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Physiological and cognitive responses to hyperoxic exercise in full water
submersion
Fabian Möller a,b#, Elena Jacobib#, Uwe Hoffmannb and Tobias Vogta

aInstitute of Professional Sport Education and Sport Qualifications, German Sport University Cologne, Cologne, Germany; bDepartment of
Exercise Physiology, German Sport University Cologne, Cologne, Germany

ABSTRACT
The positive effects of combined hyperoxia and physical exercise on physiological parameters and
cognitive functioning are established for normobaric laboratory contexts. Still, increased
practicability exists in hyperbaric settings like underwater activities and SCUBA diving, where
environmental and sport-specific factors might moderate effects. Improved cognition, reduced
ventilation (V̇E), and lower blood lactate concentrations [Lac-] are highly relevant, especially
during high-stress and rescue scenarios. Fifteen participants performed 3 × 8 min of continuous
underwater fin-swimming at 25 % (low), 45 % (moderate), and 75 % (vigorous) heart rate reserve
(HRR) in each test. Three separate test days differed solely by the inspiratory oxygen partial
pressure (PIO2: 29 kPa, 56 kPa, and 140 kPa). V̇E was measured continuously, whereas breathing
gas analysis, blood sampling, and Eriksen Flanker tasks for inhibitory control (100 stimuli) were
performed post-exercise. Two-way ANOVAs with repeated measures on the factors PIO2 and
exercise intensity analyzed physiological outcome variables and reactions times (RT) and
accuracy (ACC) of inhibitory control. V̇E was significantly reduced for 140 kPa during moderate
and vigorous and for 56 kPa during vigorous compared to 29 kPa. 56 kPa and 140 kPa showed
no differences. [Lac-], post-exercise V̇CO2, and velocity were unaffected by PIO2. Faster RTs but
lower ACC of inhibitory control were observed following exercise at 75 % HRR compared to rest,
25 %, and 45 % HRR, while PIO2 produced no effects. Underwater performance in hyperoxia
presents reduced V̇E, possible by dampened chemoreceptor sensitivity, and effects on cognition
that differ from laboratory results and emphasise the moderating role of sport-specific factors.

Highlights
. Hyperoxia-induced reductions in V̇E with 56 and 140 kPa PIO2 during constant submaximal fin-

swimming intensity compared to air might be prominently caused by peripheral chemoreceptor
suppression.

. No difference between 56 and 140 kPa was detected, indicating a PIO2 threshold limiting further
hyperoxic influence on V̇E. O2 supply might sufficiently cover metabolic demands of submaximal
exercise with 56 kPa, while further reductions in V̇E could be observed only by severely higher
PIO2.

. Cognitive performance by inhibitory control was unaffected by PIO2. Faster RTs but lower ACC
were observed following vigorous exercise (75 % HRR) compared to rest, low, and moderate
exercise.
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Introduction

All underwater activities include physical exercise in
hyperoxia (i.e. > 21 kPa inspiratory oxygen pressure
(PIO2) in the breathing gas), based on increased
ambient pressures at depth and amplified by frequently
elevated fractions of oxygen in the breathing gas
(Brebeck et al., 2018). During exercise in laboratory con-
ditions, hyperoxia reduces heart rate (HR) and the

ventilatory response with reduced blood lactate concen-
trations [Lac-] and a prolonged time to exhaustion
(Peacher et al., 2010; Stellingwerff et al., 2006; Ulrich
et al., 2017). However, the applied setting of SCUBA
diving involves potentially influential factors like the
physiological adaptations to immersion and the
unique exercise modality of underwater fin-swimming
(UFS). Furthermore, it offers practical relevance for the
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safety of all dives with a limited gas supply. Earlier work
from our group confirmed reduced ventilation (V̇E)
(Möller et al., 2022), but discrepancies to laboratory
studies remained with no effects on HR and [Lac-]. In
addition to the physiological effects, an elevated PIO2

might affect executive functions of cognitive perform-
ance (Scholey et al., 1999), potentially moderating the
established interaction between exercise and cognition
(Chang et al., 2012; Moreau & Chou, 2019). Therefore,
both physiological and cognitive responses to hyperoxia
were assessed within the unique combination of immer-
sion effects and specific exercise offered in SCUBA
diving.

