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WHITFIELD, J., L.M. BURKE, A. K. A.MCKAY, I. A. HEIKURA, R. HALL, N. FENSHAM, and A. P. SHARMA. Acute Ketogenic Diet

and Ketone Ester Supplementation Impairs Race Walk Performance. Med. Sci. Sports Exerc., Vol. 53, No. 4, pp. 776–784, 2020. The con-

sumption of a ketogenic low-carbohydrate (CHO), high-fat (LCHF) diet increases skeletal muscle fat utilization but impairs exercise economy.

Whether the concomitant increase in circulating endogenous ketone bodies (KB) alters the capacity to metabolize exogenous ketone supple-

ments such as the popular ketone monoester is unknown.Purpose: This study aimed to determine if LCHF and ketone ester (KE) supplemen-

tation can synergistically alter exercise metabolism and improve performance.Methods: Elite race walkers (n = 18, 15 males and 3 females;

V̇O2peak, 62 ± 6 mL·min−1·kg−1) undertook a four-stage exercise economy test and real-life 10,000-m race before and after a 5-d isoenergetic

high-CHO (HCHO, ~60%–65% fat; CHO, 20% fat; n = 9) or LCHF (75%–80% fat, <50 g·d−1 CHO, n = 9) diet. The LCHF group performed

additional economy tests before and after diet after supplementation with 573 mg·kg−1 body mass KE (HVMN; HVMN Inc., San Francisco,

CA), which was also consumed for race 2.Results: The oxygen cost of exercise (relative V̇O2, mL·min
−1·kg−1) increased across all four stages

after LCHF (P < 0.005). This occurred in association with increased fat oxidation rates, with a reciprocal decrease in CHO oxidation (P < 0.001).

Substrate utilization in the HCHO group remained unaltered. The consumption of KE before the LCHF diet increased circulating KB (P < 0.05),

peaking at 3.2 ± 0.6 mM, but did not alter V̇O2 or RER. LCHF diet elevated resting circulating KB (0.3 ± 0.1 vs 0.1 ± 0.1 mM), but concen-

trations after supplementation did not differ from the earlier ketone trial. Critically, race performance was impaired by ~6% (P < 0.0001) relative

to baseline in the LCHF group but was unaltered in HCHO.Conclusion:Despite elevating endogenous KB production, an LCHF diet does not

augment the metabolic responses to KE supplementation and negatively affects race performance. Key Words: Β-HYDROXYBUTYRATE,
KETOSIS, ATHLETIC PERFORMANCE, LOW-CARBOHYDRATE HIGH-FAT
several factors, including both duration and intensity carbohydrate [CHO], and intramuscular triglycerides, an en-
During exercise, substrate utilization is influenced by

(1). Prolonged exercise relies on the breakdown of
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endogenous fuel stores (i.e., glycogen, the storage form of

dogenous store of lipids) as well as the uptake of blood-borne
substrates (glucose and free fatty acids) for the production of
ATP.Most Olympic middle- and long-distance events are per-
formed at intensities greater than 75% of V̇O2max (2,3) and are
therefore heavily reliant on CHOmetabolism asmaximal rates
of lipid oxidation occur at ~60%–65% V̇O2max (4) and decline
as exercise intensity increases. As a result, nutrition guide-
lines for endurance sport have focused heavily on matching
the energy cost of the event to the body’s finite storage
CHO (5), while scientists and athletes have both searched
for strategies that promote “glycogen sparing” for use later
in exercise. Two strategies that have received recent atten-
tion are chronic adaptation to a ketogenic low-CHO, high-fat
(LCHF) diet and acute supplementation with exogenous
ketones (i.e., ketone esters [KE] or ketone salts). Although
these dietary strategies both rely on the provision of alter-
native substrates to the working skeletal muscle to delay
or minimize the use of CHO, they result in the development
of distinct metabolic states (6). Critically however, the
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interaction of the two on exercise performance has not yet
been investigated.

The consumption of an LCHF diet (defined as <50 g
CHO·d−1 or <5% energy intake [EI] from CHO and 75%–
80% EI from fat [7,8]) is proposed to result in a host of meta-
bolic adaptations (9). In the context of endurance performance,
a key finding is that as little as 5 d of adaptation to an LCHF diet
can result in rapid retooling of the skeletal muscle to increase
(200%–250%) its capacity to use fat as fuel during exercise
(10), as well as the relative intensity at which peak oxidation
rates occur. Indeed, we have demonstrated previously that mean
rates of fat oxidation were increased to ~1.4 g·min−1 when elite
athletes consumed LCHF for 5–6 d (11), rates similar to those
achieved by medium-term (3–4 wk) (8,12) and chronic
(>12 wk) adaptation periods (13). Although hepatic ketone
production also increases in the face of CHO restriction to pro-
vide substrate for the brain and other metabolically active tis-
sues (14), it is currently unclear whether the muscle also adapts
to increase the capacity to use this substrate.

