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ABSTRACT 

Introduction: The purpose of this study was to examine the effects of R-1,3-Butanediol 

combined with carbohydrate supplementation on cycling performance above the lactate 

threshold. Exogenous ketones have gained attention as a potential benefit for exercise 

performance, serving as an alternative fuel source during exercise. Methods: A randomized, 

crossover design was performed in which eleven trained endurance athletes completed two 

experimental trials: ketone-plus-carbohydrate (KET+CHO) and a carbohydrate-only (CHO) 

condition. Participants consumed the beverage 30 minutes and immediately before exercise. 

Participants cycled at an intensity of 15% above their lactate threshold until volitional exhaustion 

on a cycle ergometer. Time to fatigue (TTF) served as the primary performance outcome 

variable. Physiological variables, including blood lactate, blood beta-hydroxybutyrate (HB), 

and blood glucose, were measured before, during, and after exercise. Results: No significant 

differences were observed between conditions for TTF (p = 0.59). However, the percent 

difference in TTF was 21.1% greater in the KET+CHO condition compared to the CHO 

condition. Blood HB concentration was elevated following ketone supplementation, confirming 

nutritional ketosis. No significant differences in blood lactate or blood glucose were observed 

between conditions. Conclusions: These findings suggest that R-1,3-Butanediol combined with 

carbohydrate supplementation does not significantly improve cycling performance above the 

lactate threshold in trained endurance athletes. Nevertheless, the observed increase in TTF may 

indicate a potential performance benefit that warrants further investigation with larger sample 

sizes, alternative dosing strategies, and other physiological measurements. 
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CHAPTER 1: INTRODUCTION 

 Athletes continually seek ways to enhance their endurance, enabling them to perform for 

longer periods and maintain peak performance levels (Evans et al., 2022). The appreciation of 

carbohydrates and fats as fuel sources is widely accepted in endurance sports, and most research 

into the metabolic response to exercise has primarily focused on these fuel sources. An 

alternative fuel source to carbohydrates and fats is ketone bodies, primarily acetoacetate (AcAc), 

acetone, and beta-hydroxybutyrate (HB). Ketone bodies are produced in the liver from free 

fatty acids in response to decreased carbohydrate availability, which is typically observed during 

fasting, starvation, or following a ketogenic diet (Evans et al., 2017). The reduction of glucose 

availability and the associated elevation in free fatty acids lead to the production of ketone 

bodies, which replace glucose as the primary fuel source for peripheral tissues such as the brain, 

heart, and skeletal muscle. In addition, ketone bodies are oxidized as a fuel source during 

exercise, are elevated during the post-recovery period, and their utilization is greater in exercise-

trained skeletal muscle (Evans et al., 2017). Therefore, the metabolic actions of ketone bodies 

can influence fuel selection by reducing glucose utilization in peripheral tissues, exerting anti-

lipolytic effects on adipose tissue, and decreasing proteolysis in skeletal muscle. Ketone bodies 

also function as signaling metabolites, with beta-hydroxybutyrate inhibiting histone deacetylases, 

which regulate the adaptive response to exercise in skeletal muscle (Evans et al., 2017).  

In a postprandial state, blood ketone bodies are typically < 0.1mM and approximately 

0.1-0.4mM because of an overnight fast. Following twenty-four hours of fasting, blood ketone 

levels are approximately 1.0mM, and after one week of fasting, they are around 5.0mM. In 

athletic contexts, the goal is to induce acute hyperketonemia exceeding 0.5 mM as a way to 

understand its potential metabolic effects on exercise without dietary restrictions (Evans et al., 
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2017; Shaw et al., 2019). Based on some of the current understanding of ketones’ influence on 

fuel selection as it relates to skeletal muscle, supplement companies have begun marketing 

exogenous forms of ketones, which are now commercially available and have even received 

FDA approval. These include medium-chain triglycerides (MCT), beta-hydroxybutyrate (HB) 

salts and/or amino acids, esters, and racemic versions (Evans et al., 2017). Many studies have 

used these forms of ketone bodies to explore the dose-response relationship associated with them 

in athletic contexts.  

 The investigation on the potential metabolic effects of ketone supplementation on sports 

performance has shown that ketones can increase oxygen consumption (Shaw et al., 2019). Shaw 

and colleagues in 2019 measured beta-hydroxybutyrate levels, serum glucose, lactate, oxygen 

consumption, and carbon dioxide production during an 85-minute steady-state cycling followed 

by a 25-35-minute time trial. The study showed no changes in cardiorespiratory, metabolic, or 

performance measures, with only an increase in blood beta-hydroxybutyrate levels. However, the 

study observed increased oxygen consumption and carbon dioxide production after 20 minutes of 

steady-state cycling with the ingestion of ketone bodies. They reported that the highest peak of 

beta-hydroxybutyrate was recorded one hour after the time trial (Shaw et al., 2019). A similar 

study measuring the effects of 1,3-butanediol before a time trial in professional male cyclists 

found no performance benefits, nor any benefits to time trial performance. Similarly, beta-

hydroxybutyrate levels were highest following the time trial (Leckey et al., 2017). On the 

contrary, one study examining the effects of ketone ingestion before exercise found that glucose 

levels were reduced, and the respiratory exchange ratio was higher than that of a placebo (Evans 

et al., 2018). Dearlove in 2021 reported an exercise efficiency increase by approximately 7% in
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trained cyclists when blood beta-hydroxybutyrate was approximately 2mM (Dearlove et al., 

2021). 

Although ketone supplementation has shown positive and negative results, the 

investigation of ketone bodies with other supplementation has shown productive results. Ketone 

supplementation with carbohydrates increased oxygen consumption, decreased blood lactate and 

glucose concentrations, and decreased glycolytic intermediates in cycling approximately one to 

two hours at 45%-75% watt max (Cox et al., 2016). Measurements surrounding ketone 

supplementation during exercise are still being investigated. Many studies show differing results 

regarding the effects of exogenous ketones. What most of the studies have in common is that the 

supplementation occurs before a specific exercise test. Secondly, the duration of these exercise 

tests does not exceed two hours. Similarly, the exercise protocol does not consider the metabolic 

environment when testing. Mostly percentages of VO2max, Wmax, or through time-trial 

performances have been utilized to look at the effects of ketone supplementation on cycling 

performance (Cox et al., 2016; Evans et al., 2018; Leckey et al., 2017). Others have investigated 

the effects of ketone supplementation with consideration of the metabolic environment using the 

ventilatory threshold (McCarthy et al., 2021; O’Malley et al., 2017; Rodger et al., 2017; Shaw et 

al., 2019). However, none of these studies have used an exercise protocol over the ventilatory 

threshold. Only one study has examined the impact of exogenous ketones utilizing an exercise 

protocol that surpasses the lactate threshold. However, it is important to note that this did not 

involve steady-state exercise, and the threshold was set at 175% above for a short duration 

(Poffé, Robberechts, et al., 2021).  