Exercise performance enhancements of 3-30% are
reported during hyperoxic exercise at dry sea level and
are mainly attributed to improved maximum oxygen
uptake (V̇O2max) of up to 10%. This effect is
accompanied by reductions in V̇E, HR, and [Lac-]
(Forster et al., 2011; Prieur et al., 2002; Sperlich et al.,
2013; Sperlich et al., 2017; Ulrich et al., 2017). In these
settings, hyperoxia might enhance the aerobic and
delay the anaerobic metabolism’s contribution during
prolonged exercise, reflected by a reduction in local
muscular O2 deficits (Dunworth et al., 2017; Mallette
et al., 2018; Smit et al., 2018; Stellingwerff et al., 2006;
Ulrich et al., 2017). This mechanism was also discussed
in earlier work from our group to explain reductions in
V̇E during hyperoxic UFS (Möller et al., 2022). While O2-
hemoglobin saturation is nearly maximal during nor-
moxia, arterial oxygen partial pressure (PaO2) is further
increased by physically dissolved O2 from PIO2> 21 kPa
(Peacher et al., 2010). In turn, the O2 diffusion gradient
to the working muscles and tissues can be facilitated.
The concentration of physically dissolved O2 increases
consistently with ambient pressure at water depth.

Wet pressure chamber experiments at 460 kPa
ambient pressure with 174 kPa PIO2 revealed reductions
in V̇E and HR without changes in V̇O2 during constant
exercise (Fraser et al., 2011; Peacher et al., 2010).
However, Peacher et al. (2010) found significant buteq-
ual reductions in carbon dioxide output (V̇CO2)
between hyperoxic and normoxic conditions attributed
to similar metabolic processes. Conversely, Fraser et al.
(2011) found no changes in V̇CO2. Although these incon-
sistent results seem to reflect specific changes in muscle
metabolism, a mitigated metabolic acidosis by hyper-
oxia might not be the only factor to explain lower V̇E.
Instead, a direct inhibition of peripheral chemoreceptors
controlling respiration by PaO2, PaCO2, and pH can be
assumed. Chemoreceptor inhibition was also suspected
to explain our earlier findings, where an approximately
20% reduction of V̇E for moderate fin-swimming vel-
ocities (0.6 m·s−1) was observed with 56 kPa compared

to 29 kPa PIO2, whereas HR and [Lac-] were unaffected
(Möller et al., 2022). However, limitations included a
non-individualised exercise intensity prescription with
possible influences on results. Generally, effects seem
to depend on various influential factors, such as exercise
modality, -intensity, -duration, and PIO2 (Knight et al.,
1993; Linnarsson et al., 1974; Peltonen et al., 2001;
Richardson et al., 1999; Welch et al., 1977), requiring
further applied investigations to provide sport-specific
recommendations for underwater activities.

In addition to physical fitness, cognition is another
integral part of performance. Intact executive functions
(EF) are paramount for higher-order processes under-
water, including goal-directed behaviour, the inhibition
of prepotent responses, and alternating attention
between other divers, equipment, and environmental
information (Diamond, 2013). A positive interaction
between moderate-intensity aerobic exercise and EFs
is established from laboratory studies. However, incon-
sistent results exist for the effects of high-intensity exer-
cise (see Hsieh et al., 2021 for a review and Moreau &
Chou, 2019 for a meta-analysis). EFs are impaired by
shallow water immersion (Dalecki et al., 2012) and
deteriorate with increasing water depth and nitrogen
narcosis (Lafère et al., 2019; Steinberg & Doppelmayr,
2017). Furthermore, the positive exercise-cognition
interaction seems to be altered during sport-specific
underwater exercise (Möller et al., 2021a). Here, ben-
eficial effects were reported for reaction times (RT)
after moderate intensity exercise only and accompanied
by a deterioration in task accuracy (i.e. speed-accuracy
trade-off). This trade-off has also been reported as a
compensatory mechanism in other stressful environ-
ments, like weightlessness in space (Strangman et al.,
2014), where mistakes might result in severe conse-
quences. However, the presence of hyperoxia during
underwater activities leads to an increase in PaO2 and
cerebral oxygenation (Calvert et al., 2007; Chung et al.,
2007; Damato et al., 2020), possibly counteracting
immersion-induced impairments and facilitating cogni-
tive function (Brebeck et al., 2017; Chung et al., 2008;
Scholey et al., 1999). Especially during high-intensity
exercise, the cognitive and motor regions’ competition
for O2 might be reduced (i.e. hypofrontality hypothesis;
Davranche et al., 2009; Dietrich & Audiffren, 2011;
Zimmer et al., 2016).