Recently, Clarke and colleagues (15) developed a method
for inducing acute nutritional ketosis in the absence of CHO
or energy restriction, through the consumption of the synthetic
ketone ester ethyl (R)-3-hydroxybutyrate and (R)-1,3-butanediol.
Supplementation with 573mg·kg−1 of this KE increased circu-
lating ketone concentrations to ~3 mmol·L−1 after 10 min,
peaking at ~6 mmol·L−1 after 20 min (16). Circulating ketone
concentrations decreased to ~4mmol·L−1 during 45min of cy-
cling at 40% Wmax, and to ~3 mmol·L−1 after exercise at 75%
Wmax, with ketone oxidation calculated to contribute ~18%
and 16%, respectively, to oxygen consumption. Critically,
supplementation also resulted in a ~2% increase in the dis-
tance covered during a cycling time trial (16), suggesting that
ketones could be an effective ergogenic aid. However, subse-
quent studies have failed to show similar improvements across
a variety of performance outcomes (17–19).

There is now a growing body of evidence demonstrating
that LCHF diets impair the performance of endurance exercise
at high relative and absolute intensities (13), with at least part
of the mechanism being an increase in the oxygen cost of ex-
ercise at the same absolute speed (9,12,13,20). In contrast, it
has been suggested that ketone bodies may provide a greater
Gibbs free energy (ΔG) for ATP production (21) and may
therefore be a more efficient metabolic fuel source. Therefore,
the purpose of this study was to determine if a short-term ke-
togenic LCHF diet could potentiate the effects of KE supple-
mentation on performance, and whether this supplement would
offset the hallmark decrease in exercise economy seen in pre-
vious studies using this diet.

METHODS

Ethical approval. This study conformed to the standards
set by the Declaration of Helsinki and was approved by the
Ethics Committee of the Australian Institute of Sport (no.
20191102). After comprehensive details of the study protocol
were explained to the subjects orally and in writing, all athletes
provided their written informed consent.
LCHF DIET AND KETONE ESTER IMPAIR PERFORMANCE
Participants.A total of 19 athletes were initially recruited
to participate in this study. After baseline testing, one athlete
developed an injury and withdrew; therefore, their data were
not included in the final analysis. The cohort (n = 18, 15 males
and 3 females, 26.1 ± 6.7 yr, 63.9 ± 7.2 kg; V̇O2peak,
4.03 ± 0.73 L·min−1) ranged from world class athletes
(e.g., Olympians, World Championship and IAAF [now
World Athletics] Race Walking Team Championships med-
alists, and national record holders) to highly trained athletes
(e.g., training partners of world class athletes). Specifically,
12 of the 18 athletes who participated in this study were se-
lected for at least one of the major events in the previous two
seasons, either the 2018 World Athletics Race Walking Team
Championships or the 2019 World Athletics World Champi-
onships. Athletes were educated about the benefits and limita-
tions of each dietary intervention and asked to nominate their
preference(s) for, or non acceptance of, each intervention, as
described previously (8). We were able to allocate race walkers
to a preferred dietary conditionwhile achieving suitablematching
across groups based on age, body mass (BM), peak oxygen
uptake (V̇O2peak), and personal best for the 10-km race walk
(see Table, Supplemental Digital Content 1, Subject character-
istics of elite race walkers, http://links.lww.com/MSS/C145).

Overview of study design. This study was conducted
during an approximately 2.5-wk training camp (Fig. 1) that
represented baseline preparation for the 2020 World Athletics
race walking season. The study was broken up into three
phases. Phase 1 (Baseline) served as baseline economy and
performance (10,000-m race) testing (described below), all
of which was performed while consuming a standardized
high-CHO (HCHO) diet that was provided for all athletes.
To allow athletes adequate opportunity to recover in between
races, Phase 2 consisted of 7 d of regular training (see Figure,
Supplemental Digital Content 2, overview of training under-
taken by athletes across the study, http://links.lww.com/
MSS/C146) on a habitual diet. Athletes then followed either
an HCHO or an LCHF diet for 5 d, before repeating all econ-
omy and performance measures (Phase 3, Adaptation).

Dietary intervention. This study was undertaken with a
blend of dietary control under free-living conditions with ath-
letes accommodated in several communal houses. During the
baseline (4 d total, including two testing days plus race 1)
and adaptation (8 d total, including two testing days plus race
2, as above) periods of standardized food intake, each athlete
was provided with an individualized daily menu and all food
ingredients and fluids required to achieve this. Each period
of dietary standardization involved the repetition of a 3-d rotat-
ing menu, with individualized versions constructed by a team
of food service and sport dietitians to suit nutritional targets
and special food needs (i.e., preferences and allergies) of each
participant. Food provisions included a range of precooked/
assembled meals such as commercial ready to eat meals
(Dineamic Meals, Victoria, Australia), whole food ingredients,
and specialty low-CHO products (Herman Brot, Queensland,
Australia). Athletes were provided with kitchen scales to ensure
they could portion the cooked and assembled foods as per
Medicine & Science in Sports & Exercise® 777
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FIGURE 1—Study schematic of 2.5 wk training camp and dietary interventions for elite race walkers.
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the personalized meal plan provided. Food delivery was pro-
vided every 1–2 d to ensure that food hygiene and quality
was maintained and to support meal plan compliance. Athletes
were also required to provide completed daily menu checklists
to the study dietary team and were encouraged to share photos
of their meals.

