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Abstract
Ketone bodies (KB) provide an alternative energy source and uniquely modulate substrate metabolism during endurance 
exercise. Nutritional ketosis (blood KBs > 0.5 mM) can be achieved within minutes via exogenous ketone supplementation 
or days-to-weeks via conforming to a very low-carbohydrate, ketogenic diet (KD). In contrast to short-term (< 2 weeks) 
KD ingestion, chronic adherence (> 3 weeks) leads to a state of keto-adaptation. However, despite elevating blood KBs 
to similar concentrations, exogenous ketone supplementation and keto-adaptation are not similar metabolic states as they 
elicit diverse and distinct effects on substrate availability and metabolism during exercise; meaning that their influence on 
endurance exercise performance is different. In contrast to contemporary, high(er)-carbohydrate fuelling strategies, inducing 
nutritional ketosis is rarely ergogenic irrespective of origin and, in fact, can impair endurance performance. Nonetheless, 
exogenous ketone supplementation and keto-adaptation possess utility for select endurance events and individuals, thus war-
ranting further research into their performance effects and potential strategies for their optimisation. It is critical, however, 
that future research considers the limitations of measuring blood KB concentrations and their utilisation, and assess the 
effect of nutritional ketosis on performance using exercise protocols reflective of real-world competition. Furthermore, to 
reliably assess the effects of keto-adaptation, rigorous dietary-training controls of sufficient duration should be prioritised.
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1 Introduction

Endurance exercise requires high rates of sustained energy 
production, primarily via the oxidation of carbohydrate 
(CHO) and fat [1]; with exercise intensity positively associ-
ated with CHO utilisation [1]. Increasing blood ketone body 
(KB) concentration modulates substrate metabolism and 
oxidation during exercise, most notably by reducing CHO 
utilisation and free fatty-acid (FFA) availability, whilst pro-
viding a minor direct contribution of substrate into the tricar-
boxylic acid (TCA) cycle [2, 3]. Ketogenic diets (KD) and 

exogenous ketone supplements (EKS) increase blood KB 
concentration and may influence endurance performance; 
however, these two strategies are not equivalent as they exert 
two distinct metabolic states. Therefore, understanding how 
KD and EKS ingestion impact substrate metabolism is pru-
dent to elucidate their application for endurance athletes.

2  Ketone Bodies and Nutritional Ketosis

Ketone bodies refers to acetoacetate (AcAc), acetone and 
β-hydroxybutyrate (βHB). However, only AcAc and ace-
tone are ketones as they contain a carboxyl group with two 
hydrocarbons; βHB is technically a KB as the hydrocarbon 
atom is replaced by a hydroxyl group on the third carbon 
(Fig. 1). Compared with AcAc and βHB, acetone is largely 
excreted in the urine and breath and of negligible physiologi-
cal importance during exercise [2]. Postprandial blood KB 
concentration is ~ 0.1–0.2 mM and varies depending on CHO 
availability [2]. Blood KB concentration > 0.5 mM is a com-
monly used threshold qualifying a state of nutritional ketosis 
or hyperketonaemia [4]; however, concentrations > 0.2 mM 
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Key Points 

Exogenous ketone supplementation and keto-adaptation 
are two distinct metabolic states characterised by diverse 
effects on substrate availability, metabolism and endur-
ance performance.

During nutritional ketosis, the direct contribution of 
ketone bodies to exercising energy expenditure is likely 
minor, with ketone bodies instead exerting larger effects 
via modulation of carbohydrate and fat metabolism.

To date, inducing nutritional ketosis either via exog-
enous ketone supplementation or keto-adaptation does 
not appear to improve endurance performance beyond 
optimising CHO availability.

15]. The defining feature demarcating a KD from low(er)-CHO, 
high(er)-fat (LCHF) diets (~ 2.5 g CHO kg−1 day−1 or < 25% EI 
from CHO) is hyperketonaemia [4].