 The significance of this study is to address gaps in the literature by investigating the 

combined effects of R-1,3-Butanediol and carbohydrate supplementation on cycling performance 
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during steady-state exercise above the lactate threshold. The intent is to provide insights into 

metabolic and performance responses beyond traditional exercise intensities. The findings could 

inform endurance athletes and coaches on nutritional strategies for sustaining performance 

during high-intensity efforts. The purpose of this study is to investigate the performance effects 

of a ketone supplement (R-1,3-Butanediol) combined with a carbohydrate supplement on cycling 

performance above the lactate threshold. 

 Research Questions and Hypotheses: 

1. R1: Is there a difference in time to fatigue between ketone supplementation with 

carbohydrates versus carbohydrates only? 

a. H0: There is no difference in time to fatigue between ketone supplementation 

with carbohydrates versus carbohydrates only. 

b. H1: Time to fatigue is longer with ketone supplementation and carbohydrates than 

with carbohydrates only.  

2. R2: Will there be a difference in blood lactate measures between the two trials? 

a. H0: The two trials have no difference in blood lactate measures. 

b. H1: Ketone supplementation with carbohydrates will have lower blood lactate 

measures than carbohydrates only. 

The delimitations of the study include: 

1. Trained endurance athletes ages 18-55 (>6 hours endurance training per week). 

2. The sample is drawn from the University of Oklahoma, local cycling and running events 

in Oklahoma, and local bicycle and running shops.
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The limitations of the study include: 

1. Small sample size of approximately 15 participants. 

2. Recruitment from Oklahoma-based resources. 

3. Self-reported training volume and diet. 

Assumptions: 

1. Participants perform tests with maximal effort. 

2. Participants truthfully report training volume and diet. 

3. Participants follow the prescribed diet. 

Operational definitions: 

1. R-1,3-Butanediol- racemic precursor metabolized into beta-hydroxybutyrate (βHB), often 

used exogenously (Evans et al., 2022). 

2. Time to task failure (TTF)- the duration an individual can sustain a particular exercise or 

task at a given intensity until the task can no longer be performed (Souron et al., 2022). 

3. Lactate threshold (LT)- the highest work intensity where there is a balance between 

lactate production and removal (Brooks, 1986). 

4. Exogenous ketones- ketone bodies ingested through supplements or foods (Evans et al., 

2022).
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CHAPTER 2: LITERATURE REVIEW 

Introduction 

 Athletes, coaches, and scientists continuously explore methods to improve endurance, 

enabling performance sustainability for extended periods at optimal levels. Recognizing 

carbohydrates and fats as primary fuel sources in endurance sports is well established. Recently, 

using exogenous ketones or ketone supplementation as an alternative fuel source has become 

more common in endurance sports. What is the difference between R-1,3-butanediol (exogenous 

ketones) with carbohydrate and carbohydrate supplements only on time to task failure, blood 

lactate and glucose levels, and blood ketone bodies during a long-duration exercise test in trained 

cyclists? This chapter will focus on what ketones are and how they are metabolized, how ketones 

function as a fuel source during exercise, and how the body responds physiologically during 

endurance-based sports, specifically cycling. Search engines used for the literature review 

include: CINAHL, Medline, SPORTDiscus, and PubMed. Search terms utilized include 

exogenous ketones, ketone supplementation, exogenous ketones and cycling, ketone 

supplementation and cycling, exogenous ketones and exercise, ketone supplementation and 

exercise, and ketone metabolism. 

Ketone Metabolism 

 The concentration of ketone bodies in the circulatory system signifies the equilibrium 

between the processes of ketogenesis and ketolysis. Ketogenesis involves a series of reactions 

beginning with acetyl-CoA (Ac-CoA and acetoacetyl-CoA (AcAc-CoA) and ending with the 

release of acetoacetate (AcAc). Some AcAc is transported, but most is reduced to beta-
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hydroxybutyrate (HB) through 3-hydroxybutyrate dehydrogenase (BDH) (Evans et al., 2017). 

Ketogenesis represents an adaptive physiological response that supplies the body with energy 

during prolonged periods of reduced carbohydrate intake. Consequently, ketone bodies are 

synthesized from fatty acids and ketogenic amino acids, including leucine, lysine, phenylalanine, 

isoleucine, tryptophan, and tyrosine. Ketolysis occurs in extra-hepatic tissues where HB enters 

the mitochondrial matrix through MCT1-mediated transport and is re-oxidized to AcAc through 

BDH, which forms two acetyl-CoA molecules. The acetyl-CoA molecules are then integrated 

into the citric acid cycle to aid the production of ATP to fuel muscular work. Compared to lipids 

and glucose, ketones are metabolized faster because of a single enzymatic reaction that produces 

two acetyl-CoA molecules (Evans et al., 2017). The primary ketone bodies acetoacetate (AcAc), 

acetone, and beta-hydroxybutyrate (HB) are produced during reduced carbohydrate availability 

with the associated elevation in free fatty acids. This in turn provides peripheral tissues such as 

the heart, brain, and skeletal muscles with fuel.  

The metabolic effects of ketone bodies influence fuel selection by reducing glucose 

utilization in peripheral tissues, inhibiting lipolysis in adipose tissue, and decreasing protein 

breakdown in skeletal muscle. Ketone bodies also act as signaling metabolites, with beta-

hydroxybutyrate inhibiting histone deacetylases, influencing the adaptive response to exercise in 

skeletal muscle (Evans et al., 2017). This commonly occurs during fasting, starvation, or 

adherence to a ketogenic diet. In a postprandial state, the concentration of blood ketone bodies is 

generally observed to be less than or equal to 0.1 mM, with values rising to approximately 0.1- 

0.4 mM following an overnight fast. After a fasting period of twenty-four hours, the 

concentration reaches approximately 1.0 mM, while a duration of one week of fasting results in a 

concentration of around 5.0 mM. Within athletic contexts, the objective is to induce acute 
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hyperketonemia, exceeding 0.5 mM, to elucidate its metabolic effects without dietary restrictions 

(Evans et al., 2017; Shaw et al., 2019).  