Dietary interventions, as described previously (8,20), were
used for baseline and/or adaptation periods. Both dietary treat-
ments were designed to provide adequate energy availability,
with a provision of 56 kcal (225 kJ)·kg−1 BM to account for
planned training. The dietary interventions in the current study
consisted of the following:

1. Standardized HCHO diet—constructed to provide a CHO
intake of 8.5 g·kg−1 BM·d−1 with ~2.1 and 1.3 g·kg−1

BM·d−1 of protein and fat, respectively.
2. LCHF diet protein—matched for protein intake (2.1 g·kg−1

BM·d−1) and provided ~0.6 g·kg−1 BM·d−1 of CHO (<50 g
of CHO in a single day), with the remainder of energy
(4.7 g·kg−1 BM·d−1) coming from fat.

On testing days, athletes were provided with a standardized
breakfast meal to be consumed 2 h before commencing exer-
cise. Athletes consumed this before reporting to the laboratory
with compliance confirmed via a time-stamped photo. On race
days, the standardized meal was provided at the race site and
consumed under supervision. The standardized HCHO break-
fast meal provided 2 g·kg−1 BM (toast, jam, butter, and apple
juice), whereas the LCHF meal was energy matched and
consisted of low-CHO bread (<10 g of CHO), whole eggs,
and avocado.

Incremental exercise economy and capacity tests.
During both Baseline and Adaptation, athletes performed a
four-stage economy test to determine submaximal walking
economy and fuel utilization (8). Briefly, athletes reported to
the laboratory 2 h after the intake of a standardized test meal
as outlined above, and resting capillary (fingertip) blood sam-
ples were taken to assess blood lactate (Lactate Pro 2, Akray,
Japan), ketones (β-hydroxybutyrate [βHB]; FreeStyle Optium
Neo, Abbott Diabetes Care, Victoria, Australia), and glucose
(FreeStyle Optium Neo, Abbott Diabetes Care) concentrations.
Before each test, athletes performed a self-selected 10-min
778 Official Journal of the American College of Sports Medicine
warm-up, which was maintained across trials. Walking econ-
omy was assessed on a motorized treadmill (Venus, h/p/cosmos,
Nussdorf-Traunstein, Germany) and consisted of four submaximal
stages, each lasting 4 min and increasing in speed by 1 km·h−1

each stage. Starting speeds were selected at 10–12 km·h−1

based on each individual’s capacity and sex; senior male ath-
letes’ 20-km personal best times were compared with the 2019
World Athletics World Championship qualifying standards of
1 h 22 min 30 s, with athletes faster than this mark commenc-
ing at 12 km·h−1 and increasing to 15 km·h−1 at the final stage
and the remaining male athletes commencing at 11 km·h−1 and
increasing to 14 km·h−1. All female athletes commenced at
10 km·h−1 and increased to 13 km·h−1. As a result, the speeds
of the second and fourth stage corresponded approximately to
each individual athlete’s walking pace for the 50- and 20-km
race walk events, respectively.

Each stage was followed by 1 min rest for the collection of
capillary blood samples, as well as RPE (6–20 Borg scale).
Heart rate (HR) was measured continuously throughout the
test (Polar Heart Rate Monitor; Polar Electro, Kempele, Finland).
Expired gas was collected and analyzed every 30 s via
open-circuit spirometry (TrueOne 2400; Parvo Medics, Sandy,
UT) with the final 60 s of gas collected accepted as steady state
and rates of O2 consumption (V̇O2) and CO2 production
(V̇CO2) used to calculate the RER. Before each test, gas ana-
lyzers were calibrated with commercially available gases
(16% O2 and 4% CO2). To assess maximal aerobic capacity
and confirm equal matching between groups, V̇O2peak was
assessed at baseline. Upon completion of the final submaximal
walking stage, subjects rested for 5 min before completing a
ramp (speed and then gradient) test to volitional fatigue. Tread-
mill speed was increased by 0.5 km·h−1 every 30 s until the
speed corresponding to the individual’s final submaximal stage
was reached (14 or 15 km·h−1), with treadmill gradient in-
creased by 0.5% every 30 s thereafter until exhaustion. Ex-
pired gas was collected and analyzed throughout, maximal
HR recorded, and capillary blood samples collected 1 min af-
ter completion.