4  Defining Keto‑Adaptation for Endurance 
Athletes

Keto-adaptation refers to the multi-organ and multi-system 
(physiological) adaptations exerted by ingesting a KD over 
several weeks-to-months [16]. There is no clear definition 
of what constitutes keto-adaptation or strategies for its opti-
misation, except adherence for at least 3–4 weeks and sup-
plementation with sodium and potassium [17]. However, it is 
likely population-specific and exist on a continuum depend-
ing on the duration of dietary conformity. Studies investi-
gating keto-adaptation in endurance athletes for at least 3 
weeks demonstrate alterations to substrate availability and 
metabolism (Table 1), faecal [18] and oral [19] microbiome, 
and iron regulation [20, 21]; whereas, acid–base balance 
[22] and mucosal immunity [23] remain unaltered.

Depleted skeletal muscle [24] and hepatic [25] glycogen 
stores and an inability to maintain CHO oxidation rates [24, 
26] may precede metabolic exhaustion during exercise. There-
fore, the primary rationale for keto-adaptation is to reduce 
CHO-utilisation rates, whilst sustaining energy production, for 
a given exercise intensity. To achieve this, numerous adapta-
tions occur that are synonymous with fat-adaptation (reviewed 
elsewhere [27–30] and are summarised in Table 1), which 
include: (1) increased fat oxidation [7–10]; (2) reduced blood 
glucose utilisation [8]; and 3) reduced skeletal muscle [8, 11] 
and hepatic [11] glycogen utilisation. Intermittent or con-
tinuous exposure to hyperketonaemia demarcates keto- from 
fat-adaptation; however, it remains uncertain—and conten-
tious—what specific adaptations constitute keto-adaptation, 
their impact on endurance performance, and how these evolve 
with chronic KD ingestion (i.e., weeks vs. months vs. years). 
Furthermore, keto-adaptation is not a binary physiological 
state categorised by blood KB concentrations greater or less 
than 0.5 mM; rather, it is the ability to rapidly and efficiently 
increase ketogenesis and ketolysis relative to (lowering) CHO 
availability, whilst maintaining total substrate oxidation rates 
sufficient for energy requirements.

Fig. 1  Structure of ketone 
bodies

have also been proposed [2]. Ketone bodies can bypass 
the blood–brain barrier via passive diffusion [5] and enter 
extrahepatic tissues (e.g., brain, heart and skeletal muscle) 
via monocarboxylate transporters (MCTs) [6] to provide an 
alternative oxidative fuel source during periods of low CHO 
availability, such as starvation, fasting, prolonged exercise, 
or conformity to a ketogenic diet (KD) [2].

3  Ketogenic Diets and Endogenous 
Ketogenesis

Conforming to a  KD increases blood KB concentrations 
to > 0.5 mM within days [2, 7] and can be sustained for weeks 
[7–9] to months [10, 11]. Ketogenesis occurs predominantly 
in  hepatic mitochondria following β-oxidation of fatty acids 
to produce AcAc, the central KB in energy metabolism. The 
majority of AcAc is reduced to D-βHB, the primary circulating 
KB, thus shifting the blood AcAc:βHB ratio from 1:1 to–1:4 
[2]. The ability for a fat-derived fuel to be used by the brain dur-
ing periods of CHO insufficiency is critical to meet the brain’s 
energy demand, thus negating the requirement for gluconeo-
genic protein catabolism [12, 13]. A KD is typically defined 
as < 50 g CHO day−1 or < 5% of energy intake (EI) from CHO, 
15–20% of EI from protein and 75–80% of EI from fat [7–9, 14, 
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The obligate duration of conforming to a KD to optimise 
keto-adaptation is uncertain. A minimum of 3–4  weeks 
appears necessary for performance [7–9]; however, whether 
ergogenic or ergolytic adaptations occur beyond this time-
frame is unknown as studies of this duration either do not 
examine performance [10, 11], fail to rigorously monitor 
dietary intake and training load [14], or do not employ dietary 
standardisation prior to performance testing [15]. Therefore, 
to improve quantifying keto-adaptation in endurance athletes, 
the following variables should be reported: (1) dietary intake 
(refer to Mirtschin et al. [31] and Shaw et al. [7] for exam-
ples); (2) daily (morning) pre-exercise blood and/or urinary 
KB concentrations (to confirm dietary adherence); and (3) 
training load. Thereafter, cardiorespiratory parameters, ratings 
of perceived exertion (RPE), blood metabolites, and substrate 
oxidation during metabolic tests and/or performance tests can 
determine the utility of keto-adaptation and, potentially, time-
course adaptations to KD ingestion. Noteworthy, steady-state 
whole-body carbohydrate and fat (not KB) oxidation can be 
calculated using indirect calorimetry without adjusting stoi-
chiometric equations as fatty-acid-derived KBs are an interme-
diate metabolite of fat metabolism and contribute to total fat 
oxidation [32]—assuming insensible KB losses via the breath 
and urine and non-respiratory excretion of  CO2 are negligible, 
which may otherwise corrupt stoichiometric equations [33].

