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Abstract

Altitude-induced hypoxemia impairs exercise performance and cognition. Interestingly, ketone ester (KE) ingestion may attenuate
hypoxemia, which likely explains the observation that KE impairs high-intensity exercise performance in normoxia but not in
hypoxia. Moreover, KE was reported to attenuate cognitive decline at extreme altitudes (�6,100 m). Given that hypoxemia is
unaffected by KE in milder conditions, the impact of KE on cognition and performance in the absence of elevated oxygenation
remains unknown. As KE may increase postexercise circulating [erythropoietin] ([EPO]) at sea level, we also assessed if KE might
augment the blood [EPO] response after hypoxic exercise. In a double-blind, cross-over design, 13 healthy, male participants
completed two 5.5-h sessions at 4,000-m simulated altitude while receiving either KE or placebo (CON). Throughout a graded
exercise test (EXMAX) after 1.5 h, and a submaximal exercise bout (EXSUBMAX) after 3 h, blood and tissue oxygenation, ventilatory
parameters, and acid-base balance were evaluated. Other measurements included cognitive function and blood [EPO]. KE
reduced power output achieved during EXMAX by 3.6%, whereas blood and cerebral oxygenation were similar. KE ingestion low-
ered blood pH, [HCO�

3 ], pCO2, and [glucose], but did not impact cognitive function. In both KE and CON, circulating [EPO]
increased by �56% after 5 h. These results indicate that KE ingestion impairs high-intensity exercise performance, at least if not
compensated by elevated oxygenation. A progressively increasing oxygenation upon KE was unable to protect against hypoxia-
induced cognitive declines and potentially counteracted a KE-induced augmentation of circulating [EPO].

NEW & NOTEWORTHY This study is the first to show that KE ingestion impairs exercise performance in hypoxia, at least when
KE does not alleviate hypoxemia. Despite a subsequent, progressive increase in oxygenation upon KE after 3–4 h, this does not
protect against hypoxia-induced cognitive declines. Although studies in normoxia show potential of KE to increase blood [eryth-
ropoietin], we identified that KE ingestion fails to augment the increase in blood [erythropoietin] through hypoxic exposure and
exercise.

cognition; erythropoietin (EPO); exercise performance; hypoxia; ketones

INTRODUCTION

Acute exposure to high altitude results in insufficient avail-
ability of oxygen to keep up with the oxygen demand of the
human body, thereby causing the development of hypoxemia.
This negatively affects multiple functional outcomes includ-
ing exercise performance and cognitive function. For instance,
earlier studies indicated that high-intensity exercise perform-
ance decreased by 14% per 1,000-m elevation (1), whereas
acute hypoxia has also been shown to impair reaction time (2),
visual information processing (3), and workingmemory (4). In
multiple activities at high altitudes, such as mountaineering,
skiing, or military operations, it is however of primary impor-
tance to achieve optimal physical performance while simulta-
neously executing critical cognitive tasks. Therefore, there is

keen interest in identifying strategies that mitigate the nega-
tive impact of (acute) hypoxia on both physical performance
and cognitive function. The primary factor underlying the
negative effects of acute hypoxia is a reduction in blood oxy-
gen saturation (5, 6). As such, alleviating the negative impact
of acute hypoxia canmost likely be achieved by strategies that
mitigate hypoxia-induced oxygen desaturation.

Interestingly, previous work from our and other laborato-
ries suggests that increasing blood ketone bodies via ketone
monoester (KE) ingestion is effective in attenuating hypoxia-
induced declines in blood oxygen saturation both at rest
(7, 8) and during exercise (9, 10), thereby potentially mitigat-
ing acute mountain sickness (AMS) development at a
simulated altitude of �4,000 m (7). The ability of KE to
attenuate hypoxemia primarily results from the accompanying
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metabolic acidosis and concomitant increase in ventilatory
drive (7, 9). Although the underlying mechanisms remain
unknown, KE ingestion has been shown to only attenuate
hypoxemia under some conditions, with contrasting findings
contesting the hypotheses that this may depend on the dura-
tion of hypoxic exposure [�3–4 h (7, 11) vs. 15 min (8, 10)], or
the degree of blood desaturation [below (7, 8, 10, 11) or above
(9)�85%].

Initial research suggested that exogenous ketosis could
induce ergogenic effects at sea level (12); however, this narra-
tive shifted as more ecologically valid studies often failed to
replicate these results. Despite several contrasting findings,
current evidence indicates that high-intensity endurance
performance at sea is not improved (13–17) and potentially
even impaired by ingestion of ketone monoesters (18, 19),
diesters (20), or salts (21), if not compensated by coingestion
of bicarbonate (22, 23). This is primarily attributed to a keto-
sis-induced reduction in extracellular buffering capacity (18,
23) and glycolytic ATP production (12). To our knowledge,
only one earlier report from our laboratory investigated the
effect of exogenous ketosis on high-intensity endurance per-
formance in hypoxic conditions, where KE ingestion did not
impair 15-min time-trial performance at a simulated altitude
of 3,000 m (9). Although we acknowledge substantial meth-
odological differences with previous (normoxic) reports,
such as time trial duration, pre-test exercise load, and supple-
mentation protocol, these divergent effects may result from
the KE-induced attenuated hypoxemia, which potentially
compensated for the “intrinsic” ergolytic effect of KE on high-
intensity exercise performance. However, the impact of KE on
performance upon acute hypoxic exposure at a time when the
ketone-induced attenuation of hypoxemia has not (yet) been
established, remains to be determined.

Acute hypoxia impairs cognitive functioning, including
reaction time (2), visual information processing (3), and (spa-
tial) working memory (2, 4, 24, 25). KE may upregulate nor-
mal cognitive function in various conditions (26–28) but has
also been shown to attenuate extreme endurance (100-km
ultrarun) exercise-induced declines in reaction or move-
ment time, which was supposedly related to increased cir-
culating dopamine concentrations (29). More recently, it
was observed that KE also attenuated the reduction in cog-
nitive efficiency that was induced by 20-min exposure to a
reduced O2 breathing device (FIO2 : 9.7%, �6,100 m) (8).

Apart from the acute, negative effects on performance and
cognition, one of the primary adaptive responses to hypoxia
is an increase in circulating erythropoietin (EPO), which ulti-
mately expands red blood cell mass to, in the long term, alle-
viate hypoxemia (30). Recent studies indicated that both
acute (31) and longer-term (32) KE ingestion may increase
circulating [EPO] by 20%–25% in normoxic conditions. For
instance, KE ingestion gradually increased serum EPO con-
centrations starting 2 h after a 60-min high intensity interval
training (31). Nevertheless, it remains to be determined if KE
may further augment the erythropoietic response to both
hypoxic exposure and hypoxic exercise, thereby augmenting
beneficial adaptations to hypoxia.