To assess the effects of ketone supplementation on exercise
economy, athletes who had been allocated to the LCHF group
returned to the laboratory the following day to repeat the
submaximal economy test as outlined above. Athletes were
http://www.acsm-msse.org
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provided with the same standardized breakfast (HCHO break-
fast at baseline and LCHF breakfast after Adaptation), which
was consumed 2 h before testing. Resting blood capillary sam-
ples were taken before and 25 min after the ingestion of
573 mg·kg−1 BM KE (HVMN, San Francisco CA), with the
exercise protocol commencing 5min later (30min post-KE in-
gestion). All testing procedures were repeated during the Ad-
aptation phase after the 5-d dietary intervention.

Calculation of substrate oxidation data. RER was
calculated from steady-state expired gases collected over
1-min periods during the economy test and maximal aerobic
capacity (V̇O2peak) protocol. Rates of CHO and fat oxidation
were calculated from V̇CO2 and V̇O2 values using nonprotein
RER values (22) and normalized for BM (mg·kg−1·min−1).We
did not correct our calculations for the contribution of ketone
oxidation to substrate use to contextualize our findings with
previous work performed by our group (8,11,12) as well as
other reports of substrate utilization in ultraendurance athletes
who chronically consume LCHF diets (23,24). However, we
acknowledge that there may be a small (but systematic) error
in the use of conventional equations to calculate fat and CHO
oxidation from gas exchange information (25). Substrate oxida-
tion calculations were only performed for the tests performed
without exogenous KE supplementation, as indirect calorimetry
is not currently validated for the quantification of ketone oxidation.

Performance. After the completion of both baseline and
adaptation phases, all athletes competed in a World Athletics–
sanctioned 10,000-m race walk event held on a synthetic
400-m outdoor athletics track (Melbourne, VIC, Australia).
Each race commenced at 0900 h and was conducted under
World Athletics rules, which involved officiating by technical
judges, invitation for participation by competitors external to
the study, a feed zone allowing water intake on the outside
lanes of the track in hot conditions, and electronic timing to
provide official race times. Athletes arrived at the track in a
fasted state and were provided with a standardized breakfast
to consume ~2 h before competition. Capillary blood samples
were collected in the fastest state, both 30 min and immedi-
ately before the start of the race, and as each competitor com-
pleted the race. The use of performance supplements was
discussed with each participant before the first race; permis-
sion was provided when it did not interfere with the treatment
diet, was documented, and was repeated for the second race.
In this particular study, caffeine was the only performance
supplement discussed, with three athletes consuming caffeine
(1 cup black coffee) as part of their regular prerace routine.
This was documented by the researchers and repeated (time
consumed, preparation method, and volume) for both races.

For race 2 (adaptation), athletes allocated to the LCHF diet
consumed 573 mg·kg−1 BM KE 30 min before the start of the
race. Capillary bloods samples were collected in the fasted
state, before KE ingestion (30 min before race start), immedi-
ately before the start of the race, and as each competitor com-
pleted the race.

Statistical analyses. The required sample size was cal-
culated before the commencement of the study using the
LCHF DIET AND KETONE ESTER IMPAIR PERFORMANCE
10,000-m race as the primary outcome and was based on our
previous work evaluating the effect of LCHF diets on per-
formance in similar populations (12). Specific sample size
estimation was calculated for performance measures using
G Power software (Version 3.1, Bonn University, Bonn,
Germany). Based on such data, a sample size of seven athletes
per group was considered appropriate (n = 7, critical t = 2.179;
expected power = 0.939; P < 0.05). To account for possible
dropouts or nonadherence, we attempted to recruit 10 athletes
per group (20 total) and were successful in recruiting 19. A
Student’s t-test was used to determine differences between
groups at baseline and changes in BM and 10,000-m race per-
formance. A two-way repeated-measures ANOVA was used
to determine differences between trials within a dietary condi-
tion for all economy test (economy stage–trial) and blood
metabolite (sampling point–trial) data. If significance was
detected, a Bonferroni post hoc test was applied. Significance
was set atP < 0.05, where NS indicates not significant. All sta-
tistical analyses were performed using GraphPad Prism (ver-
sion 8.3.1, GraphPad Software).
RESULTS

Dietary intervention. During Baseline, there were no
differences between the HCHO and the LCHF groups for en-
ergy or macronutrient intake, with both groups consuming
~230 kJ·kg−1 BM·d−1. Throughout the study, protein intake
was maintained at ~2 g·kg−1 BM·d−1 to maximize recovery
from training. During the intervention period, the LCHF group
followed a ketogenic diet, with <5% of EI (~38 g·d−1) coming
from CHO and the majority (~76%, ~296 g·d−1) coming from
fat. All athletes adhered to the assigned diet, with the results of
the assessed actual dietary intake and mean daily intakes for
baseline and adaptation phases (see Table, Supplemental Dig-
ital Content 3, actual dietary intake during baseline testing and
after adaptation to a dietary intervention undertaken by elite
race walkers, http://links.lww.com/MSS/C147).