5  Exogenous Ketone Supplementation

Exogenous ketone and ketogenic supplements induce nutri-
tional ketosis within minutes without necessitating CHO 
restriction (reviewed elsewhere [3, 34, 35]). Their influ-
ence on performance is an area of interest [36] as they can 
elicit unique metabolic responses during exercise (Table 1). 
Ketone salts (KB + sodium, potassium, calcium, or magne-
sium), typically sold as a racemic mixture, increase blood 
D-βHB to ~ 0.3–1 mM [37–41]; however, they provide an 
undesirable salt load that may result in cation overload, aci-
dosis, and gastrointestinal distress [42, 43]. Similarly, the 
racemic R,S-1,3-butanaediol (BD) increases blood D-βHB 
to ~ 1 mM [44, 45]; however, as a ketogenic supplement, 
the resulting R-BD and S-BD moieties require subsequent 
conversion to the isotopic enantiomers, D-βHB and L-βHB 
[46]. BD metabolism is rate-limited by the hepatic enzymes 
alcohol dehydrogenase and aldehyde dehydrogenase [47–50] 
(Fig. 2); therefore, blood BD accumulates when ingested in 
quantities beyond enzymatic saturation [51].

Ketone esters include the R,S-BD AcAc diester [52, 53] 
and R-BD D-βHB monoester [54, 55]. In humans, R-BD 
D-βHB monoester ingestion has attracted the most attention, 
with studies investigating its safety and tolerability [43, 54, 
56], and pharmacokinetics [40, 54, 57], as well as its regula-
tory effects on blood glucose [58], appetite [59], inflammation 

[60], endurance performance [55, 61], RPE [62], acid–base 
balance [63], recovery [64, 65], and overreaching [66]. R,S-
BD AcAc esters and R-BD D-βHB monoester are catabolised 
by carboxylesterases and esterases predominantly situated in 
the gastrointestinal tract [67], with the liberated BD metabo-
lised as previously described. R,S-BD AcAc diesters increase 
blood D-βHB concentration to similar concentrations as 
racemic ketone salts and BD, whereas there is a significantly 
greater rise in blood AcAc concentration (~ 0.4 mM) [53]. In 
contrast, the R-BD D-βHB monoester increases blood D-βHB 
concentrations to 2–5 mM [40, 55, 57], which is attenuated 
when coingested with food [40], indicating that the contents 
of the gut may affect the digestion and absorption of EKSs.

6  Chirality of Exogenous Ketone 
Supplements

Multiple pathways exist for the absorption and metabolism 
of EKSs, particularly due to chiral differences of βHB (R- 
and S- can be interchanged with D- and L-, respectively 
(Fig. 2). The D-βHB derived from R,S-BD metabolism is 
identical to D-βHB produced via endogenous ketogenesis, 
whereas L-βHB is a by-product of fat metabolism present in 
trace and low amounts in blood [68] and extrahepatic tissue 
[69], respectively. In rats, the administration of R-BD and 
S-BD contributed to 86–98% and 47–75% of total ketogen-
esis (D-βHB + AcAc), respectively, indicating that S-BD has 
a significantly lower rate of conversion to D-βHB. D-βHB 
is rapidly catabolised to acetyl-CoA and adenosine triphos-
phate (ATP) via the TCA cycle in peripheral tissues, whereas 
L-βHB does not enter the TCA cycle and is converted by the 
liver to FFAs and sterols or acetyl-CoA prior to D-βHB or 
 CO2 (see Fig. 2) [70, 71]. The slow conversion and excretion 
of L-βHB means that it can remain present in the blood for 
up to 24 h, increasing the potential of blood L-βHB accu-
mulation [40]. Speculatively, lowering of the D-βHB/L-βHB 
ratio may negate the D-βHB-induced suppression of glucose 
metabolism in muscle, as previously demonstrated within 
cardiac tissue in rats [69], thus preserving CHO-oxidation 
rates and performance during high-intensity exercise. How-
ever, further research is required to investigate the interac-
tion of D- and L-βHB on substrate metabolism in exercising 
humans and how this changes relative to CHO availability.