Against this background, we aimed to evaluate the impact
of KE on exercise performance and cognitive function and to
identify if KE may further increase EPO, under hypoxic
conditions containing intermittent low- and high-intensity

exercise. We hypothesize that in the absence of elevated
oxygenation, KE ingestion will further impair exercise per-
formance upon acute exposure to hypoxia. Moreover, we
hypothesize that KE may improve cognitive function or
attenuate gradual hypoxia- or exercise-induced cognitive
declines. Given the recent evidence in normoxic conditions,
we hypothesize that ingestion of KE will further augment
circulating EPO concentrations.

METHODS

Study Design and Participants

Fourteen healthy male participants were recruited to par-
take in a randomized, double-blind, placebo-controlled,
crossover study. This research was executed in the context of
a larger project of which the details have been reported else-
where (7). The study was approved by the Ethics Committee
Research UZ/KU Leuven (B3222022000810), preregistered at
www.clinicaltrials.gov (NCT05588427), and conducted in
accordance with the Declaration of Helsinki guidelines.
Potential candidates were required to conform to the follow-
ing inclusion criteria: 1) age: 18–35 yr, 2) body mass index
(BMI): 18–25 kg·m�2, and 3) regularly physically active: 2–7
h·wk�1. Smokers, candidates with a history of altitude-sensi-
tive pathologies, or those with exposure to altitudes above
1,500 m in the 3 mo preceding the study were excluded.
Although we originally planned to include female partici-
pants, the limited availability of the hypoxic testing facility
did not allow appropriate, menstrual phase-based schedul-
ing of the sessions to standardize hormonal balance across
the cycle. All participants provided written informed con-
sent and were medically screened before inclusion in the
study. One participant developed severe AMS after only 1 h
in hypoxia in their CON session and was therefore excluded
from data analysis, resulting in a sample size of n¼ 13.

The larger study involved a 29-h protocol during which
participants resided at a simulated altitude of 4,000m (FIO2 :
12.7%) during the first 26 h, followed by a prompt transition
to 4,500 m (FIO2 : 11.8%) for the final 3 h of the protocol.
Throughout the protocol, participants received either KE
drinks to induce constant ketosis during the diurnal parts of
the protocol, or a placebo (CON). Following a 1-wk washout
period, participants performed an identical session with the
other drink. During both sessions, participants regularly per-
formed submaximal and maximal exercise bouts on a
cycling ergometer, with the submaximal exercise bouts
being designed to simulate the workload associated with
normal ascend rates (33). The present study (Fig. 1) focuses
on the first 5.5 h of the protocol wherein participants per-
formed a maximal (at 1.5 h) and submaximal (at 3 h) exer-
cise bout, and three times a cognitive test battery (at 1, 2,
and 5 h).

Preliminary Testing

Before the first experimental session, participants per-
formed an incremental cycling test in normoxic conditions.
This consisted of a 10-min warm-up (WU) at 70 W, followed
by a ramp protocol of 100 W þ 10 W/30 s until voluntary
exhaustion. Maximal oxygen consumption rate (V_ O2max) was
determined using indirect calorimetry (Cortex Metalyzer
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IIIb, Leipzig, Germany) and was defined as the highest V_ O2

value over a 15-s period. After 15min of passive recovery, par-
ticipants were familiarized with the cognitive tests (see
Cognitive Function Assessment).

Nutritional Intervention

Throughout the KE session, participants ingested the
ketone monoester (R)-3-hydroxybutyl (R)-3-hydroxybutyrate
(KetoneAid Inc., Falls Church, Virginia; �4.7 kcal·g�1) in
boluses of either 25 g (30min before entering hypoxia, as well
as after 1, and 4 h in hypoxia) or 12.5 g (after 2.5 and 5 h in
hypoxia). In CON, participants consumed identical boluses of
a nonisocaloric, taste and viscosity-matched placebo consist-
ing of 12.5%wt/vol collagen (6d Sports Nutrition, Oudenaarde,
Belgium) and 1mM bitter sucrose octaacetate (Sigma-Aldrich,
Bornem, Belgium) dissolved in water. Furthermore, 5%wt/vol
sucralose (MyProtein, New York City) and 1.0% vol/vol straw-
berry flavor drops (MyProtein, New York City) were added to
both supplements to soften the bitter taste. Supplements were
provided in nontransparent 50mL tubes to avoid potential vis-
ual identification. Dietary intake was standardized from the
evening before until the end of the experimental protocol and
generally included carbohydrate-rich foods [�60% carbohy-
drate,�20% fat,�20% protein, full details have been reported
earlier (7)].

Exercise Bouts and Assessment of Perceived Exertion

The maximal exercise bout (EXMAX) was performed after
1.5 h at altitude and consisted of a 10-min warm-up (WU) at
1.5 W·kg�1 followed by a ramp protocol of 100W þ 10W/30 s
until voluntary exhaustion. After 3 h at altitude, participants
performed a 30-min submaximal exercise bout (EXSUBMAX),
which consisted of constant cycling at 1.5 W·kg�1. Upon
completion of both exercise bouts, the rating of perceived
exertion (RPE) was assessed using a 6–20 Borg scale.
Experimental measurements were performed both during
maximal and submaximal exercise [see Blood and Tissue
(Prefrontal Cortex and Skeletal Muscle) Oxygenation Status
and Ventilatory Measurements].

Cognitive Function Assessment

Cognitive function was assessed 1) after 1 h in hypoxia (i.e.,
before EXMAX at rest), 2) after 2 h in hypoxia (i.e., after EXMAX),
as well as 3) after 5 h in hypoxia (i.e., at rest). Therefore, we
used a cognitive test battery (Cantab, Cambridge Cognition,
Cambridge, UK) consisting of three validated tests to evaluate
1) reaction time (RTI), 2) rapid visual information processing
(RVP), and 3) spatial workingmemory (SWM). These tests were
specifically selected to evaluate relevant alterations caused by
either hypoxia or ketone ester supplementation (29, 34). All
tests were conducted on a tablet (Lenovo Table M10 FHD plus,
Lenovo, Hongkong, China) that was placed on an inclined
screen holder, whereas participants were seated on a comforta-
ble chair, facing a wall, and in the absence of other individuals.
Participants were instructed to perform all tests with the index
finger of the dominant hand, and to contact the researchers
upon completion of all three tests. A detailed explanation of the
task procedures is available at www.cambridgecognition.com/
cantab/cognitive-tests/. Outcome parameters of each test were
1) RTI: median reaction time (RTI-MRT), median movement
time (RTI-MMT), and number of errors out of 30 (RTI-E);
2) RVP: mean response latency (RVP-MRL), number of correct
responses (hits) out of 54 (RVP-H), and false alarms out of 54
(RVP-FA), and 3) SWM: strategy score (SWM-SS) and number of
errors (SWM-E).

Blood and Tissue (Prefrontal Cortex and Skeletal
Muscle) Oxygenation Status

Blood (SpO2
), cerebral, and skeletal muscle oxygenation sta-

tus weremeasured 1) at the start of EXMAX (START, i.e., before
WU), as well as 2) during the final min of WU (ENDWU), and
3) during the finalminute before exhaustion (PEAK), and 4) at
10-min intervals during EXSUBMAX.