The primary ketone esters investigated include R, S-1,3-butanediol acetoacetate diester 

(Kesl et al., 2016) and (R)-3-hydroxybutyl (R)-3-hydroxybutyrate ketone monoester (Clarke et 

al., 2012; Cox et al., 2016). These ketone esters have been shown to induce acute nutritional 

ketosis, with levels reaching 0.5 mM at 6 hours, as indicated by beta-hydroxybutyrate 

concentrations exceeding 1 mM (Clarke et al., 2012; Kesl et al., 2016). The dosage of the ketone 

monoester has been proposed at 573 mg per kilogram of body weight, with beta-hydroxybutyrate 

rising to approximately 3 mM at 10 minutes and approximately 6 mM 30 minutes after ingestion 

(Cox et al., 2016). Facilitating the attainment of nutritional ketosis without the impracticalities or 

potential health implications associated with fasting or strict adherence to a ketogenic/low-

carbohydrate diet is essential when discussing ketone supplementation in athletic contexts. 

Ketone Metabolism During Exercise 

 During exercise, ketone body removal into skeletal muscle increases up to fivefold 

(Balasse et al., 1978; Féry & Balasse, 1983, 1986). This is characterized by a reduction in ketone 

bodies after the onset of exercise, which is concomitantly associated with an increase in the 

oxidation of ketone bodies within skeletal muscle and an increased metabolic clearance rate 

(Balasse et al., 1978; Féry & Balasse, 1983, 1986). The metabolic clearance rate refers to the 

capacity of tissues to eliminate ketones from the bloodstream. During exercise, clearance rates 

can be used to indicate the capability of such activity to stimulate the working muscles' capacity 

to extract and utilize ketones (Féry & Balasse, 1983, 1986). The metabolism of ketone bodies 

during exercise is affected by various factors, including metabolic status, training status, and the 

intensity of the exercise. The most significant factor during exercise is the level of ketonemia, 
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which refers to a high concentration of ketones in the bloodstream, regardless of whether it is 

achieved endogenously or exogenously. Ketone metabolism via endogenous methods, such as 

fasting or following a carbohydrate-restricted diet, is negligible when examining performance 

benefits for highly trained endurance athletes who depend on carbohydrates and fats as fuel 

sources. Therefore, the investigation of achieving ketonemia through exogenous methods has 

become more prevalent. Commercially available exogenous ketones, whether in their free acid 

form or buffered with sodium, potassium, or calcium salts, have been ineffective at producing 

ketosis. Consequently, ketone esters have been developed to produce ketosis. Acute ingestion of 

these ketone esters, namely R, S-1,3 butanediol acetoacetate diester and (R)- 3-hydroxybutyl 

(R)-3- hydroxybutyrate monoester, can achieve ketosis of  >1 mM beta-hydroxybutyrate (Evans 

et al., 2017). Therefore, achieving ketosis without carbohydrate restriction or fasting becomes 

more practical.  

Exogenous Ketones in Cycling 

 Using exogenous ketones in conjunction with carbohydrates appears to exhibit greater 

potential as an ergogenic aid than using exogenous ketone esters in isolation. The use of ketone 

esters associated with intravenous glucose after glycogen depletion increases insulin levels, 

glucose uptake, and muscle glycogen synthesis post-exercise (Holdsworth et al., 2017), which 

offers a potential adaptive advantage in skeletal muscle for enhanced endurance capabilities. In a 

comparable context, delta efficiency, or the measure of how efficiently muscles are working 

when the workload is changed, was significantly elevated when employing solely ketone esters, 

in contrast to the control group, during periods of glycogen depletion (Dearlove et al., 2021).  

In multiple studies by Cox et al., 2016, high-performance athletes were tested utilizing 

exogenous ketone ester, 573 mg/kg body weight, to comprehensively analyze the body's 
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response during ketosis and its impact on physical endurance by altering fuel competition for 

oxidative respiration. The first study utilized six male endurance athletes to determine the effects 

of steady-state cycling exercise on the clearance of blood and urine ketones. The study results 

show that the ketone oxidation rate increased from 0.35g/min at 40% WMax to 0.5g/min at 75% 

WMax, as well as reductions in ketone body concentrations as exercise intensity increases. 

Regarding high-performance endurance exercise, the study exclusively measured the athletes for 

45 minutes. The second study used ten male athletes to examine the effects of exogenous ketones 

compared to the intake of carbohydrates or fats, 96% of their calories from each substrate, during 

a steady-state cycling exercise at 75% WMax over one hour. The findings reveal significant 

differences in lactate concentrations among the three trials, with the ketone group recording the 

lowest amounts. The post-exercise analysis demonstrated reduced levels of glycolytic 

intermediates in the ketone group, indicating that exogenous ketones suppress glycolysis in 

skeletal muscle, explaining the lower lactate concentration (Cox et al., 2016). Considering this 

analysis, exogenous ketones may possess the capacity to support prolonged exercise durations; 

however, further examination is required regarding the duration of exercise performed in this 

study.  

The third study investigated the effects of exogenous ketones in conjunction with 

carbohydrates on eight male athletes during the identical exercise protocol employed in the 

second study. Comparable results indicated reduced lactate concentrations after the exercise (Cox 

et al., 2016). During a two-hour exercise protocol at 70% VO2max, the fourth study investigated 

the effects of exogenous ketones combined with carbohydrates on intramuscular fat and 

glycogen stores in seven male endurance athletes. The respiratory exchange ratios observed were 

significantly lower than those of the carbohydrate-only group despite no notable changes in 
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intramuscular fat or glycogen levels (Cox et al., 2016). The fifth and final study investigated the 

effect of exogenous ketones with carbohydrates on exercise performance in six male and two 

female endurance athletes. This consisted of one hour of steady-state cycling exercise at 75% 

WMax followed by a 30-minute time trial with the ingestion of exogenous ketones and 

carbohydrates. In prior studies, lactate concentrations were observed to be approximately 1.5-2 

mM lower when using ketones with carbohydrates when compared to the carbohydrate-only 

group. Additionally, the performance during the time trial demonstrated a significant 

improvement, characterized by an increased average distance covered (Cox et al., 2016). In 

contrast to the initial three studies, the final two more accurately simulated an endurance race, 

providing enhanced insights into the potential efficacy of exogenous ketones.  