7  Quantifying Ketosis

Various methods measure biological KB concentrations 
[72]. Dipsticks qualitatively or semi-quantitatively meas-
ure the presence of urinary AcAc and are a cost-effective 
option to confirm conformity to a KD [73]; however, they 
are unable to detect D-βHB and have a low sensitivity to 
acute shifts in blood KB concentration [72]. Whereas, 
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point-of-care, handheld monitors measure capillary whole-
blood D-βHB concentration. Several point-of-care devices 
are available and widely used in healthcare settings for indi-
viduals with diabetes [72]. These devices specifically meas-
ure D-βHB, not L-βHB, by using D-βHB dehydrogenase 
coupled with electrochemical detection. However, com-
pared with laboratory measures, point-of-care devices tend 
to have a higher coefficient of variation [74] and can overes-
timate blood D-βHB concentration by two-to-threefold [53, 
75]; which makes it difficult to identify the optimal range 
of blood D-βHB concentration for endurance performance.

8  Limitations of Measuring Ketone Body 
Utilisation

The uptake and oxidation of KBs within skeletal muscle 
during exercise has been reviewed elsewhere [2, 3, 34]. 
Well-trained athletes have a greater capacity to oxidise 

KBs due to a higher abundance of MCTs [76] and ketol-
ytic enzymes [77]. However, measuring KB oxidation is 
difficult as stoichiometric equations have only been vali-
dated for CHO and fat [78]. To estimate KB oxidation 
using indirect methods, further estimates are required for 
KB volume distribution values (i.e., total amount of KBs 
in the body divided by KB plasma concentration) and KB 
uptake into skeletal muscle [79]. For KB uptake, differences 
between the rates of KB appearance (i.e., the rate of hepatic 
ketogenesis during keto-adaptation or the rate of gastroin-
testinal absorption and/or BD conversion following exogne-
ous ketone or ketogenic supplementation) and KB uptake 
must be known. Furthermore, not all KBs extracted from 
the blood are oxidised, as they can be stored in the form of 
D-3-hydroxybutyrylcarnitine (keto-carnitine), for which its 
role in energy production is uncertain [55, 80]. Insensible 
losses may also occur via the breath and urine [2].

A method proposed for estimating KB uptake into skel-
etal muscle  following  EKS ingestion  uses incremental 

Fig. 2  A simplified schematic of the cleavage and major metabolic 
pathways of 1,3-butanediol-based ketone esters and ketone salts prior 
to oxidation in the tricarboxylic acid cycle within extrahepatic tissues. 
βHB β-hydroxybutyrate, AcAc acetoacetate, HMG-CoA 3-hydroxy-
3-methylglutaryl-CoA, AcAc-CoA acetoacetyl-CoA, Ac-CoA acetyl-
CoA, TCA  tricarboxylic acid. Following oral ingestion, ketone esters 
and salts are cleaved and absorbed in the gut. R,S-1,3-butanediol is 
metabolised to R,S-3-hydroxybutanal prior to the ketone bodies ace-