This study investigates physiological responses to
varying levels of hyperbaric hyperoxia (i.e. 29–140 kPa
PIO2) at three individually prescribed constant exercise
intensities in the sport-specific context of underwater
fin-swimming. Furthermore, EF performance (i.e. inhibi-
tory control) is investigated following each exercise
intensity and level of hyperoxia. We hypothesise (I)
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reduced V̇E and [Lac-] values during moderate and high
exercise intensities with an increasing effect for 56 kPa
PIO2 and 140 kPa PIO2 compared to breathing air and
(II) improved executive functioning by hyperoxia in all
exercise intensities with the best effects during high-
intensity.

Methods

Participants

Ten male and five female certified autonomous divers
(ISO: 24801–2 or higher; dives 376 ± 762; age: 28 ± 6.2
(mean ± SD)) participated in the study. All held a valid
SCUBA diving medical examination and provided
written informed consent before participation. Diving
gear consisted of a provided 3 mm wetsuit, buoyancy
control device, and personal mask and fins. All exper-
imental procedures were performed following the
declaration of Helsinki and its amendments. Ethical
approval was granted by the German Sports University
Cologne’s ethics committee (Nr. 212/2021).

Physical performance assessment

All participants completed five tests separated by 2–29
days to ensure complete physical recovery. General
physical fitness and peak values were assessed with an
incremental laboratory performance test on a supine
bicycle ergometer. The applied step protocol started
with 3 min rest followed by 3 min of 50 watts (W) and
increased by 25 W every 3 min until exhaustion. HR
and breathing gases were measured beat-to-beat via
electrocardiography belt (CustoGuard belt 3, Customed,
Ottobrunn, Germany) and breath-by-breath (Metalyzer
3B®, Cortex Biophysik GmbH©, Leipzig, Germany),
respectively. Capillary blood samples were taken from
the earlobe at rest and within the last 15 s of each exer-
cise step.

In contrast, sport-specific fitness must consider the
influence of diving equipment, water resistance, and
physiological adaptations to immersion. Therefore, an
additional incremental underwater fin-swimming (UFS)
test was conducted and subsequently used to derive
individual exercise intensity prescriptions for the con-
secutive continuous exercise tests. A hexagonal-shaped
parcours with 50 m girth was circled at about 4 m
water depth (Figure 1B). Fin-swimming velocity (v) was
self-controlled via a stopwatch and a marching table,
adapted from Steinberg et al. (2017). After 3 min of
rest at 5 m depth, participants started fin-swimming at
0.4 m·s−1, increasing v stepwise by 0.1 m·s−1 every
3 min until individual exhaustion (i.e. until the timing

of the marching chart could not be maintained for two
consecutive checkpoints). After every step, participants
momentarily surfaced for capillary blood sampling and
the rating of perceived exertion (RPE; Borg, 1982;
surface time 30–45s). HR during underwater exercise
was recorded continuously beat-to-beat via a Polar©
chest belt and Polar© V800 watch. The diving tank and
ambient pressure were recorded in 4 s intervals via a
pressure transmitter and stored on a diving computer
(Uwatec©, Galileo sol). Fin-swimming technique was
evaluated for sufficiency during incremental exercise,
excluding none of the participants for further partici-
pation. Peak values for UFS were reduced for V̇E, [Lac

-],
HR and RPE compared to exercise in the lab, emphasis-
ing the necessity to derive exercise prescriptions from
sport-specific testing.