Nevertheless, other studies present diverse findings regarding the effects of ketone 

supplementation when only exogenous ketones are used. The exclusive consumption of ketone 

esters may increase the respiratory exchange ratio during physical exercise and reduce glucose 

concentrations, suggesting a potential enhancement in the oxidation of ketone bodies. However, 

there was no change in lactate concentrations, perceived exertion, or muscular efficiency. (Evans 

et al., 2018). In a study (Shaw et al., 2019), using R, S-1,3-butanediol (0.35g/kg), lactate and 

glucose concentrations remained consistent across trials, and no performance benefits were 

observed in each of the time trials. There was an increase in oxygen consumption and alterations 

in carbon dioxide production in the ketone ester group compared to the control group. The 

exercise protocol lasted less than two hours, as reported in other studies. Similarly, a study 

examining the impact of ketone diester 1,3-butanediol (2 x 250mg/kg) on endurance 

performance during a time trial yielded comparable results. The research demonstrated that 

ketone esters exhibited no enhancement in time trial performance in conjunction with 
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carbohydrate consumption (Leckey et al., 2017). However, this study administered the ketone 

diester prior to the exercise instead of during it, and the duration was limited to approximately 

one hour. With the exception of Shaw et al., 2019, the previous studies investigated the effects of 

exogenous ketones using exercise protocols at VO2max, VO2peak, Wmax, or through time-trial 

performance. Although acceptable measures of endurance performance, these measures do not 

reflect the metabolic environment as accurately as the ventilatory or lactate threshold. In a study 

investigating the effects of a ketone salt (0.3 g/kg HB) with 10 recreationally active males on a 

submaximal cycling exercise test at 30%, 60%, and 90% of their ventilatory threshold, followed 

by a 150kJ time-trial, findings showed the respiratory exchange ratio was lower in the ketone 

group compared to a placebo (p < 0.001). Other study results showed increased fat oxidation (p = 

0.02) and decreased carbohydrate oxidation (p = 0.005) compared to a taste-matched placebo and 

a decrease in glucose concentrations in the ketone group (O’Malley et al., 2017). A similar study 

using ketone salts in a steady-state cycling test at 80% of the ventilatory threshold, followed by a 

4-minute maximal cycling performance test, showed an increase in the respiratory exchange ratio 

during both the submaximal and maximal tests. VO2 did not differ between the ketone group and 

the placebo group, but VO2 did increase in the ketone group during the maximal cycling test 

(Rodger et al., 2017). One study has examined cycling exercise above the lactate threshold with 

exogenous ketones, but it was performed at 175% for a short duration (Poffé, Robberechts, et al., 

2021).
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Table 1. Summary of studies reporting the effects of ketone supplementation on exercise. 

Author 

(date) 

Study 

Design 

Participants Protocol Ketone 

supplement 

dose, and 

timing 

Results 

Cox et al. 

2016 

Crossover 

design; 

KET+CHO 

vs. CHO 

alone 

Highly 

trained 

athletes 

(n=8) 

1 hour 

steady-state 

cycling at 

75% Wmax 

followed by 

30 min time-

trial 

(R)-3-

hydroxybutyrate-

(R)-1,3-

butanediol; 573 

mg/kg/BW; 30 

min before 

exercise and at 

60 min of 

exercise 

Improves 

time-trial 

performance 

in KET+CHO 

group; 411  

162 m further 

vs. CHO 

alone 

O’Malley et 

al. 2017 

Crossover 

design; KS 

vs. minimal 

calorie, 

taste-

matched 

control 

Healthy 

adults (n=10) 

Incremental 

cycling 

exercise (5 

min at 30%, 

60%, and 

80% power 

at ventilatory 

threshold 

followed by 

150 kJ time-

trial 

0.3 g HB 

kg/BW, 0.01 g 

potassium 

kg/BW and 0.01 

g sodium 

kg/BW; 30 min 

before exercise  

Time to 

completion 

was worse in 

KS condition 

(mean  SD; 

KS, 711  

137 s; 

control, 665  

120 s) 

Rodger et 

al. 2017 

Crossover 

design; KE 

vs. calorie-

free, tasted-

matched 

control drink 

Highly 

trained 

cyclists 

(n=12) 

90 min at 

70% of 

ventilatory 

threshold 2 

followed by 

4 min 

performance 

test 

11.7 g HB salt; 

20 min prior to 

exercise and 

after 30 min of 

exercise 

No difference 

in 4 min 

performance 

test 

Leckey et 

al. 2017 

Crossover 

design; KE 

vs. taste-

matched 

control drink 

International 

level cyclists 

(n=8) and 

highly train 

U23 cyclist 

(n=3) 

31 km time-

trial on cycle 

ergometer 

1,3-butanediol 

acetoacetate 

diester; 250 

mg/kg/BW; 30 

min before and 

immediately 

before 20 min 

warm-up 

KE 

consumption 

resulted in 

decreased 

average 

power (mean 

 SEM; KE, 

339  37 W; 

PLAC, 352  

35 W) 
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Evans et al. 

2018 

Crossover 

design; KS 

vs. control 

(plain water) 

Trained 

cyclists 

(n=19) 

Incremental 

cycling 

exercise (8 

min steps at 

30%, 40%, 

50%, 60%, 

70%, and 

80% of VO2 

peak 

0.38 g/kg/BW 

HB salts; 60 

min and 15 min 

prior to exercise 

Blood 

glucose was 

lower in KS 

condition, no 

difference in 

lactate 

concentration, 

and RER was 

higher during 

exercise 

following KS 

ingestion. 