toacetate, βHB, and acetone. Acetone is formed by the decarboxyla-
tion of AcAc and is not shown in the schematic as it does not con-
tribute to energy production. Ketone bodies entering circulation are 
transported to extrahepatic tissues (e.g., skeletal muscle, kidney, 
brain, and heart), which enter via monocarboxylate transporters to  be 
oxidised in the TCA cycle for energy production. Excretion of non-
metabolised ketone bodies occurs via the  faeces, exhalation by the 
lungs as acetone, or kidneys as AcAc and βHB
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area-under-the-curve of blood D-βHB concentration between 
resting and exercising conditions [55, 79]; however, during 
keto-adaptation, this strategy cannot be employed as rates of 
endogenous ketogenesis are unknown. In a study involving 
highly trained cyclists ingesting 0.573 g kg−1 of the R-BD 
D-βHB monoester, the contribution of D-βHB to energy 
expenditure was estimated to be 0.35 and 0.5 g min−1, or 16 
and 18% of oxygen uptake, at 45 and 75% Wmax, respectively 
[55]. Blood D-βHB concentrations in the high-intensity trial 
were ~ 3 and 1 mM lower than the resting and low-intensity 
trials, respectively [55], demonstrating an exercise intensity-
dependent effect on KB utilisation. Nevertheless, the accuracy 
of these calculations have not been confirmed using tracer 
techniques and are grossly higher than previous estimates 
using sodium AcAc infusion during moderate-intensity exer-
cise [81]; therefore, indirect methods may overestimate KB 
oxidation and should be interpreted cautiously until validated.

9  Nutritional Ketosis and Endurance 
Performance

High-intensity (> 80%VO2max) endurance performance up 
to ~ 3 h is CHO-dependent [82], but not necessarily limited 
by CHO availability [83]. Maximising energy production per 
unit of oxygen is important to performance; therefore, a shift 
towards fat oxidation may be ergolytic as the oxidation of fat 
compared with CHO results in a ~ 5% reduction in efficiency 
[84]. Whereas, at moderate intensities, depleting endogenous 
CHO availability can result in fatigue [85]; therefore, strate-
gies to reduce the rate of endogenous CHO utilisation, whilst 
maintaining exercise intensity, are desirable. Ketone bodies 
downregulate skeletal muscle [55] and hepatic [86] glycogen 
utilisation and, as demonstrated in rodent skeletal and car-
diac muscle models [87, 88], reduce pyruvate dehydrogenase 
complex (PDHc) activity; however, for the latter, evidence in 
humans following dietary intervention is currently unavail-
able. They also self-regulate their own production by sup-
pressing adipocyte lipolysis [2], thus reducing FFA availabil-
ity to exercising muscle. Ketone bodies may also be a more 
efficient fuel source than CHO and fat, as demonstrated in 
isolated rodent tissue models [89–91], with increased energy 
yield per  C2 unit [90] and greater Gibbs free energy of ATP 
hydrolysis [42]. Therefore, nutritional ketosis is frequently 
implicated in fuelling strategies for endurance performance; 
however, potential performance benefits and detriments exist 
at both high- and moderate-exercise intensities.

9.1  Exogenous Ketone Supplementation 
and High‑Intensity Endurance Performance

No beneficial performance effects during high-intensity 
exercise have been demonstrated following the ingestion 

of EKSs that increase blood D-βHB concentrations up 
to ~ 1 mM. Racemic ketone salts [38, 39] and BD [44, 45] 
exert no effect on oxygen uptake, blood glucose concen-
tration, lactate accumulation, or RPE at exercise intensi-
ties > 70%  VO2max, and demonstrate no [39, 44, 45] or 
negative [38] effects on performance (Table 2). Whereas, 
the racemic R,S-BD AcAc diester, in conjunction with rec-
ommended CHO fuelling strategies, was shown to increase 
capillary blood D-βHB concentrations to 0.8–1.3  mM 
(serum D-βHB ~ 0.4 mM) and serum AcAc concentration 
to ~ 0.5 mM during a ~ 50 min cycling time-trial (TT) [53]. 
Blood glucose, free fatty acid, and lactate concentrations 
were lower than placebo [81], which was potentially due 
to the higher increase in serum AcAc concentration com-
pared to the ingestion of βHB salts or BD alone, due to their 
cleavage from BD and immediate entry into circulation. In 
this case, however, performance was significantly impaired 
by ~ 2% (~ 3.7% reduction in average power output [339 ± 37 
vs. 352 ± 35 W]), which was attributed to severe gastrointes-
tinal distress [53] (Table 2). Therefore, it seems EKSs attain-
ing blood D-βHB concentrations up to ~ 1 mM should be 
avoided for high-intensity endurance performance, particu-
larly if exercise duration does not deplete CHO availability.