Continuous exercise tests

Three identical continuous exercise tests (ConEx) were
performed in a cross-over, double-blind, and random-
ised design solely different by the fraction of O2 in the
breathing gas (i.e. 21% = ConEx21, 40% = ConEx40, and
100% O2 = ConEx100). On each test day, participants
performed UFS in three 8 min blocks, differentiated by
the individually prescribed exercise intensities (see
next section) and resulting in 24 min of total exercise
time. The utilised O2 fractions resulted in approximately
29, 56, and 140 kPa PIO2 at 4 m water depth, respect-
ively. An O2-certified filling station provided breathing
gases. Mixtures were analysed again before every dive
(Greisinger GOX100, Regenstauf, Germany). Despite the
relative precision of currently available O2 analyzers, a
deviation was unavoidable (i.e. 40.7 ± 1; 97.7 ± 1.4 kPa
normobaric O2 pressure). Identical O2-clean and O2-com-
patible 11.1-liter aluminum tanks and breathing regula-
tors were used.

Following the ACMS’s guidelines for exercise testing
and prescription, individual exercise intensity was
derived as a percentage of heart rate reserve (HRR), cal-
culated as the difference between resting HR (HRrest) and
maximum HR (HRmax), as obtained by the sport-specific
incremental underwater performance assessment
(Riebe, 2018). For each test, participants performed
UFS in 3 blocks of 8 min at low, 25% HRR (LOW), moder-
ate, 45% HRR (MOD), and vigorous, 75% HRR (VIG) inten-
sity, respectively. Before the first descent and after
each exercise block, breathing gas analysis (Metalyzer
3B®, Cortex Biophysik GmbH©, Leipzig, Germany) and
capillary blood sampling were performed for 5 min
(Figure 1A). RPE on the previous block of the underwater
exercise was stated shortly after the ascent. The first 45 s
of post-exercise measurements were conducted in a
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horizontal body position to reduce posture-induced
blood shift (refer to data processing calculations for
details and reasoning; Figure 1C). Distance travelled
was documented for each exercise block to allow the
calculation of v. An experienced safety diver supervised
all tests (≥ ISO Norm 24802-2).

Cognitive testing

Following every block of LOW, MOD, and VIG in all gas
conditions, a tablet-based Eriksen Flanker task
(B. A. Eriksen & Eriksen, 1974) was performed, investi-
gating inhibitory control as an EF of cognitive perform-
ance (i.e. start: 60 s post-exercise; total duration: 4 min).
Presented scenarios consisted of five arrows, from
which only the middle one required a response,
either left or right, depending on the direction of the
middle arrow (i.e. the stimulus), with the surrounding
arrows acting as distractors. The directions of the sur-
rounding arrows were manipulated to create

compatible (>>>>>) or incompatible (>><>>) settings,
with the latter requiring inhibitory control for fast and
correct responses. A complete trial consisted of 100
stimuli (50 compatible and 50 incompatible). A
fixation cross appeared in the centre of the screen
for 300 ms, thus, marking the exact spot where the
target arrow would appear. Next, the fixation cross
was wholly replaced by a five-arrow configuration
that appeared for 100 ms and was followed by a
blank screen until a response was given or the
maximum response time of 2500 ms elapsed. Hand-
held trigger buttons were used to enable responses,
and participants were instructed to respond as fast
and accurately as possible, which was established
during task familiarisation (i.e. 200 stimuli initial fam-
iliarisation with additional 50 stimuli on every test
day). RTs were recorded on a millisecond basis. The
cognitive task was conducted upright in chest-out
water immersion parallel to breathing gas analysis
(see chapter continuous exercise tests). A constant

Figure 1. (A) Test procedure of the underwater performance test and the three continuous exercise tests (ConEx). Exercise intensity
was controlled by individual percentages of heart rate reserve (HRR%) for low (LOW, 25% HHR), moderate (MOD, 45% HRR), and vigor-
ous exercise (VIG, 75% HRR). (B) The underwater parcours setup for all underwater tests. (C) Measurement setup on the poolside for
ConEx.
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distance to the screen, good visibility, and a quiet
environment without auditory or visual distractions
were ensured.