Dearlove et 

al. 2021 

Crossover 

design; low-

dose KS vs. 

high-dose 

KS vs. 

control 

Trained 

athletes 

(n=6) 

60 min 

cycling 

exercise with 

20 min 

intervals at 

25%, 50% 

and 75% 

max power 

output 

Low-dose HB 

ketone 

monoester (252 

mg/kg/BW); 

high dose HB 

ketone 

monoester (752 

mg/kg/BW); 60 

min before 

exercise 

Delta 

efficiency 

during 

cycling 

exercise was 

higher in the 

low-dose KS 

(25.9%  

2.1%) 

compared to 

control 

condition 

(24.1%  

1.9%)  

Shaw et al. 

2019 

Crossover 

design; KS 

vs. placebo 

Trained male 

cyclists 

(n=9) 

85 min 

steady-state 

cycling 

exercise 

followed by 

a 25-35 min 

time trial 

R,S-1,3-

butanediol; 0.35 

g/kg/BW; 30 

min before 

exercise and 60 

min during 

exercise 

No difference 

in time trial 

performance. 

KET+CHO- ketone plus carbohydrate supplement; CHO- carbohydrate; KS- ketone supplement; HB- beta-

hydroxybutyrate; kg- kilograms; mg- milligrams; g-grams; BW- body weight; RER- respiratory exchange ratio.  
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Summary 

 Ketone supplementation, or the use of exogenous ketones, has gained significant 

prominence in athletic performance and, thereby, in academic research. The use of exogenous 

ketones has come with varying results. In certain instances, athletic performance may remain 

unchanged or even decline, with no alterations in lactate or glucose concentrations. Other studies 

have yielded results indicating a reduction in lactate and glucose concentration, potentially 

suggesting the suppression of glycolysis. It is generally acknowledged that ketone esters may 

facilitate enhanced oxygen consumption, increased carbon dioxide production, and greater 

oxidation of ketone bodies. Steady-state cycling exercise has yet to be explored above the 

ventilatory or lactate threshold. It is important to acknowledge that numerous endurance cycling 

events have a duration exceeding two hours and that most are performed above threshold. 

Therefore, examining the effects of ketone esters on steady-state cycling above the lactate 

threshold is to be explored because of the mixed metabolic environments utilized throughout 

previous literature.  

 

CHAPTER 3: METHODS 

Participants 

In a study examining the effects of ketone supplementation with carbohydrates on eight 

male trained cyclists, time trial distance was further improved using ketone supplementation with 

carbohydrates compared to a carbohydrate-only group. The mean difference of the distance 

covered was 411  162 meters (Cox et al., 2016). Using G*Power version 3.1, the effect size 

calculated from the mean difference and standard deviation of the mean difference was 2.54,
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which indicates an adequate sample size of 5 participants. For a more conservative approach, an 

effect size of 1.25, half of the aforementioned effect size, provides us with a sample size of 9 

with a power of 0.95 and an alpha of 0.05 when calculated using G*Power version 3.1. 

Therefore, eleven highly trained endurance athletes, males and females, were recruited through 

convenience sampling from the University of Oklahoma, Oklahoma cycling and running teams, 

and local cycling and running races in Oklahoma. Eligibility criteria were highly trained males 

and females, ages 18-55, who were currently undertaking greater than or equal to six hours of 

endurance training per week. Exclusion criteria included the following: cardiovascular disease, 

respiratory disease, gastrointestinal disease, metabolic disease, kidney disease, neurological 

disease, and pregnancy (Dearlove et al., 2021; Shaw et al., 2019).  

Research Design 

The research design is a repeated-measures, randomized, single-blind crossover design 

(Cox et al., 2016; Dearlove et al., 2021; Leckey et al., 2017; Shaw et al., 2019). There is a total 

of three visits, lasting approximately 2 hours and separated by at least 7 days. 

Study Protocol 

The protocol begins with a familiarization visit, during which participants completed a 

maximal graded exercise test. They were instructed to be at least 4 hours postabsorptive and not 

complete strenuous exercise within 24 hours of the initial visit, and each participant signed an 

informed consent form and an exercise history was obtained from training programs such as 

Strava, Garmin, etc. Participants’ height and weight will be recorded. To determine VO2 max and 

lactate threshold, a continuous incremental cycling test was performed on the Zwift bike. The 

test begins at 1 watt per kilogram of body weight and increases 0.5 watts per kilogram of body
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weight every 3 minutes until two of the following were reached: volitional fatigue, inability to 

maintain cadence greater than 60 rpm, maximal heart rate within 10 bpm of age-predicted max 

heart rate, or respiratory exchange ratio greater than 1.10 (Beltz et al., 2016; Dearlove et al., 

2021; Shaw et al., 2019). Lactate threshold is determined through fixed at 4 mmol. For the 

experimental visits, 48 hours before the tests, participants were instructed to record their dietary 

intake for the next two days. Twenty-four hours before the tests, participants were prescribed 6 

g/kg of body weight of carbohydrates to standardize carbohydrate availability. On the test days, 

participants arrived in the morning at least 4 hours postabsorptive and had not completed 

strenuous exercise 24 hours before the visits, and completed a Profile of Mood States (POMS) 

questionnaire. Participants’ height, weight, resting heart rate, lactate, glucose, and blood ketones 

were measured. They then consumed either a 30-gram carbohydrate (dextrose) beverage with 

zero-calorie peach flavoring or a 30-gram carbohydrate beverage with 5 grams of peach-flavored 

R-1,3-Butanediol (Ketone-IQ, Miami, Florida, USA) 30 minutes before the exercise protocol, 

immediately before, and every 30 minutes into the exercise protocol until termination. 

Participants’ allocation was randomized, and they consumed the other corresponding beverage 

on the second visit. The exercise protocol is steady-state exercise at 15% above their lactate 

threshold until they can no longer hold a cadence of 60 rpm. Every 3 minutes, participants’ RPE, 

heart rate, lactate, glucose, and blood ketones were recorded until 30 minutes post-exercise. 