SpO2
measurements were performed at 2 Hz using a pulse

oximeter (Nellcor PM10N, Medtronic, Minneapolis) with an
infrared sensor placed �2 cm above the left eyebrow.
Cerebral and skeletal muscle oxygenation status were
assessed using near-infrared spectroscopy (NIRS), by analy-
sis of tissue oxygenation index (cTOI and mTOI, resp.). The

Figure 1.Outline of the experimental protocol. In a double-blind, randomized, crossover design, 13 participants took part in a 5.5-h normobaric hypoxic
protocol at 4,000 m. Throughout the protocol, participants regularly received either ketone ester (KE) or placebo (CON) supplements. In each session, a
maximal (EXMAX, 10 min warm-up þ ramp protocol) and submaximal (EXSUBMAX, 30 min) exercise bout were completed, and the physiological response
was characterized by measurements of blood oxygen saturation, cerebral and muscular oxygenation status, and respiratory gas exchange. Capillary
blood samples were collected before and during EXMAX and EXSUBMAX for determination of acid-base balance and capillary blood gases. Venous blood
samples were collected before hypoxic entry and after 5 h in hypoxia. Moreover, immediately before and after EXMAX, as well as after 5 h in hypoxia,
cognitive function was assessed.
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probes of a NIRO-200 spectrometer (Hamamatsu, Japan)
were attached �2 cm above the right eyebrow (cerebral oxy-
genation) and centrally on the belly of the right m. vastus lat-
eralis (skeletal muscle oxygenation). Interoptode distance
was fixed at 4 cm to ensure a constant penetration depth of
�2 cm into the muscle/brain tissue, guaranteed by inserting
the emitter and detector probes in a dark-colored rubber
spacer. These spacers were attached using an elastic non-
transparent bandage and double-sided adhesive tape to pre-
vent displacement or interference from external light. At the
start of each experimental session, the involved skin was
shaved and cleaned to exclude any signal disturbance by
hair or impurities, and the contour lines of the rubber spacer
were marked on the skin before the first session to ensure
identical positioning for every measurement. Participants
were asked to preserve and refresh these marks during the
washout period to maintain identical positioning during the
second session. After the experimental procedures, NIRS
data were processed (MATLAB R2023a, The MathWorks,
Natick, MA) using a fourth-order Butterworth filter with a
cut-off frequency of 0.05 Hz (9) and analyzed over 1-min
long chunks during the maximal ramp protocol or over 10-
min long time chunks during the submaximal exercise
protocol.

Ventilatory Measurements

Indirect calorimetry (Cortex Metalyzer IIIb, Leipzig,
Germany) was used throughout EXMAX and during the final
10 min of EXSUBMAX. Gas exchange data [i.e., minute ventila-
tion (V_ E), oxygen uptake rate (V_ O2), and carbon dioxide pro-
duction rate (V_ CO2)], as well as breathing frequency and tidal
volume, were collected breath-by-breath. Data are presented
as mean values of the final 5 min of WU (ENDWU), and the
mean values of the final 30 s before exhaustion for EXMAX

(PEAK), and as mean values of the final 5 min during
EXSUBMAX (END).

Capillary Blood Samples and Analyses

Immediately before the first supplement and 30 min after
each supplement, capillary blood samples were obtained
from a hyperemic earlobe for immediate determination of D-
b-hydroxybutyrate (bHB, GlucoMen Areo 2K-meter with
b-ketone sensor strips, A. Menarini Diagnostics, Firenze,
Italy). To guarantee successful blinding, thesemeasurements
were performed by a researcher who was otherwise not
involved in the study. In addition, 70-lL capillary blood was
collected from a hyperemic earlobe into a capillary tube
(safeCLINITUBE, Radiometer Medical ApS, Copenhagen,
Denmark) during both EXMAX and EXSUBMAX. After immediate
mixing for 10 s, samples were analyzed for acid-base balance,
pO2, pCO2, and p50 (ABL90 FLEX analyzer, Radiometer
Medical ApS, Copenhagen, Denmark). Timepoints during
EXMAX were 1) at start (START), 2) during the final minute of
WU (END WU), and 3) immediately, and 4) 2 min after voli-
tional exhaustion (PEAK). For EXSUBMAX, measurements were
performed both 1) at the start (START), and 2) during the final
minute of EXSUBMAX (END). For EXMAX, the capillary sample
obtained immediately after exhaustion was used as a PEAK
value in further analyses for all parameters, except for blood
[lactate] and blood pH. For these parameters, the sample with

respectively the highest and lowest values were selected
between the sample immediately upon exhaustion, and the
sample 2min after exhaustion.

Venous Blood Samples

Venous blood samples were obtained from an antecubital
vein (Venoject, Terumo, Tokyo, Japan) in a fasted state before
hypoxic entry (baseline), as well as after 5 h in the hypoxic
protocol. The samples were collected into vacuum tubes
containing Silica Clot Activator [Becton Dickinson (BD)
Vacutainer, Eysins, Switzerland]. Tubes were centrifuged
(1,500 rpm for 10 min at 4�C) and the obtained supernatant
was stored at �80�C until later analysis. Subsequently, a
commercially available enzyme-linked immunosorbent
assay (ELISA) was performed to determine serum EPO
concentrations (%CV ¼ 5.3%; DY286-05, R&D Systems,
Minneapolis, MN).

Statistical Analyses and Sample Size Calculation

All statistical analyses were performed in GraphPad
Prism version 10.3.1 (GraphPad Software, La Jolla, CA). For
data measured at a single timepoint per experimental
session (e.g., peak power achieved during EXMAX and ven-
tilatory parameters during EXSUBMAX), normality was eval-
uated using a D’Agostino and Pearson test. Normally
distributed data were evaluated using a paired t test,
whereas a nonparametric Wilcoxon matched-pairs signed
rank test was used for nonnormal distributed data.
Measurements that were performed at multiple timepoints
per experimental session were analyzed using a two-way
repeated-measures analysis of variance (ANOVA) or using
a mixed-effects model in case of missing data, evaluating
differences between KE and CON over time. In case of a
significant interaction effect, post hoc analyses were per-
formed using �Sidák’s correction. For significant analyses,
effect sizes were calculated as Hedge’s g for t tests, as g2

p
for ANOVA analyses, and as r2 for mixed-effects analyses.
Reported P values generally refer to these post hoc analy-
ses and otherwise, P values for main effects were included.
All data are presented as means ± SD unless otherwise
stated. Statistical significance was defined as P < 0.05. An
a-priori sample size calculation was based on an earlier
study from our laboratory, which reported increased blood
saturation upon KE during exercise in hypoxia (9), indicat-
ing a required sample size of n ¼ 10 per condition (effect
size dz: 0.52; a error: 0.05; power: 0.80; two-sided;
ANOVA repeated-measures, within-between interaction;
elaborately described in Ref. (7). Conversely, the current
article hypothesizes that ingestion of KE impairs exercise
performance at a timepoint when oxygenation is not
improved by KE. In this regard, a power calculation based
on the previously reported KE-induced drop in mean
power output during a 30-min time trial (18) recom-
mended a sample size of n ¼ 8 (effect size dz: 2.53, a error:
0.05, power: 0.8, paired two-sided t test). Given the
higher sample size required, as well as the primordial role
of oxygen desaturation in exercise performance, cognitive
function, but also the production of EPO, this calculation was
deemed appropriate for the current article, which included a
sample size of n¼ 13.
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RESULTS