Oxygen consumption and substrate utilization. For
all groups, there was a main effect (P < 0.0001) of exercise in-
tensity during the submaximal economy test, such that V̇O2

(both absolute and relative) and CHO oxidation (mg·kg−1·min−1)
increased from stage 1 to stage 4, with a reciprocal decrease
in fat oxidation (Fig. 2). Similarly, there was a main effect of
intensity for RPE, HR, and RER, all of which increased through-
out the test (Table 1, P < 0.0001). After adaptation to the LCHF
diet, V̇O2 increased across all stages relative to baseline (Fig. 2A,
all P < 0.005). This increase in O2 consumption was associated
with a decrease in RER (Table 1, P < 0.0001), indicating a
decrease in the amount of CHO oxidized (Fig. 2C, P < 0.0001)
and an increased reliance on fat as a metabolic substrate. Fat
oxidation rates increased across all four stages (Fig. 2E,
P < 0.0001), and peaked at ~14 ± 4 mg·kg−1·min−1

(0.86 ± 0.36 g·min−1), with four athletes exceeding absolute
rates of 1.0 g·min−1. The finding that RPE also increased
after the LCHF diet (main effect of trial, P < 0.05) suggests
that the overall decrease in exercise economy was associated
Medicine & Science in Sports & Exercise® 779
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FIGURE 2—Relative oxygen uptake (A), substrate utilization (C, CHO; E, fat oxidation), and blood metabolite concentrations (B, blood glucose
[mmol·L−1]; D, blood lactate [mmol·L−1]; and F, blood βHB [mmol·L−1]) during the four-stage economy test performed before and after adaptation to either
an LCHF (n = 9) or an HCHO (n = 9) diet. Data are presented as mean ± SD. Significant differences within group relative to baseline are denoted by
*P < 0.05, **P < 0.005, ***P < 0.0001.
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with an increased metabolic and perceived cost of exercise.
There was also a significant main effect of dietary intervention
in the HCHO group (P < 0.05), with athletes displaying an
increase in relative fat oxidation rates during stages 1 and 2
(P < 0.05), whereas V̇O2 was also increased relative to Baseline
in stages 3 and 4 (P < 0.05).

Exercise intensity and dietary intervention did not signifi-
cantly alter circulating blood glucose responses in either treatment
TABLE 1. Results of graded economy test and maximal aerobic capacity before and after a 7-d nu

High-CHO Availability (n = 9)

S1 S2 S3 S4 Max

BM (kg)
Baseline 64.6 ± 7.4
Adaptation 64.6 ± 7.2

RER
Baseline 0.94 ± 0.03 0.99 ± 0.03 1.01 ± 0.03 1.05 ± 0.04 1.16 ± 0.05
Adaptation 0.92 ± 0.02 0.97 ± 0.03 0.99 ± 0.03 1.02 ± 0.03

V̇O2 (L·min
−1)

Baseline 2.56 ± 0.49 2.85 ± 0.53 3.19 ± 0.61 3.46 ± 0.65 3.98 ± 0.72
Adaptation 2.58 ± 0.47 2.91 ± 0.48 3.28 ± 0.59* 3.56 ± 0.64*

HR (bpm)
Baseline 142 ± 12 150 ± 16 163 ± 12 172 ± 8 183 ± 7
Adaptation 138 ± 8 153 ± 7 159 ± 10 170 ± 10

RPE
Baseline 11.0 ± 1.0 12.4 ± 1.0 13.6 ± 1.3 15.1 ± 1.6
Adaptation 10.3 ± 1.2 11.7 ± 1.1 12.7 ± 1.1 13.8 ± 1.4

Data are presented as mean ± SD. Significant differences within group relative to baseline are deno

780 Official Journal of the American College of Sports Medicine
(Fig. 2B). Both HCHO and LCHF groups demonstrated a
main effect for exercise intensity (P < 0.0001) for blood lac-
tate, with higher concentrations at stage 4 compared with stage
1. There was also a significant (P < 0.05) effect of dietary in-
tervention in the LCHF group; concentrations of blood lactate
at rest and after the completion of stage 1 were suppressed
compared with values at baseline (Fig. 2D). As measures were
taken in the postprandial state after a CHO-rich meal, blood
tritional intervention.