Instrumentation 

 Instrumentation includes a capillary lactate analyzer, Lactate Plus Meter (Nova 

Biomedical, Waltham, Massachusetts, USA). The Lactate Plus Meter demonstrates high 

reliability compared to laboratory lactate analyzers (r = 0.91) (Hart et al., 2013). A capillary 

blood sample was utilized and analyzed through the Precision-Xtra device (Abbott Laboratories,
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Abingdon, United Kingdom) to measure blood beta-hydroxybutyrate and glucose. Compared to 

serum levels of beta-hydroxybutyrate and glucose, the reliability of capillary samples from the 

device is high, with strong correlations (r = 0.99, p < 0.001; r = 0.86, p < 0.001), respectively 

(Voulgari & Tentolouris, 2010). Cardiorespiratory measures were analyzed through a metabolic 

cart, Parvo Medics TrueOne 2400 (Parvo Medics, Murray, UT, USA). These instruments are 

imperative for measuring circulating blood ketones, lactate, glucose, and cardiovascular 

measures related to this study. Participants performed the protocol on the Zwift Ride connected 

to the Wahoo Kickr Core cycling trainer, which has been shown to have high reliability (r = 1.00) 

(Zadow et al., 2018), and it was used in conjunction with programming through Zwift. Zwift is a 

virtual training platform that integrates real-time power output, cadence, and heart rate from 

sensors to simulate cycling dynamics. Lactate threshold was determined through a fixed value of 

4 mmol during the max effort, incremental cycling test.  

Data Analysis 

 Data analysis was performed in IBM SPSS Statistics version 31. The significance level 

for all statistical tests was set at α = 0.05. A two-way (trial x time) repeated-measures ANOVA 

with Bonferroni post hoc test was used for blood ketones, glucose, and lactate. The ANOVA was 

a 2x2 measuring values from pre to post. A paired t-test was performed to assess the difference in 

time to fatigue between the two conditions, the difference in blood measurements at the 

beginning of exercise and the first measure of exercise, and the difference in POMS scores 

between each visit. Effect sizes were calculated by dividing the absolute value of the 

standardized test statistics by the square root of the total sample size.  

Potential threats to internal validity include experimental mortality due to the exercise 

duration, which is controlled by incentivizing participants to complete the study. Another threa
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to internal validity is participant expectancy due to the difficulty of blinding the ketone 

supplement. This was minimized by introducing the non-ketone beverage with a zero-calorie, 

peach flavoring. There is a threat to external validity as this study only measures highly trained 

endurance individuals. However, the target population of the study is trained endurance athletes.  

Data Collection 

 The lab’s primary investigator and other trained graduate students aided in data collection. Data 

is confidential and stored in a locked filing cabinet in the lab. Online data collection is password 

protected.  

 

CHAPTER 4: RESULTS 

Participant Characteristics 

 Eleven trained endurance athletes (9 males, 2 females) completed all testing sessions. 

Participant characteristics are presented in Table 1. Mean  SD age was 32.72  7.84 years, 

height 173.68  6.25 centimeters, and weight 77.17  13.53 kilograms. Mean  SD lactate 

threshold power (W) was 230.39  44.92.
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Table 2. Participant Characteristics 

Variable Whole cohort (n = 

11) 

Males (n = 9) Females (n = 2) 

Age (years) 32.72  7.84 34.11  7.96 26.50  3.54 

Height (cm) 173.68  6.25 174.28  6.75 171  2.83 

Weight (kg) 77.17  13.53 69.72  13.85 66.52  4.12 

Lactate threshold (W) 230.39  44.92 232.14  50.03 222.5  2.12 

Values are Mean  Standard deviation. Cm- centimeters; Kg- kilograms; W- watts. 

 

Time to Fatigue 

 One participant was excluded from this analysis due to outlying values deemed 

unrepresentative of the sample (greater than 3 standard deviations from the mean). The normality 

assumption was violated; the Wilcoxon Signed-Rank test was performed to assess differences in 

time to fatigue between the ketone-plus-carbohydrate supplement condition and the carbohydrate 

supplement condition. No significant difference in time to fatigue was observed between the 

ketone (616.2 ± 383.17 seconds) and the ketone-plus-carbohydrate (498.4 ± 296.20 seconds) 

conditions, Z = -1.886, p = 0.59, r = 0.596. The median pairwise difference was -69.0, 95% CI [-

242.0, 0.50]. However, the mean time to fatigue in the ketone-plus-carbohydrate condition was 

21.1% greater than in the carbohydrate condition. Individual participant responses are reported in 

Figure 1.



21 

 

Figure 1. Individual TTF Measures 

 

 Dashed line represents the Mean  Standard deviation for each condition. KET- ketone; CHO – carbohydrate; 

TTF -time to fatigue. 

 

Blood Lactate, Beta-hydroxybutyrate, and Glucose Pre and Post Exercise 

 All participant data were included in this analysis. Lactate, beta-hydroxybutyrate, and 

glucose concentrations were analyzed using a two-way repeated measures ANOVA with factors 

of condition (KET+CHO vs. CHO) and time (Pre- and Post). There was a significant main effect 

of time for each variable: lactate (F = 22.095, p < 0.001, p2 = 0.688), beta-hydroxybutyrate (F =
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55.956, p < 0.001, p2 = 0.848), and glucose (F = 14.271, p = 0.004, p2 = 0.588). Bonferroni 

post hoc comparisons show blood concentration values were lower pre-exercise than post-

exercise (p  0.004) There was no main effect of condition or a condition * time effect for lactate 

and glucose concentrations (p  0.138). There was a significant effect of condition and condition 

* time effect on beta-hydroxybutyrate (F = 34.797, p < 0.001, p2 = 0.777; F = 48.708, p < 

0.001, p2 = 0.830). Bonferroni post hoc analyses showed higher post-exercise beta-

hydroxybutyrate concentrations in the ketone-plus-carbohydrate group (p < 0.001) compared 

with the carbohydrate-only group.  

Blood Lactate, Beta-hydroxybutyrate, and Glucose During Exercise 

 A paired sample t-test was performed to look at the mean differences of blood lactate, 

beta-hydroxybutyrate, and glucose at the first blood collection during exercise. There were no 

significant differences in blood lactate (t (10) = -0.522, p = 0.613) and glucose (t (10) = -0.508, p 

= 0.622). However, blood lactate was 4.24% higher in the carbohydrate condition compared to 

the ketone-plus-carbohydrate condition. Similarly, blood glucose was 4.78% higher in the 

carbohydrate condition compared to the ketone-plus-carbohydrate condition at the first measure 

of exercise. There was a significant difference in blood beta-hydroxybutyrate between the 

ketone-plus-carbohydrate and carbohydrate conditions (t (10) = 10.81, p < 0.001, d = 3. 26). The 

percent difference between the two conditions for blood beta-hydroxybutyrate was 60.6%. Mean 

 SD are reported in Figures 2, 3, and 4 along with pre- and post-measures.
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Figure 2. Blood Lactate Concentrations 

 
Values are Means  SD. KET- ketone; CHO- carbohydrate; Mm- millimoles; * - significant difference in 

time (pre to post). 