Ketone Ester Intake Increased Blood Ketone
Concentrations

As previously reported (7), blood [bHB] was low (�0.4 mM)
before hypoxic entry in both conditions. KE ingestion
induced a stable ketosis during the diurnal part of the pro-
tocol resulting in consistent blood [bHB] of �2 to 4 mM.
More specifically, blood [bHB] in the KE condition were
2.9 ± 0.5 mM (upon hypoxic entry, 0 h), 3.0 ± 1.0 mM (start
of EXMAX, 1.5 h), 3.2 ± 0.9 mM (start of EXSUBMAX, 3 h), and
4.5 ± 1.1 mM (30 min before the final cognitive test, 4.5 h).
Conversely, blood [bHB] remained below 0.5 mM at all these
timepoints in CON (P< 0.001 for time� KE effect, g2

p ¼ 0.84).

KE Impaired Maximal Exercise Performance without
Impacting Cognitive Function or Perceived Exertion
during Either Submaximal or Maximal Exercise

Peak power output reached during EXMAX was 3.6% or 10
W lower in KE compared with CON (P ¼ 0.041, g ¼ �0.33,
95% CI:�0.5 to�19.3 W, Fig. 2, A and B). Similarly, the aver-
age duration of EXMAX decreased by 38 s upon KE (P¼ 0.014,
g ¼ �0.44, 95% CI: �9 to �67 s, Fig. 2C). Conversely, RPE
scores upon completion of both EXMAX (KE: 18 ± 3 vs. CON:
19± 2, P¼ 0.813) and EXSUBMAX (KE: 12± 2 vs. CON: 12± 3, P>
0.999) were similar between KE and CON. Amain time effect
was observed for median reaction time (P ¼ 0.037, g2

p ¼ 0.21)
and median movement time (P ¼ 0.018, g2

p ¼ 0.35) during

RTI (Fig. 2, D and E, resp.). In both experimental condi-
tions, values were similar before and after EXMAX (P ¼
0.623 and P ¼ 0.147 for 2 h vs. 1 h, resp.), but increased by,
respectively, 3% and 9% after 5 h in hypoxia (P ¼ 0.032
and P ¼ 0.015 for 5 h vs. 1 h, resp.). For total errors during
RTI, neither a main nor interaction effect was observed,
indicating that the number of errors was low (� 85% of
tests with either 0 or 1 error, overall range: 0–5) in both
conditions at all time points. For the RVP task, the number of
false alarms increased in response to the maximal exercise
bout [1 h: 1 (1–2) median (IQR) vs. 2 h: 3 (2–3), P¼ 0.005 for 2 h
vs. 1 h], and reverted back to pre-exercise values at 5 h [2 (1–2)]
in both conditions (P ¼ 0.419 for 5 h vs. 1 h; P ¼ 0.006 for
main time effect, g2

p ¼ 0.34, Fig. 2F). Conversely, the number
of hits (�45) and response latency (�490ms) were unaffected
by time in hypoxia (P> 0.155 for main time effects) or KE (P>
0.272 for main KE and time � KE effects). Also, for the SWM
task, the number of errors and strategy were not affected by
time in hypoxia (P > 0.133 for main time effect) or KE (P >
0.576 for main KE or time� KE effects).

KE Attenuated Muscular Deoxygenation during Maximal
and Submaximal Exercise, and Alleviated Blood and
Cerebral Deoxygenation during Submaximal Exercise

Maximal exercise bout.
In both conditions, SpO2

(Fig. 3A) dropped throughout WU
from �83% to �73% (P < 0.001 for END WU vs. START),
thereafter slightly further dropping to �70% upon PEAK
(P ¼ 0.020 for PEAK vs. END WU; P < 0.001 for main time

Figure 2. Effect of ketone ester (KE) ingestion on exercise performance and cognitive function. Data are represented as means ± SD along with individ-
ual values (n ¼ 13) for peak power output achieved during a graded exercise test (EXMAX) (A), and individual differences between participants’ KE and
CON sessions with means ± 95% CI (B). Means ± SD along with individual values are also shown for the duration of EXMAX (C), but also for median reac-
tion time (D) and median movement time (E), both during a reaction time task (RTI), as well as the number of false alarms out of 54 during a visual infor-
mation processing task (RVP) (F). During 5.5 h at 4,000 m altitude (normobaric hypoxia) involving intermittent KE (red) or placebo (CON, black) ingestion,
participants completed a maximal graded exercise test after 1.5 h in hypoxia. Before (PRE EXMAX) and after (POST EXMAX) this maximal test, as well as
after 5 h in hypoxia (REST), a cognitive test battery was performed. #P< 0.05 vs. baseline (PRE EXMAX) in both conditions; �P< 0.05 for KE vs. CON.
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effect, g2
p ¼ 0.95). Both mTOI (Fig. 3B) and cTOI (Fig. 3C)

were stable duringWU (P ¼ 0.062 and P ¼ 0.831 for ENDWU
vs. START, resp.) but subsequently dropped to a similar
extent in both conditions upon PEAK (P < 0.001 and P ¼
0.003 for PEAK vs. START; P< 0.001 and P¼ 0.002 for main
time effect, g2

p ¼ 0.99 and g2
p ¼ 0.84, resp.). Yet, a main KE

effect for mTOI (P ¼ 0.049, g2
p ¼ 0.21) was likely due to

highermTOI values at START in KE (53.8±6.1%) versus CON
(51.6 ± 5.1%) (START: P ¼ 0.029, END WU: P ¼ 0.747, PEAK:
P¼ 0.913 for KE vs. CON).

Submaximal exercise bout.
In both conditions, SpO2

(Fig. 3D), mTOI (Fig. 3E), and cTOI
(Fig. 3F) decreased by 10%, 5%, and 3%, respectively, during
EXSUBMAX (P < 0.001 for main time effects; g2

p ¼ 0.89, g2
p ¼

0.94, and g2
p ¼ 0.71, resp.). However, a main KE effect was

observed for SpO2
, mTOI, and cTOI throughout EXSUBMAX

(P ¼ 0.015, P ¼ 0.008, and P ¼ 0.016; g2
p ¼ 0.51, g2

p ¼ 0.77,
and g2

p ¼ 0.88, resp.), as ingestion of KE increased SpO2

(START: P < 0.001, 10 min: P ¼ 0.069, 20 min: P ¼ 0.148,
30 min: P ¼ 0.047 for KE vs. CON), and increased mTOI and
cTOI (P< 0.001 for KE vs. CON for all).