Data processing

Breath-by-breath and beat-to-beat data of the incremen-
tal test and all ConEx tests were interpolated to 1 s inter-
vals. Continuous measurements of V̇O2 during
underwater fin-swimming are typically complicated by
locomotion, immersion, and ambient pressure (Pender-
gast et al., 2003). To receive an additional measure of
exercise demands underwater, V̇O2 was predicted for
UFS using backward calculation from post-exercise
measurements of V̇O2 and HR during the time interval
5 - 20 s (t), as proposed by (Chaverri et al., 2016),

pÇVO2(EX) = 1
16

∑ V̇O2 post−exercise (t)
HRpost−exercise (t)

x HRin−exercise

where pV̇O2(EX) [L·min−1] is the predicted V̇O2 for each of
the 3 exercise intensity (LOW, MOD, VIG), V̇O2post-exercise (t)
[L·min−1] and HRpost-exercise (t) [min−1] are measured
during (t) post-exercise, and HRin-exercise [min−1] describes
the measured HR during exercise. This formula stands
under two assumptions: A relatively stable arterio-
venous O2 difference short-term post-exercise, before
venous return from the muscle can be measured at
the mouth (Yoshida & Whipp, 1994), and a short-term
unchanged stroke volume (SV) (M. Eriksen et al., 1990).
Measurements were performed in a horizontal body
position for the first 45 s post-exercise to prevent influ-
ences on SV by changes in posture and blood redistribu-
tion by hydrostatic pressure. V̇CO2 for the ConEx was
calculated via intra-breath data using a weighted
average over the breaths during 5 - 20 s post-exercise.

V̇E during UFS was calculated for ambient pressure
with recordings of tank pressure and water depth,

V̇E = DPtank × Vtank × Pdepth

where V̇E [L·min−1] reflects minute ventilation, ΔPtank
[bar] is the change in tank pressure, Vtank [L] is the tank
volume, and Pdepth

−1 [bar] is the mean of depth (4 s
sample rate). Means of HR and V̇E were calculated for
the last 30 s of each exercise intensity for incremental
UFS. For the ConEx tests, means of HR and V̇E were cal-
culated over the last 7 min of each intensity to exclude
the time necessary to adapt to the new v. The mean v
of each exercise block was calculated as the dividend
of distance travelled and time.

Capillary blood samples were analysed for blood
lactate concentrations ([Lac-] (mmol·L−1)) (Biosen EKF-
diagnostics, GmbH, Germany).

For the cognitive task, mean values and standard
deviations were calculated for the RTs of correct
responses, incorrect responses, and misses. Response
accuracy (ACC) was calculated in percent [%] as the divi-
dend from stimuli and correct responses. RTs and ACC
are displayed separately for compatible (RTcom;
ACCcom) and incompatible settings (RTincom; ACCincom).
RTs > 1000 ms were excluded from the analysis.

Statistics

An a priori power analysis (G*Power 3.1.9.7; Faul et al.,
2009) was conducted for a mixed design and α-level <
0.05, demanding 15 participants to provide a physiologi-
cally relevant effect size of f = 0.5 and a power of 1-ß =
0.9. Using SPSS statistics 28® (IBM©, USA), two-way
ANOVAs with repeated measures on the factor GAS
(ConEx21, ConEx40, ConEx100) and INTENSITY (LOW,
MOD, VIG) were calculated to investigate differences for
V̇E, [Lac

-], v, HR, RPE, and post-V̇CO2.
Bonferroni corrected pairwise comparisons were used

to investigate significant results. Main effect sizes were
stated as partial eta squared (η2P) with values≤ 0.10 indi-
cating a small,≤ 0.25 a medium, and≤ 0.40 a large
effect. Cohen’s d was used for post hoc comparisons
by calculating the quotient of the mean difference and
the mean standard deviation. Effect sizes are depicted
as small > 0.2, medium > 0.5, and large > 0.8 (Cohen,
2013).