In contrast, ingesting the non-racemic R-BD D-βHB 
monoester increases blood D-βHB concentration 
to ~ 1–2.5 mM during high-intensity exercise [55, 61, 92]. In 
response, blood glucose, FFA and lactate concentration, and 
skeletal muscle glycogen utilisation decline, and intramus-
cular triglyceride utilisation appear to increase (Table 1). 
The coingestion of R-BD D-βHB monoester and CHO after 
an overnight fast increased distance cycled by ~ 2% during a 
30 min TT preceded by 60 min at 75% of the maximal power 
achieved during the incremental test [55] (Table 2). How-
ever, R-BD D-βHB monoester ingestion with CHO fuelling 
strategies during the prior 24 h and exercise has failed to 
alter high-intensity exercise capacity in a run-to-exhaustion 
protocol preceded by 75 min of high-intensity intermittent 
running [61] and a 10 km time-trial running performance 
preceded by 60 min at 65%  VO2max [92] (Table 2). Simi-
larly, maximal power output did not change following R-BD 
D-βHB monoester ingestion compared with placebo prior to 
an incremental exercise test, despite increased leg discom-
fort and the anxiety of breathing and leg discomfort [62] 
and increased acid–base balance [63] (Table 2). Therefore, 
ingesting the R-BD D-βHB monoester may not be ergogenic 
during high-intensity exercise.

9.2  Keto‑Adaptation and High‑Intensity Endurance 
Performance

Keto-adaptation tends to impair high-intensity endurance 
performance (reviewed elsewhere [27, 30]). However, 
after keto-adaptation periods of > 2–3 months, results are 
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equivocal, as both negative [93] and no effects [15] were 
reported in recreational endurance athletes; albiet there is 
no published research in well-trained or elite athletes. The 
primary concern is lowering of CHO availability and oxi-
dation via suppression of glycolysis and PDHc activity, 
which can manifest during metabolic testing as reduced res-
piratory exchange ratio (RER) at  VO2max (i.e. < 1.0) [7–9]. 
Keto-adaptation also increases energy expenditure and oxy-
gen uptake beyond what can be explained by reductions in 
RER from pre- to post-adaptation (i.e., accounted oxygen 
uptake) when exercising at > 70%  VO2max [7]; suggesting 
increased mitochondrial uncoupling. In concordance, 31-day 
keto-adaptation reduced running speed at  VO2max in trained 
runners [7] and 3 weeks of keto-adaptation during intensi-
fied training in elite race walkers negated improvements in 
a 10-km TT performance compared with a high-CHO diet 
[9]. Therefore, increased fat and KB oxidation does not seem 
to compensate for attenuated carbohydrate metabolism fol-
lowing keto-adaptation, thus appearing to compromise high-
intensity endurance performance.

9.3  Exogenous Ketone Supplementation 
and Prolonged Moderate‑Intensity Endurance 
Performance

Exogenous ketone supplementation has been tentatively linked 
with performance effects for endurance competition lasting 
several hours [94, 95]; however, no studies have examined 
their effect. Despite the potential for increased IMTG utilisa-
tion following R-BD D-βHB monoester ingestion [55], IMTG 
stores are depleted by ~ 50–70% during the initial 2–3 h of 
(fasted) exercise, which places greater reliance on adipose tis-
sue lipolysis to maintain fat oxidation [96–99]. Since ketone 
ester ingestion suppresses adipose tissue lipolysis [53, 55], an 
important fuel source for prolonged events [100], CHO-oxida-
tion rates could increase, thus accelerating fatigue. Moreover, 
endurance competition lasting several hours is highly influ-
enced by gastrointestinal symptoms, which can be exacerbated 
by exogenous ketone supplementation [42, 45, 53, 61], thus 
preventing sufficient CHO and energy intake. Clearly, further 
research investigating the effects of EKSs on prolonged, mod-
erate-intensity endurance performance is required.

