF, high carbohydrate low fat; Pre = immediately before time trial; Post = immediately after time trial.  
 
Table S3. Training load (n = 7). Values are Mean ± SD. 

  
  

LCHF HCLF 
Week 1 Week 6 P Value Week 1 Week 6 P Value 

Training Load (min/week) 317 ± 156 326 ± 119 0.636 302 ± 112 328 ± 145 0.446 
Training Load (km/week) 51.6 ± 26.0 50.1 ± 20.8 0.718 48.7 ± 19.1 51.9 ± 23.7 0.622 

LCHF, very low carbohydrate high fat; HCLF, high carbohydrate low fat  
 

Table S4. Body composition data (n = 7). Values are Mean ± SD. 
  LCHF Running Trials HCLF Running Trials P Value 

  
 

Day 4 
 

Day 14 
 

Day 28 
 

Day 42 Mean
 

Day 4
 

Day 14
 

Day 28
 

Day 42 Mean Condition Time Interaction
Weight  
(kg) 

69.2 ± 
4.9 

70.2 ±  
4.8 

70.2 ±  
4.8 

69.7 ±  
5.1 

69.8 ± 
0.5 

68.4 ± 
1.6 

68.2 ± 
2.0 

68.6 ± 
1.6 

68.5 ± 
1.2 

68.4 ± 
0.2 

0.549 0.446 0.313 

Body Fat 
(%) 

6.1 ±  
1.4 

5.9 ±  
1.4 

5.7 ±  
1.5 

5.4 ±  
0.8 

5.8 ± 
0.3 

5.5 ± 
1.2 

6.7 ±  
1.8 

7.2 ±  
2.5 

6.3 ±  
2.0 

6.4 ±  
0.8 

0.176 0.396 0.173 

Fat Mass 
(kg) 

3.8 ±  
1.2 

4.0 ±  
1.0 

3.9 ±  
1.1 

3.6 ±  
0.6 

3.8 ± 
0.2 

3.8 ± 
0.9 

4.5 ±  
1.5 

5.0 ±  
1.8 

4.3 ±  
1.4 

4.4 ±  
0.5 

0.160 0.310 0.361 

Lean 
Mass (kg) 

63.4 ± 
1.6 

63.9 ±  
1.6 

64.0 ±  
1.9 

63.8 ±  
1.5 

63.8 ± 
0.3 

64.6 ± 
1.3 

63.6 ± 
1.7 

63.6 ± 
1.3 

64.2 ± 
1.5 

64.0 ± 
0.5 

0.549 0.909 0.109 

LCHF, low carbohydrate high fat; HCLF, high carbohydrate low fat  
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         Figure S1. Individual weekly blood beta-hydroxybutyrate (BHB) levels. Solid black line indicates mean. 
 

 

 
 

Figure S2. Individual peak fat oxidation rates measured during the maximal exercise test (VO2max). Mean responses between groups 
were significantly different (p = 0.001). Solid lines indicate mean. LCHF, very low carbohydrate high fat; HCLF, high carbohydrate low fat. Pre = Day 
1; Post = Day 39. 
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Figure S3. Substrate utilization during the four 5-km time trials. Rate of carbohydrate oxidation (A) and fat oxidation (B). 
Individual values are shown for rates of carbohydrate oxidation (C) and rates of fat oxidation (D). Data presented as mean ± SD; n 
= 7. *Significant differences between conditions. Dashed lines represent high carbohydrate low fat treatment and solid lines represent low carbohydrate 
high fat treatment. LCHF, very low carbohydrate high fat; HCLF, high carbohydrate low fat. 

 
 
 
 