LCHF (n = 9)

S1 S2 S3 S4 Max

63.1 ± 7.4
61.8 ± 7.1*

0.95 ± 0.03 0.98 ± 0.03 1.01 ± 0.04 1.06 ± 0.03 1.19 ± 0.05
0.81 ± 0.05*** 0.85 ± 0.05*** 0.89 ± 0.05*** 0.94 ± 0.06***

2.51 ± 0.52 2.84 ± 0.58 3.18 ± 0.63 3.48 ± 0.58 4.19 ± 1.06
2.64 ± 0.56** 2.98 ± 0.51** 3.26 ± 0.55 3.60 ± 0.59**

142 ± 11 156 ± 13 169 ± 14 179 ± 14 194 ± 12
145 ± 12 156 ± 8 166 ± 10 181 ± 13

10.0 ± 1.7 11.7 ± 1.4 12.9 ± 1.9 14.8 ± 1.5
10.9 ± 2.6 12.6 ± 2.4 14.6 ± 2.0* 16.6 ± 2.0

ted by *P < 0.05, **P < 0.005, and ***P < 0.0001.

http://www.acsm-msse.org
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TABLE 2. Results of ketone supplementation on graded economy test and maximal aerobic
capacity before and after a 7-d nutritional intervention.

LCHF—Ketone Supplementation Trials (n = 9)

S1 S2 S3 S4

BM (kg)
Baseline 62.9 ± 7.2
Adaptation 61.7 ± 7.1**

RER
Baseline 0.93 ± 0.04 0.97 ± 0.04 1.02 ± 0.03 1.06 ± 0.04
Adaptation 0.78 ± 0.03 0.81 ± 0.03 1.10 ± 0.76 1.10 ± 0.62

V̇O2 (L·min
−1)

Baseline 2.63 ± 0.53 2.87 ± 0.52 3.17 ± 0.51 3.47 ± 0.58
Adaptation 2.69 ± 0.51 3.00 ± 0.51** 3.36 ± 0.55*** 3.70 ± 0.60***

HR (bpm)
Baseline 144 ± 15 151 ± 14 163 ± 13 169 ± 10
Adaptation 146 ± 11 159 ± 11* 169 ± 11 179 ± 12

RPE
Baseline 10.0 ± 1.5 11.4 ± 1.3 13.2 ± 1.7 15.2 ± 1.6
Adaptation 11.9 ± 1.6*** 13.7 ± 1.5*** 15.4 ± 1.4*** 17.4 ± 1.2***

Data are presented as mean ± SD. Significant differences within group relative to baseline
denoted by *P < 0.05, **P < 0.005, and ***P < 0.0001.
βHB concentrations were unaltered in the HCHO group re-
gardless of exercise intensity (Fig. 2F). In contrast, there was
a main effect of dietary intervention in the LCHF group
(P < 0.005), as βHB concentrations were significantly ele-
vated across all stages relative to baseline (P < 0.0001),
peaking at 0.3 ± 0.2 mmol·L−1 at the end of stage 1.

Ketone supplementation economy tests. To deter-
mine the effects of KE supplementation on exercise economy,
and whether an LCHF diet may augment these responses, the
LCHF group performed additional economy tests before and
after the dietary intervention. Consistent with the dietary effect
seen in the earlier trial, the overall V̇O2 was higher in Adapta-
tion + KE (P < 0.05), with a higher V̇O2 recorded during
stages 1–3 compared with Baseline + KE (Fig. 3A, Table 2).
Despite athletes adapting to the LCHF diet for 7 d, there was
an increase in blood glucose across the Adaptation + KE rela-
tive to the Baseline + KE trial (Fig. 3B, P < 0.05). Critically,
the consumption of the KE resulted in an increase in the
concentration of βHB (P < 0.001), which remained at
~3 mmol·L−1 throughout the test, with no difference between
trials (Fig. 3D). However, despite this, there were no changes
in RER between the two trials. In contrast, RPE was increased
(Table 2, P < 0.005), across all stages (P < 0.0001).

10,000m race performance. Performance of theWorld
Athletics–sanctioned 10,000-m track race is summarized in
Figure 4. Although there was no difference in the average per-
formance of athletes in the HCHO group (Fig. 4A, P = 0.767),
athletes in the LCHF group consistently performed worse
compared with baseline (P < 0.0001). Specifically, performance
FIGURE 3—Relative oxygen uptake (A) for the four submaximal economy tests
blood glucose [mmol·L−1]; C, blood lactate [mmol·L−1]; and D, blood βHB [mm
during the four-stage graded economy test performed before (baseline + KE) and
sented asmean ± SD. Bars within a stage sharing a letter are not statistically differ
by *P < 0.05.

LCHF DIET AND KETONE ESTER IMPAIR PERFORMANCE
was ~6% slower (equating to 2:34.9 ± 00:57.6 min), with all
nine athletes recording slower race times. This occurred despite
the athletes in the LCHF group being significantly lighter after
the dietary intervention (Fig. 4B, P < 0.005). In contrast, five
athletes in the HCHO group improved their performance, with
two recording lifetime personal bests.