KE Increased Blood p50 and Lowered Blood pCO2,
[Glucose], pH, [HCO2

3 ], and [Lactate] during Submaximal
and Maximal Exercise

Maximal exercise bout.
Although pCO2 (Fig. 4A) decreased in both conditions by
�2 mmHg throughout WU (P < 0.001 for END WU vs.
START) and further dropped upon PEAK (P < 0.001 for

PEAK vs. ENDWU; P< 0.001 for main time effect, r2 ¼ 0.87),
ingestion of KE lowered pCO2 with �2 mmHg (P ¼ 0.009 for
main KE effect, r2 ¼ 0.45, START: P ¼ 0.013, END WU: P ¼
0.091, PEAK: P ¼ 0.929 for KE vs. CON). pO2 was higher
upon KE ingestion before the onset of EXMAX (CON:
42.0±2.7 mmHg, KE: 44.6± 2.8 mmHg, P ¼ 0.003 for KE vs.
CON); however, this difference disappeared after WU (CON:
36.3 ±2.9 mmHg, KE: 36.1 ± 2.6 mmHg, P ¼ 0.999 for KE vs.
CON) and upon PEAK (CON: 47.1 ±4.0 mmHg, KE:
46.3±2.7 mmHg, P ¼ 0.939 for KE vs. CON; P ¼ 0.027 for
time � KE effect, r2 ¼ 0.34). p50 was higher throughout
EXMAX upon KE ingestion (P¼ 0.010 formain KE effect, g2

p ¼
0.38, START: P ¼ 0.020, END WU: P ¼ 0.099, PEAK: P ¼
0.464 for KE vs. CON). In both conditions, p50 remained
stable during WU (CON: 25.4 ± 1.1 mmHg vs. KE: 26.3 ±
0.8 mmHg at START, P ¼ 0.947 for END WU vs. START),
but increased by 20% upon PEAK (CON: 31.0 ± 1.7 mmHg
vs. KE: 31.5 ± 1.9 mmHg, P < 0.001 for PEAK vs. END WU;
P < 0.001 for main time effect, g2

p ¼ 0.96). The difference
between pO2 and p50 decreased during WU in both condi-
tions (CON: 16.6 ± 3.0 at START vs. 11.0 ± 2.8 at END WU;
KE: 18.3 ± 3.4 at START vs. 9.8 ± 2.5 at END WU; P < 0.001
for END WU vs. START for both), and remained lower at
PEAK in KE (14.9 ± 14.9, P ¼ 0.011 for PEAK vs. START),
whereas returning to baseline values in CON (16.1 ± 3.6; P ¼
0.946 for PEAK vs. START, P ¼ 0.007 for time � KE effect,
r2 ¼ 0.36). A time � KE effect (P < 0.001, g2

p ¼ 0.52) showed
that blood [glucose] (Fig. 4B) was �1 mM lower in KE ver-
sus CON both at START and END WU (P ¼ 0.002 and P ¼
0.013 for KE vs. CON, resp.), whereas [glucose] was similar

Figure 3. Effect of ketone ester (KE) ingestion on blood and tissue oxygenation during exercise. Data are represented as means ± SD along with individ-
ual values (n ¼ 13) for blood oxygen saturation (A), muscular tissue oxygenation index (TOI) (B), and cerebral TOI (C), all during maximal exercise, as well
as for blood oxygen saturation (D), muscular TOI (E), and cerebral TOI during submaximal exercise (F). During a 5.5-h normobaric hypoxic protocol
involving intermittent KE (red) or placebo (CON, black) ingestion, participants completed a graded maximal exercise test after 1.5 h and a submaximal
exercise bout after 3 h in hypoxia. Data are shown before the start (START), during the final minute of warm-up (END WU), and during the final minute
before exhaustion (PEAK) of the maximal exercise, as well as at 10-min intervals during the submaximal exercise bout. #P < 0.05 vs. baseline (i.e.,
START or 0 min) for both conditions; XP< 0.05 for main KE effect; �P< 0.05 KE vs. CON for indicated timepoints.
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between KE and CON upon PEAK (P ¼ 0.955 for KE vs.
CON). Blood pH (Fig. 4C) was unaffected throughout WU
(P ¼ 0.993 for END WU vs. START); however, it dropped in
both conditions upon PEAK (P < 0.001 for PEAK vs. END
WU; P < 0.001 for main time effect, g2

p ¼ 0.98). Moreover,
pH was �0.03 units lower in KE compared with CON
throughout EXMAX (P ¼ 0.001 for main KE effect, g2

p ¼
0.50, START: P ¼ 0.005, END WU: P ¼ 0.030, PEAK: P ¼
0.111 for KE vs. CON). [HCO�

3 ] was �3 mM lower in KE than
in CON at START (P < 0.001 for KE vs. CON) and �2 mM at
END WU (P < 0.001 for KE vs. CON), whereas upon PEAK,
[HCO�

3 ] was �15 mM in both KE and CON (P ¼ 0.103 for KE
vs. CON; P ¼ 0.002 for time � KE effect, g2

p ¼ 0.40). Blood
[lactate] was stable at �2.5 mM throughout WU (P ¼ 0.625
for END WU vs. START, and P > 0.784 for KE vs. CON at
START and END WU). Upon PEAK, [lactate] increased in
both conditions (P < 0.001 vs. END WU) but remained
lower in KE (13.2 ± 2.6 mM) than in CON (15.9 ± 4.0 mM, P <
0.001 for KE vs. CON, P ¼ 0.003 for time � KE effect, g2

p ¼
0.38).

Submaximal exercise bout.
Throughout EXSUBMAX, a time � KE effect was observed for
pCO2 (P ¼ 0.019, g2

p ¼ 0.38, Fig. 4E). Compared with CON,
KE decreased pCO2 by�3 mmHg at START (P< 0.001 for KE
vs. CON), and only by �2 mmHg at END (P < 0.001 for KE
vs. CON). Capillary pO2 was consistently higher in KE com-
pared with CON; however, the difference decreased from
�6 mmHg at START (CON: 40.9± 3.0 mmHg, KE: 46.3±
3.2 mmHg, P ¼ 0.001 for KE vs. CON) to �3 mmHg at END