Results

Continuous exercise tests

Significant main effects for V̇E were found for the factor
GAS (p = 0.004, η2P = 0.356) and GAS⍰INTENSITY (p <
0.001, η2P = 0.302), with significantly lower values
during ConEx100 compared to ConEx21 during MOD (p
= 0.006, d = 0.437) and VIG (p = 0.006, d = 0.405), and sig-
nificantly lower values during ConEx40 compared to
ConEx21 during VIG (p = 0.002, d = 0.525) compared to
air (Figure 2). [Lac-], v, HR, and RPE showed no effects
for O2-content post-exercise. V̇CO2 showed no effect
for O2-content (p = 0.669, η2P= 0.027) or GAS⍰INTEN-
SITY (p = 0.717, η2P= 0.034) (refer to Table 1 for all
results).

Executive functions

RTincom showed a significant main effect for INTENSITY (P
< 0.001; ηp2 = 0.4) with significantly faster RTs after VIG

compared to REST (P = 0.022), LOW (P < 0.001), and MOD
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(P < 0.001). No effects were observed for ACCincom. No
GAS effect could be observed (see Table 1 and Figure 3).

Discussion

This study investigated the effects of different exercise
intensities during sport-specific UFS and different O2

fractions in the breathing gas on physiological values
and post-exercise inhibitory control. Results revealed
significantly lower V̇E during MOD (−8.9 %) and VIG

(−8.5 %) exercise at 140 kPa, and during VIG (−9.8 %)
for 56 kPa compared to 29 kPa. No significant differences
arose between 56 and 140 kPa PIO2. No effects of O2-
fraction were observed for HR, [Lac-], v, RPE, and post-
exercise V̇CO2. Therefore, our first hypothesis,
suggesting amplified beneficial effects of elevated
PIO2, is only partly confirmed. Furthermore, significantly
lower RTs but not ACC for inhibitory control were
observed after VIG compared to all other intensities,
with no influence of O2-fraction. Thus, we cannot
confirm the hypothesised positive effects of hyperoxia
on EFs.

The observed reduction in V̇E during UFS with an
elevated O2-fraction in the breathing gas is in line
with work from Fraser et al. (2011) and Peacher et al.
(2010), reporting 15.2 % and 16.3 % reductions in V̇E
during 16 min cycle exercise in a wet pressure
chamber with 175 kPa PIO2 at 470 kPa ambient
pressure. Compared to our earlier work (i.e. reductions
in V̇E up to 20 %), the present findings show slightly
lower effects that might be attributed to differences
in load control (i.e. individualised vs. fixed exercise

intensities) or exercise mode (i.e. 3 min steps vs. con-
tinuous exercise; Möller et al., 2022). It can be
assumed that the effects of PIO2 on V̇E occur only up
to a certain threshold, likely dependent on exercise
intensity and acute metabolic O2-demands.

To date, the literature produced inconsistent results
in supporting altered metabolic processes as the main
reason for physiological changes during exercise, sus-
pecting sport-specific exercise modality, -duration, and
PIO2 as modulating factors for effects on HR and [Lac-]
in addition to V̇E (Brugniaux et al., 2018; Favier et al.,
2005; Sperlich et al., 2013; Stellingwerff et al., 2006;
Welch & Pedersen, 1981). Based on the very limited feasi-
bility of direct metabolic measurements during sport-
specific exercise, post-exercise values of [Lac-] and
V̇CO2 were utilised for metabolic estimations. End-tidal
V̇CO2 can be regarded as highly representative of arterial
carbon dioxide pressure (PaCO2) under normal con-
ditions (Dunworth et al., 2017), enabling estimation of
metabolic processes from post-exercise breathing gas
analysis. Based on this assumption, our results of
similar [Lac-] and post-exercise V̇CO2 values between
29 and 140 kPa PIO2 (all p > 0.669) suggest no significant
hyperoxic influence on metabolic processes. Opposed to
that, results from Lambertsen et al. (1959) and Peacher
et al. (2010) question the connection between PaCO2

and end-tidal V̇CO2, reporting decreases in V̇CO2 paral-
leled by elevated PaCO2 during hyperoxic exercise.
However, both authors used≥ 175 kPa PIO2, which is
beyond recreational diving limits (i.e. max PIO2 140
kPa). Furthermore, hyperoxia might have reduced
venous CO2 solubility and thus facilitated the Haldane