There was a main effect of the dietary intervention for blood
glucose concentration in the HCHO group, with post hoc anal-
ysis revealing an increase immediately postrace (Fig. 4C).
However, there were no differences in measured blood lactate
(Fig. 4D) or βHB (Fig. 4E) compared with the race performed
performed by the LCHF group, and blood metabolite concentrations (B,
ol·L−1]) at rest, after supplementation with 573 mg·kg−1 ketone ester, and
after adaptation to an LCHF diet (adaptation + KE, n = 9). Data are pre-
ent (P < 0.05). Significant differences relative to baseline + KE are denoted
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FIGURE 4—The 10,000-m race walk performance time (A), BM (B), and blood metabolite concentrations (C, blood glucose [mmol·L−1]; D, blood lactate
[mmol·L−1]; and E, blood βHB [mmol·L−1]) after an overnight fast, 30 min (postprandial), and 5 min before the start and immediately after the 10,000-m
race performed at baseline and after adaptation to either an HCHO (n = 9) or an LCHF (n = 9) diet. Athletes in the LCHF group supplemented with
573 mg·kg−1 ketone ester 25 min before the start of the race. Data are presented as mean ± SD. Significant differences within group relative to baseline
are denoted by *P < 0.05, **P < 0.005, and ***P < 0.0001.
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at Baseline. In contrast, after Adaptation in the LCHF group
postrace blood glucose and lactate concentrations were decreased
(P < 0.0001). Athletes in the LCHF group also displayed ele-
vated fasting βHB concentrations compared with Baseline
(0.7 ± 0.4 vs 0.1 ± 0.0mmol·L−1, respectively), which increased
to 3.0 ± 1.0 mmol·L−1 after the consumption of KE (Fig. 4E).
This wasmaintained throughout the race, as postrace concentra-
tions peaked at 4.1 ± 0.8 mmol·L−1. Neither group displayed
any differences between races in self-reported measures of GI
discomfort when measured prerace (both fasted and postpran-
dial) or postrace (data not shown).
DISCUSSION

This study confirms, in elite athletes, that a brief (5-d) adap-
tation to a ketogenic LCHF diet significantly increases the ca-
pacity to use fat as a primary substrate at intensities relevant
for real-world competition. However, this results in a decrease
in exercise economy, with an increase in the oxygen cost of
exercise at the same absolute intensity when skeletal muscle
relies on fat as opposed to CHO oxidation. Supplementation
with exogenous ketones has been suggested as a strategy to
improve endurance performance (16), with mechanistic data
suggesting it is a more efficient metabolic fuel than CHO
(26). However, despite using the same dose as reported previ-
ously (16), we failed to find differences in the oxygen cost of
exercise when KE was acutely supplemented under conditions
of HCHO availability, nor any alterations to V̇O2 or RER
when it was repeated in athletes who had adapted to the LCHF.
Furthermore, LCHF adaptation plus acute KE supplementation
was associated with a universal reduction in performance of a
real-life 10,000-m race walking event, equivalent to amean per-
formance loss of 6%, whereas performance in a control HCHO
782 Official Journal of the American College of Sports Medicine
group was unchanged relative to a baseline race. These findings
are similar to our previous experience with short-term (5–7 d)
(11) and longer-term (3.5 wk) adaptation to LCHF alone
(8,12), suggesting that acute KE supplementation does not
have an individual or additive effect on exercise economy or
performance.

Although adaptation to a ketogenic LCHF diet has become
a popular topic in sports nutrition research (5) and practice
(27), there is some controversy regarding the multisystem
physiological adaptations as well as the timelines required to
achieved this physiological state (8,13,28). Despite conten-
tions that periods greater than 12 wk are required for full phys-
iological benefits to occur (23,24,29), many studies confirm
that a substantial increase in capacity for fat oxidation occurs
within 3–4 wk of adherence to a LCHF diet (8,12,30), with re-
cent evidence that the underpinning physiological adaptations
may occur in as little as 5–6 d (11). In the current study, we
elected to use a shorter (i.e., 5 d) adaptation period as we
wanted to evaluate the efficacy of combining this diet with
KE supplementation in the absence of significant changes in
aerobic fitness. We saw a significant increase in capacity for
fat oxidation in response to the LCHF intervention in this time
frame, with peak oxidation rates increasing by ~300% to a
maximum of ~14 ± 4 mg·kg−1·min−1 (0.86 ± 0.36 g·min−1).
We note that these values, expressed as absolute rates, are
lower than we have reported previously (11). This reflects
the inclusion of females and younger athletes in the subject co-
hort, where lower BM and absolute power outputs result in a
lower associated fuel cost (12). We acknowledge that longer
adherence may achieve more robust whole-body metabolic
adaptations. Indeed, we have demonstrated previously that
3 wk on a ketogenic LCHF diet (<50 g·d−1 CHO) can increase
fat oxidation rates to ~1.5 g·min−1 in elite male race walkers
http://www.acsm-msse.org
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(8). However, we note that maximum values of 1.4 g·min−1

(~22 mg·kg−1·min−1) were observed in male race walkers after
5–6 d of adaptation to LCHF, especially during longer proto-
cols of exercise (e.g., a 2-h training session) (11). Our results
are therefore consistent with previous work, demonstrating
drastic shifts in substrate preference across a range of exercise
intensities (~65%–90% V̇O2peak) that are of relevance for race
walking performance.