(CON: 34.6±3.1 mmHg, KE: 37.1± 1.7 mmHg, P ¼ 0.014 for KE
vs. CON, P ¼ 0.004 for time � KE effect, r2 ¼ 0.57). Blood p50
was also higher in KE versus CON both at START (CON:
24.7± 1.0 mmHg, KE: 26.3±0.9 mmHg, P < 0.001 for KE vs.
CON) and END (CON: 25.4±0.8 mmHg, KE: 26.1± 0.9 mmHg,
P¼ 0.003 for KE vs. CON). Whereas p50 increased throughout
EXSUBMAX in CON (P ¼ 0.004 for END vs. START), values
remained stable in KE (P ¼ 0.565 for END vs. START; P <
0.001 for time� KE effect, g2

p ¼ 0.74). The difference between
pO2 and p50 was higher throughout EXSUBMAX in KE (START:
20.0±3.6 mmHg, END: 10.9±2.5 mmHg) compared with CON
(START: 16.3±3.0 mmHg, END: 9.3±3.3 mmHg, P ¼ 0.013 for
main KE effect, r2 ¼ 0.42, START: P ¼ 0.017, and END: P ¼
0.093 for KE vs. CON). Blood [glucose] remained stable during
EXSUBMAX in both conditions (P ¼ 0.062 for main time effect),
yet concentrations were consistently�0.9mM lower in KE ver-
sus CON (P< 0.001 formain KE effect, g2

p ¼ 0.73, P¼ 0.005 for
both for KE vs. CON, Fig. 4F). Blood pH was lower in KE
(Fig. 4G) both at START (CON: 7.45±0.02, KE: 7.39±0.03, P <
0.001 for KE vs. CON) and END (CON: 7.45±0.02, KE:
7.41±0.03, P < 0.001 for KE vs. CON); however, values
remained stable throughout EXSUBMAX in CON (P ¼ 0.932 for
END vs. START) while increasing in KE (P< 0.001 for END vs.
START; P ¼ 0.005 for time � KE effect, g2

p ¼ 0.12). Similarly,
KE lowered blood [HCO�

3 ] at START (CON: 25.3± 1.1 mM, KE:
21.0± 1.5 mM, P < 0.001 for KE vs. CON) and END (CON:
24.6± 1.6 mM, KE: 21.5± 1.7 mM, P < 0.001 for KE vs. CON),
and whereas values dropped throughout EXSUBMAX in CON
(P¼ 0.012 for END vs. START), they increased in KE (P¼ 0.047
for END vs. START; P¼ 0.001 for time� KE effect, g2

p ¼ 0.59).

Figure 4. Effect of ketone ester (KE) ingestion on capillary blood pCO2, glucose concentration, and acid-base balance during exercise. Data are repre-
sented as means ± SD along with individual values (n¼ 13) for capillary pCO2, [glucose], pH, and [bicarbonate] measured in capillary blood samples dur-
ing (A–D, resp.) maximal exercise, as well as (E–H, resp) submaximal exercise. During a 5.5-h normobaric hypoxic protocol involving intermittent KE (red)
or placebo (CON, black) ingestion, participants completed a graded maximal exercise test after 1.5 h and a 30-min submaximal exercise bout after 3 h in
hypoxia. Capillary blood samples were obtained before the start (START), during the final minute of warm-up (ENDWU), and immediately upon exhaus-
tion (PEAK) of the maximal exercise, as well as before the start (START), and during the final minute (END) of the submaximal exercise. §P < 0.05 vs.
START for indicated condition; #P< 0.05 vs. START for both conditions; XP< 0.05 for main KE effect; �P< 0.05 KE vs. CON for indicated timepoints.
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A time� KE effect was observed for blood [lactate] (P< 0.001,
g2
p ¼ 0.79). Blood lactate concentrations were higher in KE at

START (CON: 2.3±0.6 mM, KE: 2.8±0.9 mM, P ¼ 0.002 for
KE vs. CON) but lower at END (CON: 2.8± 1.4 mM, KE:
2.2± 1.0 mM, P < 0.001 for KE vs. CON, P < 0.001 for time �
KE effect,g2

p ¼ 0.79).

KE Lowered V_ CO2 during Maximal Exercise and Induced
Hyperventilation during Submaximal Exercise

Maximal exercise bout.
V_ O2 similarly increased in KE and CON throughout EXMAX

(P< 0.001 for main time effect, g2
p ¼ 0.99; P¼ 0.871 for main

KE effect, g2
p ¼ 0.01; Fig. 5A). V_ CO2 was similar between KE

and CON at END WU (P ¼ 0.994 for KE vs. CON); however,
values upon PEAK were lower in KE (P ¼ 0.010 for KE vs.
CON; P ¼ 0.036 for time � KE effect, g2

p ¼ 0.32, Fig. 5B). V_ E
increased to a similar extent in both conditions from END
WU to PEAK (P < 0.001 for main time effect, g2

p ¼ 0.99; P ¼
0.831 for main KE effect; Fig. 5C), which was mediated by an
increase in both breathing frequency (END WU: 26.1 ±0.1
breaths·min�1, PEAK: 59.2 ± 1.0 breaths·min�1, P < 0.001 for
main time effect, g2

p ¼ 0.99) and tidal volume (END WU:
2.22 ±0.08 L, PEAK: 3.12 ±0.02 L, P < 0.001 for main time
effect, g2

p ¼ 0.97).

Submaximal exercise bout.
At the end of EXSUBMAX, V_ O2 and V_ CO2 were similar between
KE and CON (P ¼ 0.610 and P ¼ 0.592, Fig. 5, D and E, resp.).
Conversely, V_ E was 5% higher in KE versus CON (P ¼ 0.036,
g ¼ 0.59, Fig. 5F). This was established through a higher tidal
volume (KE: 2.21±0.36 L, CON: 2.03±0.32, P ¼ 0.048, g ¼
0.52) as breathing frequencies remained similar (KE: 30.2±4.0
breaths·min�1, CON: 31.3±5.2 breaths·min�1, P¼ 0.381).

KE Did Not Affect the Increase in Blood Erythropoietin
Concentrations after 5 h in Hypoxia

Amain time effect was observed for blood EPO concentra-
tions (P< 0.001, g2

p ¼ 0.88, Fig. 6), where EPO concentrations

increased from 3.3 ±0.5 IU·L�1 at baseline to 5.2 ±0.4 IU·L�1

after 5 h (þ 56%). Blood EPO concentrations were not affected
by KE (P ¼ 0.124 for main KE effect; P ¼ 0.891 for time � KE
effect).

Blinding of Supplementation

After their second experimental session, participants
attempted to identify the supplements they received dur-
ing both sessions and indicated how confident they were
in this choice through a continuous score between 0% (no
idea at all) to 100% (completely certain). Within the 14 partici-
pants that were included in the larger project (7), eight partici-
pants were 0%–50% sure (and 6 guessed right) and six
participants were 80%–90% sure (and guessed right). However,
they also indicated that these decisions were based on their

Figure 5. Effect of ketone ester (KE) inges-
tion on ventilatory parameters. Data are
represented as means ± SD along with
individual values (n ¼ 13) for oxygen con-
sumption rate (V_ O2), carbon dioxide pro-
duction rate (V_ CO2), and ventilation (V_ E)
during (A–C, resp.) maximal exercise, as
well as (D–F, resp.) submaximal exercise.
During a 5.5-h normobaric hypoxic proto-
col involving intermittent KE (red) or pla-
cebo (CON, black) ingestion, participants
completed a graded maximal exercise
test after 1.5 h and a submaximal exercise
bout after 3 h in hypoxia. Data are shown
for the final 5 min of warm-up (END WU),
and the final 30 s before exhaustion
(PEAK) of the maximal exercise, as well as
for the final 5 min of the submaximal exer-
cise bout. #P < 0.05 vs. END WU for both
conditions; �P < 0.05 KE vs. CON for indi-
cated timepoints.