Figure 2. Ventilation (V̇E) (L·min−1) is depicted as individual data (dots), mean values (x), medians (horizontal line), and standard
errors (bars) for the continuous exercise tests (Conex21, ConEx40, ConEx100) and exercise intensities (LOW, MOD, VIG) over the last
7 min of underwater exercise. Significant post hoc effects are indicated with *.

6 F. MÖLLER ET AL.



effect, corresponding to the absence of differences for
PaCO2 in the PIO2 range between69 and 127 kPa at
470 kPa ambient pressure.

Moreover, while our earlier results and data from the
present work show only descriptively lower [Lac-] values
after hyperoxic exercise, possible metabolic changes at
the muscular level might be too small to detect by indir-
ect measurements at the mouth (i.e. V̇CO2) or in the per-
iphery (i.e. capillary blood lac). Adding to that, the
validity of V̇CO2 measurements might be reduced by
breath-by-breath measurement errors up to 6.3%
(Carter & Jeukendrup, 2002). Therefore, the reported
effects of hyperoxia on metabolic processes during lab-
oratory exercise might be strengthened for sport-
specific contexts by more invasive measurements in
the future (Brugniaux et al., 2018; Favier et al., 2005; Mall-
ette et al., 2018; Sperlich et al., 2013; Stellingwerff et al.,
2006). Although we discussed hyperoxia-induced
decreased local O2 deficits, especially during high-inten-
sity and transient phases during exercise, the anaerobic
demands might be insufficiently high during the applied
intensities of underwater fin-swimming (i.e. no incre-
mental exercise).

Concerning hyperoxic effects on HR, inconsistent
findings from the literature include a tendency to
decreased resting HR by increased baroreceptor activity,
altered chemoreceptor activity, or increased parasympa-
thetic tone with no or only a slightly decreased peak HR
(Lund et al., 1999; Mallette et al., 2018; Sperlich et al.,
2017). In hyperbaric immersed conditions, Fraser et al.
(2011) and Peacher et al. (2010) did report reduced
resting and peak HR, possibly compensatory to immer-
sion-induced blood shift and increased right-heart pre-
load (Brugniaux et al., 2018; Godek & Freeman, 2023).
Our previous results did not show any differences in
HR between 29 kPa and 56 kPa PIO2 during immersed
exercise (Möller et al., 2022). While the present studies’
HR-controlled underwater exercise did not allow the
direct investigation of hyperoxic effects on HR, we
would have expected an increase in v during hyperoxic
conditions, attempting to meet the prescribed HR
during exercise. We did not find any influence of the
O2-fraction on v. Ultimately, a suppression of the venti-
latory drive by direct chemoreceptor inhibition seems
to be the superior cause for reductions in V̇E in the
context of sport-specific submaximal exercise and elev-
ated PIO2 (Fraser et al., 2011; Möller et al., 2022;
Peacher et al., 2010).

Inhibitory control as a core function of cognitive
control was assumed to be reduced by shallow water
immersion but facilitated by physical exercise and
increased PIO2. The first assumption was built on work
by Dalecki et al. (2012), observing cognitive impairmentsTa
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for tasks in shallow water immersion. The present study
could not verify these results, as all tasks were con-
ducted in head-out immersion without land-based
control. Nevertheless, an overall dampening effect
from physiological adaptations and slightly increased
inspiratory nitrogen pressure might be carefully
assumed. In addition, a positive influence of moderate
exercise intensity on following executive functioning
was reported by numerous laboratory studies (Hsieh
et al., 2021; Moreau & Chou, 2019). Underlying mechan-
isms range from increased arousal, blood flow, and cer-
ebral oxygenation, explaining effects during or shortly
following exercise (Pontifex et al., 2019), to the increas-
ing release of neurochemicals like catecholamines,
brain-derived neurotrophic factor or the accumulation
of lactate with rising exercise intensity (Hashimoto
et al., 2018; Knaepen et al., 2010; Rasmussen et al., 2009).