9.4  Keto‑Adaptation and Prolonged 
Moderate‑Intensity Endurance Performance

Keto-adaptation may be ergogenic for prolonged, moderate-
intensity endurance events limited by endogenous CHO 
availability; however, only a single study has investigated the 
effect of keto-adaptation on endurance performance or capac-
ity lasting > 3 h [7] (Table 3). Arguably, the ergogenic effect 
of keto-adaptation may be greatest when CHO ingestion is 
restricted, potentially due to limited fuelling opportunities 

or in individuals who cannot tolerate CHO ingestion during 
competition [4, 30]. Following several weeks-to-months of 
ingesting a KD, fat oxidation (including fatty-acid-derived 
KBs) can contribute to > 70% of energy expenditure at 
70–80%  VO2max [9, 11] and up to ~ 90% at 65%  VO2max 
[10], with rates invariably > 1 g min−1 and extending up 
to ~ 1.9 g min−1 [9]. However, when exercising ≥ 2 h with-
out CHO ingestion, the rate of ketogenesis likely exceeds 
ketolysis as blood D-βHB concentrations rise > 1.5 mM [7, 
9–11]. It is uncertain if increases in endogenous KB produc-
tion result in corresponding direct increases in KB oxidation 
or, more likely, greater modulation of endogenous substrate 
metabolism, such as via effects on adipose tissue lipolysis, 
glycolysis, and/or PDHc activity.

In a seminal study, 4 weeks of keto-adaptation preserved 
mean time-to-exhaustion (TTE) at 62–64%  VO2max in five 
trained cyclists [8] (Table 3). However, the study design 
favoured keto-adaptation due to: (1) a single-arm design; (2) 
failure to implement performance nutrition strategies in the 
CHO trial; and (3) a large improvement in a single participant 
in the post- (keto-adapted) trial, thus distorting the results. A 
recent study aimed to address these limitations by investigat-
ing 31 days of keto-adaptation in eight trained runners using a 
randomised, repeated-measures, counter-balanced, crossover 
design [7] (Table 3). Mean TTE was preserved at 70%  VO2max, 
despite an increase in the rate of exercising energy expendi-
ture [7], suggesting impaired exercise efficiency. Therefore, 
the ergogenic benefits of elevated fat and KB oxidation and 
the regulatory role of increased blood KB concentration on 
substrate metabolism are unlikely to outweigh high-CHO 
fuelling strategies; however, future research examining keto-
adaptation, particularly for exercise durations > 4–6 h and in 
conjunction CHO ingestion before and/or during exercise, 
remains warranted.

10  Is There an Optimal Blood Ketone 
Body Concentration for Endurance 
Performance?

Optimal implies an ergogenic effect of KBs  either via 
their regulation of or contribution to substrate provision 
for energy production; however, there is currently no clear 
benefit of nutritional ketosis for endurance performance fol-
lowing either exogenous ketone supplementation (Table 1) 
or keto-adaptation (Table 2). Published studies also contain 
small sample sizes (~ 8–12) and lack rigor to identify posi-
tive and negative responders due to the underlying noise of 
measurement error [101]. Blood KB concentrations also 
reflect the rates of ketogenesis (or KB appearance follow-
ing EKS ingestion) and KB uptake by peripheral tissues, 
thus making interpretation difficult. Considering blood KB 
concentrations during keto-adaptation are metabolically 
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regulated depending on energy demand and CHO availabil-
ity [2], it may not be possible to identify an optimal range 
for endurance performance. In contrast, exogenous ketone 
supplementation can acutely manipulate blood KB concen-
tration, which has prompted suggestion of an optimal blood 
D-βHB range of 1–3 mM [3]; however, 1 mM appears too 
low (Table 2). Therefore, for EKSs, further research explor-
ing specific dosing strategies should consider the follow-
ing: (1) blood KB concentration measurement technique; 
(2) blood D-βHB/L-βHB/AcAc concentration and ratio; (3) 
substrate availability and metabolism (e.g., fasted vs. fed 
vs. acute CHO fuelling strategies); (4) previous exposure to 
hyperketonaemia; (5) athlete training status; (6) physiologi-
cal demands of competition; and (7) tolerability.

11  Conclusion

Exogenous ketone supplementation and keto-adaptation 
induce nutritional ketosis; however, they are not similar phys-
iological states. Underlying alterations to substrate availabil-
ity and metabolism differentiate the ergogenic potential for 
each and despite decades of research, it is only recently that 
their performance effects within ecologically valid contexts 
are being examined. Therefore, current recommendations 
to induce nutritional ketosis for endurance performance are 
unsubstantiated, but are an exciting area of future research.
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