Figure 6. Effect of ketone ester (KE) ingestion on circulating erythropoietin
and dopamine concentrations. Data are represented as means ± SD along
with individual values (n ¼ 13) for serum erythropoietin concentrations,
determined using enzyme-linked immunosorbent assays (ELISAs). During
a 5.5-h normobaric hypoxic protocol involving intermittent KE (red) or pla-
cebo (CON, black) ingestion, venous blood samples were collected before
hypoxic entry (0 h) and after 5 h in hypoxia. #P < 0.05 vs. 0 h for both
conditions.
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perceived AMS symptoms during each session, as they
expected to feel better upon KE [which was generally correct
(7)]. Indeed, all participants that were 80%–90% sure endured
the protocol longer in their KE versus CON session, and the
participants with no/lowAMS all indicated to be 0%–50% sure.

DISCUSSION

We aimed to determine the impact of KE on exercise per-
formance and cognitive function upon acute hypoxic expo-
sure, and to identify whether KE may further augment EPO
concentrations after 5 h in hypoxia. Therefore, physically
active participants were acutely exposed to a simulated alti-
tude of 4,000 m during which exercise performance, cogni-
tive function, and serum EPOwere evaluated within the first
5.5 h upon hypoxic exposure. Our results show that KE did
not impact cognitive function or serum EPO concentrations.
However, KE impaired high-intensity exercise performance
in hypoxia by�3.5%.

Despite the presence of contradictory findings, the current
consensus seems to suggest that exogenous ketosis impairs
high-intensity endurance exercise performance (18–21). To
our knowledge, only one earlier report from our laboratory
investigated the effect of KE supplementation on hypoxic
high-intensity endurance performance (9). These data sug-
gest an interesting perspective as any KE-induced ergolytic
effect may be compensated by a KE-induced elevation in
blood oxygenation, which has repeatedly been observed dur-
ing exercise (9, 10) and rest (7, 8) in hypoxia. Nevertheless,
this remains to be confirmed in various ecologically valid cir-
cumstances, and the effect on hypoxic high-intensity endur-
ance performance at a timepoint where oxygenation is not
(yet) elevated by KE, is to be elucidated. Our study protocol
proved successful in evaluating this, given that blood oxygen
saturation was similar (�83%) between KE and CON at the
start of EXMAX (i.e., 2 h following the first KE dosage and 1.5
h following hypoxic entry). We observed that KE ingestion
impaired exercise performance, as evidenced by a reduction
of �10 W or 3.5% in achieved peak power during a graded
exercise test. This aligns with earlier findings in normoxia
reporting exogenous ketosis-induced reductions in peak
power output of �4% in graded exercise performance tests
(19), but also a reduction of �2% in average power output
during a 30-min time trial (18) and a 7% and 2% reduction in
fixed-distance 150 kJ (�10-km) and 31-km time trials, respec-
tively (20, 21). Moreover, this supports our hypothesis that
the “intrinsic” ergolytic effect of KE ingestion on high-inten-
sity exercise performance is only compensated in hypoxia
whenever KE alleviates hypoxemia. Similar to normoxia, the
observed ergolytic effect of KE in our study most likely
resulted from ketoacidosis and/or impaired glycolytic energy
production. This is supported by the lower blood pH
(��0.03 units), [HCO�

3 ] (��2 mM), as well as blood glucose
and lactate concentrations throughout EXMAX in KE versus
CON.

Although blood oxygenation was not affected during
EXMAX, muscular oxygenation was already increased by KE.
This is in line with our earlier research, where KE elevated
muscular oxygenation �30 min before an increase in SpO2

was observed during a 3-h submaximal exercise bout in grad-
ually increasing hypoxia (1,000 to 3,000 m) (9). Within that

previous study, we indicated that this reflects a KE-induced
reduction in muscular oxygen extraction, which potentially
resulted from an increase in mechanical work-to-O2 ratio
upon KE. Based on our data, we hypothesize that this timing
discrepancy between arterial and muscular oxygenation
relates to the ketoacidosis-induced increase in p50 that was
already evident during EXMAX. p50 defines the arterial pO2

corresponding to an oxygen saturation of 50%. Hence, the
KE-induced increase in p50 indicates that KE caused a right
shift of the sigmoidal oxyhemoglobin dissociation curve
(ODC), resulting in lower SpO2

values for a given pO2.
However, KE also increased capillary pO2 (likely via acidosis-
induced hyperventilation). Although we acknowledge the
discrepancies between capillary and arterial pO2, these
results are in line with previous literature indicating an
increase in arterial, capillary, and hippocampal oxygenation
upon ketosis (7, 9, 11, 35, 36). Interestingly, the KE-induced
increase in pO2 (�þ 3 mmHg) was greater than the increase
in p50 (�þ 1 mmHg) during EXMAX. This indicates that KE
ingestion increased blood pO2 relative to the “position” of
the ODC resulting in a net increase in SpO2

. Consequently,
the fact that KE primarily increases SpO2

when dropping
below �85%, as well as the discrepancies between muscular
and blood oxygenation could be explained by the sigmoidal
nature of the ODC. Under “normal” physiological conditions
and at SpO2

values above �85%, we are generally positioned
within the “flat” part at the right-end side of the ODC, and a
KE-induced increase in pO2 will barely affect SpO2

. However,
lower SpO2

values are positioned within the steep part of the
ODC, and even small changes in pO2 (relative to the position
of the ODC, i.e., the p50) will have a large impact on SpO2

.
Although this hypothesis holds true during resting condi-
tions, an exercise-induced acidosis and drop in pO2 may
diminish the relative KE-induced right shift. This, together
with the inability of KE to increase minimal pO2 at PEAK,
may have dampened this effect during EXMAX. As such, SpO2

during EXMAX may have been unaffected by KE ingestion
despite its alleged location within the steep part of the ODC,
which highlights the delicate interplay between the location
on the ODC and the relative differences in pO2 between con-
ditions. However, given that the pO2 is lower inmuscle capil-
laries compared with arterial blood (37), and exercise
exacerbates skeletal muscle acidosis and hypercapnia (38),
increased pO2 values earlier translate in higher muscular
oxygenation than higher SpO2

.
During EXSUBMAX (i.e., 3 h following hypoxic entry), SpO2

had dropped to �75% in both conditions, yet was 1%–2%
higher in KE relative to CON. Concurrent p50 and pO2, as
well as the increase in pO2 relative to the p50 were higher
upon KE, therefore confirming the large impact of subtle
pO2-changes on SpO2

within the steep part of the ODC. When
circling back to the ecological validity of our findings, the
slight elevation in pO2 and muscular oxygenation during
EXMAX appears insufficient to improve exercise perform-
ance. Nevertheless, these insights might prove valuable in
other circumstances, such as medical conditions related to
severe hypoxemia or muscular deoxygenation like COVID-19
(39), chronic obstructive pulmonary disease (COPD) (40), or
pulmonary embolization (41).