Nutritional ketosis is defined as circulating concentrations
of ketone bodies greater than 0.5 mmol·L−1 (9). In the current
study, the LCHF diet achieved fasting βHB concentrations of
0.7 ± 0.4 mmol·L−1 on the morning of the second race. In
contrast, it has been suggested that to improve performance
through supplementation, ketone concentrations should exceed
a 2-mmol·L−1 threshold (31). Our acute KE supplementation
protocol involved an intake of 573 mg·kg−1 because this is the
dose previously associated with performance benefits (16). This
resulted in a significant increase in circulating βHB in the
LCHF group with a concentration of ~3 mmol·L−1 being mea-
sured in all KE economy trials and 5 min before the second
race. Although these concentrations are lower than what has
been reported previously using this dosage (16), all laboratory
testing and race trials in the current study were performed in
the postprandial state. This has been shown to attenuate in-
creases in circulating ketones, perhaps as a result of delayed
gastric emptying (32). However, as concentrations were
>2 mmol·L−1 for all metabolic trials, we are confident that
our protocol achieved the optimal scenario in which to deter-
mine if there were synergistic effects of the two interventions.

Ketone supplementation has been suggested to improve
performance because of the proposed thermodynamic advan-
tages of ketone oxidation (26,33,34). Collectively, these stud-
ies have demonstrated an increase in ATP production when
2-carbon units from D-β-hydroxybutyrate are oxidized in the
citric acid cycle, in comparison with those derived from pyru-
vate (CHO pathway) or from fat. If this improvement in bioen-
ergetic efficiency was translated to a whole-body level, one
would expect to see a decrease in the oxygen cost of exercise
(i.e., a decrease in V̇O2) at the same absolute exercise inten-
sity. KE consumption did not alter relative V̇O2 in the two tri-
als performed at baseline, which is supported by a growing
body of literature demonstrating no change in oxygen uptake
or energy expenditure after supplementation with ketone salts
(35–38) or esters (16,17,39,40). In contrast, comparisons be-
tween the two trials performed after the dietary adaptation pe-
riod show a small but statistically significant increase in V̇O2

during stages 3 and 4. The HCHO group also displayed an in-
crease in the relative V̇O2 at the same absolute speed during
the last two stages after adaptation, which may be indicative
of fatigue. However, in the HCHO group, this occurred with-
out any shifts in RER, signifying no change in fuel preference,
and there were also no significant changes in the training vol-
ume performed when on the habitual diet (phase 2) or during
adaptation (see Table, Supplemental Digital Content 1, Sub-
ject characteristics of elite race walkers, http://links.lww.
LCHF DIET AND KETONE ESTER IMPAIR PERFORMANCE
com/MSS/C145), or in the 10,000-m race performance in
the HCHO group.

Limitations. A major limitation of this study is the inabil-
ity to accurately quantify the uptake and utilization of ketones
by skeletal muscle. Currently, the use of indirect calorimetry is
not validated for calculation of ketone oxidation (6), with the
respiratory quotients of ketone bodies being similar to that of
glucose (βHB = 0.89, acetoacetate = 1.0) (21). As a result,
we cannot conclusively determine the contribution of ketones
to total energy production and have instead relied on whole-body
measures such as V̇O2 and circulating metabolites. In this regard,
the use of tracers and/or skeletal muscle biopsies in subsequent
studies is warranted. Furthermore, this will also help to determine
whether an LCHF diet upregulates key molecular machinery re-
quired for ketone oxidation in humans. A perceived limitation
may also be the inclusion of female athletes within the larger co-
hort. We have previously published data on a similar cohort, in-
cluding female athletes with a more prolonged LCHF dietary
intervention (12), which replicated early work performed only
in men (8). We are therefore confident in our decision to include
female athletes in the current study, of which there were two fe-
male athletes in theHCHOgroup and one in the LCHF. This was
initially balanced; however, one of the female athletes developed
an injury after the first race and was therefore unable to complete
the adaptation trial. Finally, we note that athletes were not ran-
domly assigned to dietary treatments; rather, they were asked to
nominate their preferred diet to enhance placebo or belief effects.
Although this may be a possible limitation when interpreting the
data, we feel this was justified to strengthen the real-world ap-
plication of results.

CONCLUSIONS

The current study sought to determine whether KE inges-
tion could counter the decrease in exercise economy associ-
ated with short-term adaptation to a ketogenic LCHF diet
while retaining the increased capacity for ketone and fat oxida-
tion in a cohort of well-trained race walkers. We demonstrated
that supplementation with KE did not improve exercise econ-
omy before or after a 5-d ketogenic LCHF diet. Critically, race
performance was impaired by ~6% in these athletes, despite
increased ketone availability. In contrast, athletes who con-
sumed an HCHO diet were able to compete unhindered, resulting
in several lifetime best performances.
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