Figure 3. Blood Beta-hydroxybutyrate Concentrations 

 
Values are Means  SD. KET- ketone; CHO- carbohydrate; Mm- millimoles; *- significant time effect; **- 

significant condition effect; †- interaction effect. 
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Figure 4. Blood Glucose Concentrations. 

 

Values are Means  SD. KET- ketone; CHO- carbohydrate; Mg/dL- milligrams per deciliter; * - significant 

difference in time (pre to post). 

 

Gastrointestinal Responses 

 One out of eleven participants reported symptoms of mild to moderate gastrointestinal 

distress in response to the ingestion of R-1,3-Butanediol. The reported symptoms were pyrosis 

(heartburn), dizziness, and headache. These symptoms occurred following the cessation of 

exercise. No other gastrointestinal symptoms were reported.  

Profile of Mood States 

 A paired-samples t-test was performed to show any differences in the profile of mood 

states between the two experimental visits. There were no significant differences in mood states 

between the two visits (t (10 = 2.020, p = 0.71, d = 0.609).
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Summary of Findings 

 There was no significant difference in time to fatigue between the ketone-plus-

carbohydrate and carbohydrate conditions. Blood concentrations of lactate, beta-

hydroxybutyrate, and glucose all had a main effect of time. Beta-hydroxybutyrate is the only 

measured variable that had a main effect of condition and a condition * time interaction. There 

were no significant mean differences in blood lactate and blood glucose between the two 

conditions during exercise, whereas beta-hydroxybutyrate showed a significant mean difference.  

 

CHAPTER 5: DISCUSSION 

 The purpose of this study was to investigate the effects of R-1,3-Butanediol combined 

with carbohydrates on cycling performance above the lactate threshold. Specifically, this study 

examined whether ketone supplementation affected time to fatigue (TTF) and physiological 

responses, including blood beta-hydroxybutyrate (HB), blood lactate, and blood glucose during 

high-intensity cycling exercise. The primary finding was that ketone supplementation, in tandem 

with carbohydrates, did not significantly affect time to fatigue. These findings suggest that acute 

R-1,3-Butanediol supplementation with carbohydrate supplementation did not provide an 

ergogenic benefit during cycling above the lactate threshold. However, the observed large effect 

size (r = 0.596) and a percent difference of 21.1% indicate that the magnitude of the difference 

between the two conditions may be practically meaningful despite the lack of statistical 

significance. Although ketone supplementation successfully elevated blood ketone 

concentrations, the increased availability of ketones may not have translated into improved 

exercise performance under the conditions of the present study.
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Above the lactate threshold, ketone supplementation with carbohydrates did improve 

time to fatigue, as there is a 21.1% difference compared to the carbohydrate group. Although not 

statistically significant, it may provide meaningful insight into the practicality of the 

supplementation. As exercise intensity increases, reliance on carbohydrates as an energy source 

increases. Ketone supplementation can change the normal order of substrate utilization during 

exercise by increasing fat oxidation while providing an additional fuel source (Evans et al., 

2017). Subsequently, the sparing of glycogen can be beneficial for long-duration exercise. An 

approximate 2% increase in cycling performance in highly trained athletes was found after 

consuming a ketone plus carbohydrate supplement, versus a carbohydrate-only supplement, 

before 90 minutes of cycling exercise (60 minutes at 75% Wmax, followed by a 30-minute time 

trial)(Cox et al., 2016). However, ketosis may not be advantageous in situations that rely on 

anaerobic glycolysis or in those with high glycolytic flux for ATP production, such as high-

intensity, short-duration exercise, as demonstrated in this study using an exercise protocol set at 

15% above the lactate threshold. High glycolytic exercise may even be impaired if ketone 

oxidation impedes glycolysis (Cox et al., 2016). Considering this, an exercise intensity or 

duration threshold could exist at which ketone supplementation shifts from enhancing to 

hindering performance. Such evidence would explain why ketone supplementation had no effect 

on high-intensity intermittent running in male athletes (Evans & Egan, 2018). Similarly, exercise 

performance on an incremental cycling test to exhaustion showed no change in trained athletes 

(Dearlove et al., 2019). Protocols that include steady-state exercise with ketone supplementation 

may be advantageous for determining the metabolic effects of exogenous ketones; however, they 

seldom meet the demands of “real-world” athletic performance.
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A study examining the effects of an acetoacetate (AcAc) diester combined with a 

carbohydrate supplement on time-trial performance in eleven internationally competitive male 

cyclists, with standardized pre-race nutrition and self-pacing, found that ketone-plus-

carbohydrate supplementation reduced average power and time to completion (Leckey et al., 

2017). Similarly, a 30-minute time trial followed by an all-out sprint (175% of lactate threshold) 

showed that ketone supplementation and ketone supplementation with bicarbonate impaired 

power output compared with a control group and a bicarbonate-only group (Poffé, Wyns, et al., 

2021). These results contradict those reported by Cox et al. This could be due to a different 

ketone supplement or exercise protocol. While no statistically significant difference was 

observed between the two conditions, the ketone-plus-carbohydrate condition resulted in a 

21.1% longer time to fatigue than the carbohydrate condition. It is possible that a physiological 

effect exists but was not detected within the present sample. Further work is required to 

demonstrate the ergogenic potential of ketone supplementation during intermittent exercise 

intensities, where energy-conversion benefits and carbohydrate conservation should be weighed 

against the potential impairment of high-intensity exercise.  

 The other hypothesis to be explored in the present study was that blood lactate levels 

would be lower in the ketone-plus-carbohydrate condition than in the carbohydrate condition. 