Our data showed no beneficial effects of KE on hypoxic
cognitive function. This may seem to conflict with the earlier
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observed dampened drop in cognitive efficiency (8). However,
all other cognitive parameters that were assessed within that
earlier study [i.e., 7 parameters in a Defense Automated
Neurobehavioral Assessment (DANA), and 4 parameters in a
RightEye oculometric assessment], including reaction time,
remained unaffected by KE. Moreover, their hyper-acute pro-
tocol (i.e., start of cognitive assessment after 5 min at FIO2 :
9.7%), and thus, different hypoxic doses hinder appropriate
comparison. As such, the limited data available today does
not provide clear support that KE canmitigate acute hypoxia-
or exercise-induced disruptions in cognitive functioning, let
alone improve cognitive function in hypoxia. The lack of cog-
nitive improvement upon KE ingestion in hypoxia may be
related to cerebral blood flow, which is considered a primary
mechanism by which ketone bodies may enhance cognitive
function (26). As we previously reported (7), KE increased rest-
ing cerebral oxygenation after 4 h in this study. This increased
cerebral oxygenation would be expected to result in improved
cognitive function (42). However, this occurred together with
a reduction in cerebral blood flow, as well as cerebral oxy-
gen delivery, which may have counteracted such effect as
extensive research confirmed the importance of both cere-
bral blood flow and oxygenation in terms of cognition (42,
43). Furthermore, the negative effects of hypoxia on cogni-
tive function are also mediated by various factors of which
it is currently unknown if they are affected by KE. These
include among others cerebral lactate accumulation, neu-
roinflammation, calcium overload, and increased reactive
oxygen species (44).

Despite the recently identified ability of KE to increase
postexercise circulating erythropoietin (EPO) concentrations
in normoxia, the effect in hypoxia remained unexplored. As
expected, 5 h of exposure to a simulated altitude of 4,000 m
combined with maximal and submaximal exercise in our
study drastically augmented (�þ 56%) circulating EPO con-
centrations. Nevertheless, the implemented study design
does not allow us to identify the relative contributions of
hypoxia and/or exercise to this increase in [EPO]. Given that
both sessions only differed by the ingested supplements,
these data clearly indicate that KE was ineffective to further
augment this response. However, the underlying mecha-
nism or any interactions between KE and hypoxia/exercise
remain unknown. This inability of KE to augment [EPO]
most likely resulted from the higher oxygen saturation in KE
versus CON that emerged after�3 h in hypoxia. The primary
stimulus for EPO production is the reduced pO2 within the
renal cortex (30). Until today, there has been no data avail-
able on the effect of KE on renal pO2. However, we can only
assume that the KE-related increase in blood, brain, and
skeletal muscle oxygenation status, as well as capillary pO2

values in our study, would also translate into an increased
renal pO2, and thereby result in an “impaired” EPO stimulus.
In this context, the alleviation of hypoxemia may very well
protect against performance impairments and AMS yet may
inadvertently hinder other potentially beneficial physiologi-
cal adaptations as “collateral damage.” Although this inter-
action may contribute to the inability of KE to increase
EPO in our study, an alternative explanation may be
related to the mechanism by which KE has been hypothe-
sized to elevate EPO in normoxia. This is believed to result
from a bHB-induced upregulation of histone H3 lysine 9

(H3K9) acetylation in kidney cells (45). Similar to bHB,
hypoxia also induces such acetylation of H3K9 (46),
thereby potentially leveling out the effect of bHB on H3K9.
Alternatively, while bHBmay indeed stimulate H3K9 acet-
ylation, the KE-induced increase in oxygenation could
diminish the hypoxia-induced upregulation. Finally, we
respect the possibility that the stimulus provided by sys-
temic hypoxia (i.e., induced by hypoxia, exercise, and/or a
combined effect) simply overrules more subtle alternative
regulatory mechanisms.

While this research provides interesting insights and
conclusions, careful interpretation is warranted due to
several limitations. First, only males were recruited for
participation given the debated and ambiguous role of the
hormonal cycle on, for example, exercise performance
(47), cognition (48), and emotional-cognitive interplay
(49), as well as menstruation-related discomfort poten-
tially influencing AMS scoring in the original research pro-
ject (7). Therefore, it remains to be identified whether
similar effects would also be observed in female individu-
als. Second, our study was performed in normobaric
hypoxia. Although cognitive function and EPO are consid-
ered to be similar in normobaric versus hypobaric hypoxia
(50–52), cycling performance may be impaired to a greater
extent in hypobaric hypoxia (53). Moreover, the lower
blood glucose concentrations in the KE group at START
and END WU of EXMAX and START and END of EXSUBMAX

most likely resulted from a KE-induced reduction in
hepatic glucogenesis (54, 55). But, given the increased reli-
ance on glucose during exercise in hypoxia, it cannot be
excluded that the lower blood glucose observed at the start
of EXMAX contributed to the impaired exercise perform-
ance upon KE. Nevertheless, [GLU] at the end of EXMAX

(i.e., PEAK) was similar between KE and CON, and well
above the hypoglycemic threshold of �3.9 mM, opposing
that low blood [GLU] contributed to the impaired perform-
ance in KE. Finally, normoxic baseline values were not
evaluated, nor was a normoxic session included to isolate
the independent effects of exercise versus hypoxia on cog-
nitive function or EPO production. Nevertheless, we did
not specifically aim to evaluate any hypoxia-/exercise-
induced responses, nor to identify the relative contribu-
tions and underlying mechanisms, but rather whether KE
may substantially alter these parameters at a given time-
point compared with CON ingestion.

In conclusion, the present work demonstrates that KE
ingestion impairs high-intensity endurance performance
in acute hypoxia, at least when blood oxygenation has not
been increased by KE. Moreover, we propose that the
mixed temporal effect of KE on blood and tissue oxygen-
ation is related to the intimate interplay between pO2, p50,
and the position in the sigmoidal oxyhemoglobin dissocia-
tion curve. KE ingestion was also ineffective in ameliorat-
ing cognitive function in hypoxia, despite an increased
blood or cerebral oxygenation status. Finally, despite
promising data in normoxia, we are the first to show that
KE does not upregulate the hypoxia-induced increase in
circulating EPO concentrations during the first few hours
of exposure. Taken together, the present data do not sup-
port the usage of KE supplements in acute hypoxia, except
to alleviate the development of acute mountain sickness.
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