Based on the positive effects of catecholamines on
neural excitability and its long half-time (Eisenhofer
et al., 2004; McMorris, 2016), the positive effects of mod-
erate-intensity exercise are expected to persist during
post-exercise cognitive testing. Furthermore, high-inten-
sity exercise might induce similar or even superior
effects. Surprisingly, our findings showed no effects of
moderate-intensity exercise, which contradicts earlier

results from our group (Möller et al., 2021b). In the
present work, RTs for inhibitory control were improved
only after vigorous intensity (i.e., 75 % HRR). These
findings might arise from counteracting effects of
water immersion and exercise, where higher intensities
are necessary to produce beneficial effects on cognition.
Furthermore, some studies reported an increase in cer-
ebral blood flow and oxygenation after high-intensity
and long-duration exercise (i.e. the hyperfrontality
hypothesis; Sudo et al., 2017; Tempest et al., 2017),
opposing the hypofrontality hypothesis established by
Dietrich (2006). Unfortunately, no measurements could
verify these effects for the present findings. Lastly,
hyperoxia is known to increase cerebral oxygenation
despite vasoconstriction and improve cognition,
demonstrated in work by Damato et al. (2020) with a
normobaric PIO2 of 100 kPa and backed up our hypoth-
esis of positive hyperoxic effects on EFs. These results are
supported by work from Scholey et al. (1999), discussing
an elevated PaO2 to support increased metabolic
demands during cognitive workload, thus, facilitating
cognition. In combination with competing motor- and
cognitive demands during exercise, hyperoxia could
maintain oxygenation, especially during prolonged and
intense exercise. However, our findings showed no
effects of hyperoxia on EF performance.

Limitations

The main limitations include post-exercise and non-inva-
sive measurements, with the potential of missing effects
during exercise. In addition, a time delay for pulmonary
and peripheral measurements must be considered. Con-
sidering inhibitory control, this work concentrated on
the after-effects of hyperoxic exercise, as participants
breathed under normobaric and normoxic conditions
during cognitive testing. Due to design complexity and
pool availabilities, it was not possible to maintain a con-
stant interval between the test days. However, a
minimum of 2 days was implemented to secure full
physical recovery from each test. While sufficient individ-
ual fin-swimming technique, body position in the water,
and the resulting water resistance were evaluated as
inclusion criteria, interindividual differences and an
influence by the applied gender distribution could still
be expected.

Conclusion

Results show a significantly lower V̇E for MOD and VIG fin-
swimming at 56 kPa (VIG 10.8%) and 140 kPa PIO2 (MOD:
9.6 %; VIG: 9.3 %) compared to air. No differences for
[Lac-], post-V̇CO2, v, and RPE were observed between

Figure 3. RTincom and ACCincom are displayed following rest and
low (LOW), moderate (MOD), and vigorous (VIG) exercise by under-
water fin-swimming (UFS). The three gas conditions are
depicted in dotted-grey (21% O2), striped-grey (40% O2), and
black (100% O2) as means with standard errors.
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29, 56, and 140 kPa PIO2, which is in line with results from
our earlier study and hyperbaric exercise without sport-
specific locomotion. Hyperoxia-induced V̇E reductions
are seemingly caused prominently by peripheral che-
moreceptor suppression during submaximal intensity,
while the metabolic component might gain importance
with increased anaerobic energy demand. Hyperoxia did
not influence EFs, contradicting some laboratory results
and emphasising the potential influence of sport-
specific and environmental factors. RTs were acceler-
ated, and ACC was reduced with increasing exercise
intensity. This trade-off in demanding environments
and exercise intensities might increase the risk of
errors. Overall, these findings might improve safety for
dives with a limited gas supply, especially in the
context of incidents or rescue scenarios.
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