The findings showed no main effect of condition on lactate measures. A plausible explanation for 

this insignificance is that carbohydrate availability remained sufficient to sustain a similar rate of 

glycolysis, likely due to the exercise intensity and duration, resulting in comparable lactate 

production. Similar results were found in competitive male cyclists during a time trial, who 

ingested a ketone-plus-carbohydrate drink, with no change in lactate measures during exercise 

compared with a carbohydrate group. However, the study found that lactate measures were lower
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following the time trial (Leckey et al., 2017). Conversely, when comparing ketone-plus-

carbohydrate and carbohydrate-only during 60 minutes of steady-state cycling (75% Wmax) 

followed by a 30-minute time trial, lactate concentrations were lower throughout exercise and 

following exercise (Cox et al., 2016). In the aforementioned studies, blood glucose 

concentrations were lower following ingestion of the ketone-plus-carbohydrate supplement and 

remained lower throughout exercise and post-exercise (Cox et al., 2016; Leckey et al., 2017). 

The present study did not find any statistically significant change in blood glucose 

between conditions, nor any condition-time effect. Although the current study reached nutritional 

ketosis (0.5 mmol/L) without exceeding 1 mmol/L, other studies report higher blood ketone 

concentrations, suggesting metabolic effects during exercise. The above studies reported ketone 

concentrations of approximately 1-2 mmol/L, which had metabolic effects even in the presence 

of carbohydrate supplementation (Cox et al., 2016; Leckey et al., 2017). Proposed performance 

benefits with ketone supplementation may only be seen when blood ketone concentrations are in 

a range of 1-3 mmol/L (Cox et al., 2016; Egan & D’Agostino, 2016; Leckey et al., 2017). 

Furthermore, maximum beta-hydroxybutyrate concentrations are seen within 1.5-2.5 hours after 

consumption (Clarke et al., 2012). Ketone bodies have short half-lives, about 0.8- 3.1 hours. 

They are rapidly metabolized, and accumulation is not expected even after repeated consumption 

(Clarke et al., 2012). The absence of statistical significance of changes in blood lactate and blood 

glucose concentration between the two conditions may be explained by the amount of ketones 

ingested during the study, not allowing for blood ketone concentrations to reach 1 mmol/L. 

Participants in the current study ingested 10 grams of R-1,3-Butanediol, which was not 

normalized to their body weight. Another possible explanation for the lack of statistical 

significance is, as previously mentioned, the intensity and duration of exercise. The two



29 

explanations in tandem may not have afforded any glycogen sparing, as glycolysis was likely the 

dominant metabolic pathway during the current exercise protocol.  

Several limitations should be considered when interpreting the findings of this study. 

First, participants were trained endurance athletes, which may limit the generalizability of the 

findings to recreational active individuals and untrained individuals. Second, exercise intensity 

and duration performed by participants may not have been sufficient to understand the metabolic 

effects of ketone supplementation with carbohydrates, as glycolysis may have been the 

predominant metabolic pathway. Although examination of the data revealed a clear separation in 

individual responses, with some demonstrating improvements while others showed little to no 

improvement. Participants above the mean showed a longer time to fatigue using ketone 

supplementation compared to carbohydrates only. This suggests individual variability in baseline 

fitness, ketone metabolism, carbohydrate utilization, and general tolerability to the exercise 

protocol and supplement. Third, the amount of R-1,3-Butanediol may have been insufficient to 

spare muscle glycogen and increase time to fatigue. Fourth, not all participants provided dietary 

intake 48 hours prior to the experimental visits. Therefore, the prescription of 6g/kg body weight 

of carbohydrates to standardize glycogen stores is unknown in contributing to changes in 

metabolic concentrations. Furthermore, only blood lactate, beta-hydroxybutyrate, and glucose 

concentrations were assessed as indicators of metabolic response. Other potential variables, such 

as substrate oxidation, muscle glycogen oxidation, respiratory exchange ratio, and free fatty 

acids, were not measured and may provide insight into the potential benefits of ketone 

supplementation.
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CONCLUSION 

The purpose of this study was to investigate the effects of R-1,3-Butanediol combined 

with carbohydrate supplementation on cycling performance above the lactate threshold. 

Specifically, the study examined differences in time to fatigue, blood lactate concentration, beta-

hydroxybutyrate, and glucose responses between a ketone-plus-carbohydrate condition and a 

carbohydrate-only condition in trained endurance athletes. The results indicated that the ketone-

plus-carbohydrate supplement successfully elevated beta-hydroxybutyrate concentrations; 

however, no statistically significant differences were observed in time to fatigue, blood lactate, 

and blood glucose compared to carbohydrate supplementation alone. These findings suggest that 

acute ingestion of R-1,3-Butanediol with carbohydrates may not provide an ergogenic benefit 

during high-intensity cycling above the lactate threshold under the conditions examined in this 

study. Despite the lack of statistical significance, observations within the data may suggest that 

ketone-plus-carbohydrate supplementation may influence performance in some individuals. This 

study contributes to the growing body of literature examining ketone supplementation with 

carbohydrates and exercise performance by providing evidence from a trained endurance 

population performing exercise at intensities above the lactate threshold. Further research should 

investigate larger sample sizes, alternative dosing strategies, and additional physiological 

measures to further clarify the potential role of ketone-plus-carbohydrate supplementation on 

endurance performance. Collectively, the findings suggest that R-1,3-Butanediol with 

carbohydrate supplementation effectively increases beta-hydroxybutyrate concentrations; its 

acute use does not appear to enhance performance during high-intensity cycling above the lactate 

threshold.
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APPENDIX G: Table of Search Results 

Table of Search Results 

Search Engine Search (S) terms # Retrieved # Met 

inclusion 

criteria 

Article ID 

CINAHL S1 Exogenous ketones 17 2  

CINAHL S2 Ketone 

supplementation 

14 4  

CINAHL S1 and S3 Cycling 2 0  

CINAHL S2 and S3 3 2  

CINAHL S1 and S4 Exercise 6 2  

CINAHL S2 and S4 5 3  

CINAHL S5 Ketone metabolism 41 1  

Medline S1 30 5  

Medline S2 15 5  

Medline S1 and S3 5 2  

Medline S2 and S3 4 2  

Medline S5 69 0  

PubMed S1 and S3 105 4  

PubMed S2 and S3 80 2  

PubMed S1 and S4 112 4  

PubMed S2 and S4 134 2  

SPORTDiscus S1 and S3 or S4 9 1  

SPORTDiscus S2 and S3 or S4 6 2  

Manuel search Balasse et al. (1978) 

Clarke et al. (2012) 

Cox et al. (2016) 

Fery et al. (1983) (1986) 

Leckey et al. (2017) 

 1 

1 

1 

2 
1 
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