
Institute of Professional Sport Education and Sport Qualifications 

Dept. Didactics and Methodology in Sports 

German Sport University Cologne 

Head of Institute: Prof. Dr. Tobias Vogt 

 

 

 

Physical and cognitive performance in extreme 

environments: Insights for practical sports education 

in SCUBA-diving 

 

 

 

 

Doctoral thesis 

accepted for the degree 

 

Doktor der Sportwissenschaft 

(Dr. Sportwiss.) 

 

 

 

 

by 

Fabian Möller 

from Kiel, Germany 

 

 

 

 

Cologne, 2022 

  



 II 

First reviewer:    Prof. Dr. Tobias Vogt 

Second reviewer:    Prof. Dr. Marc Dalecki 

Chair of the doctoral committee: Prof. Dr. Mario Thevis 

Thesis defended on:   12.08.2022 

 

 

 

Affidavits following §7 sections 2 No. 4 and 5 of the doctoral regulations from the Ger-

man Sport University Cologne, February 20th, 2013: 

 

Hereby I declare: 

The work presented in this thesis is the original work of the author except where 

acknowledged in the text. This material has not been submitted either in whole or in 

part for a degree at this or any other institution. Those parts or single sentences, which 

have been taken verbatim from other sources, are identified as citations. I further de-

clare that I complied with the actual “guidelines of qualified scientific work” of the Ger-

man Sport University Cologne. 

 

 

 

_________________________ 

     Fabian Möller 

  August 15th, 2022 



 III 

General remarks 

This cumulative dissertation contains five scientific manuscripts in the English 

language that are published in international peer-reviewed journals. According to § 6 

paragraph 2 of the doctoral regulations of the German Sport University Cologne (in the 

version of May 17, 2012), the text of this dissertation thesis is also written in English. 

For copyright reasons, minor differences may occur concerning the layout of the 

manuscripts following the individual guidelines and standards of the respective journal. 

Occasionally, adjustments have been made that deviate from the original publication 

in the interest of correct spelling and a uniform citation standard (APA Style, 7th 

Edition) and language style (e.g., standardization to American English). Superscript 

Roman numerals avoided duplication in figures and tables, assigning the 

corresponding figure or table to the respective study.  

Preamble 

The publications within this manuscript originate from the professional involvement in 

the SIRIUS-Project (Scientific International Research In Unique Terrestrial Station) and 

underwater studies conducted in the field of SCUBA-diving or to simulate 

weightlessness. The investigations focus on respiratory, cardiovascular, and cognitive 

performance in unique environments and the modulating influence of exercise, 

isolation, hyperoxia, and environmental physiological adaptations. The German Sport 

University’s experiment within SIRIUS investigates the effects of long-term isolation 

and specific countermeasure exercise on cardiorespiratory fitness and cognition during 

a simulated spaceflight to the moon. The project consists of two consecutive studies 

with increasing isolation periods (4 and 8 months). This international cooperation 

project between Roskosmos, NASA, and the German Aerospace Center (DLR; grant 

number: 50WB1626) is conducted in Moscow, Russia, accompanied by several control 

studies at the German Sport University Cologne. Based on involvement in SCUBA-

diving as a diving instructor, a safety diver for ESA’s underwater astronaut training, 

and a lecturer for university courses, the field of research was extended to the 

underwater environment. This environment mimics several microgravity-related 

aspects for space research and poses high demands for the sport of SCUBA-diving 

with implications for performance and education.   
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Abstract 

Physical and cognitive performance has 

been the subject of various studies 

conducted in the laboratory. However, 

physiological adaptations, unique 

exercise modalities, and environmental 

stressors might affect performance in 

extreme environments. Therefore, some 

laboratory findings have only limited value 

in contexts like underwater or 

microgravity.  

More specific insights can be gained from 

applied studies in sports contexts or 

analog studies that simulate selected 

aspects. Within this cumulative 

dissertation, physical and cognitive 

performance was assessed for the 

contexts of spaceflight and the practical 

sport of SCUBA-diving. Long-duration 

spaceflight was simulated during 120-

days of isolation in a terrestrial analog, 

and weightlessness during extra-vehicular 

activity in space by water submersion with 

matching exercise and cognitive-motor 

tasks.  

Furthermore, the specific influencing 

factors of elevated partial gas pressures 

and the modality of underwater fin-

swimming were investigated in an applied 

setting in SCUBA-diving. Based on the 

unique conditions of the underwater 

environment, different educational 

Physische und kognitive 

Leistungsfähigkeit wurde bereits in 

verschiedenen laborbasierten Studien 

untersucht. Allerdings können 

physiologische Anpassungen, 

besondere Belastungsmodalitäten und 

Umweltstressoren die Leistung in 

extremen Umgebungen beeinflussen. 

Daher sind einige Laborergebnisse in 

Kontexten wie Unterwasser oder 

Schwerelosigkeit nur von begrenztem 

Wert.  

Spezifischere Erkenntnisse können 

durch angewandte Studien im 

Sportkontext oder analoge Studien, die 

ausgewählte Aspekte simulieren, 

gewonnen werden. Im Rahmen dieser 

kumulativen Dissertation wurde die 

physische und kognitive 

Leistungsfähigkeit in den Kontexten der 

Raumfahrt und dem Sporttauchen 

untersucht. Ein Langzeit-Raumflug 

wurde mit 120-tägiger Isolation in einem 

terrestrischen Analog simuliert, die 

Schwerelosigkeit während der 

Außenbordaktivitäten im Weltraum durch 

Wasserimmersion mit entsprechenden 

körperlichen und kognitiv-motorischen 

Aufgaben.  

Darüber hinaus wurden die spezifischen 

Einflussfaktoren erhöhter 

Gaspartialdrücke und die Modalität des 
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methods were assessed on their outcome 

on movement skill performance.  

For the simulation of spaceflight, results 

showed attenuating effects of isolation on 

the effectiveness of countermeasure 

exercise training on aerobic fitness. 

Executive functions were affected 

selectively by simulated extra-vehicular 

activity underwater, and shifting accuracy 

deteriorated significantly after high-

intensity exercise. In SCUBA-diving, 

positive effects with a decrease of minute 

ventilation were revealed for higher 

inspiratory oxygen pressures during high-

intensity exercise and some parameters 

of executive functions improved after 

exercise. However, these effects did not 

fully correspond to laboratory findings, 

suspecting sport-specific or 

environmental influences. Discovery 

learning, as an alternative educational 

method in SCUBA-diving, evoked 

adequate movement skill performance in 

diving beginners. Still, the expected 

benefits of a higher sustainability from 

assumed implicit learning processes were 

not identified.  

The various sport-specific and 

environmental factors affect physical and 

cognitive performance with implications 

for safety. Future studies should aim to 

identify individual modulators and their 

role on performance.  

Flossenschwimmens unter Wasser in 

einem angewandten Setting im 

Sporttauchen untersucht. Basierend auf 

den einzigartigen Bedingungen der 

Unterwasserumgebung wurden die 

Auswirkungen verschiedene 

Vermittlungsmethoden auf die 

Ausführungsqualität von Übungen 

untersucht.  

Die Isolation während eines simulierten 

Raumfluges zeigte eine Abschwächung 

der Trainingswirksamkeit auf die aerobe 

Fitness. In simulierter Schwerelosigkeit 

unter Wasser waren exekutive 

Funktionen selektiv beeinträchtigt. 

Genauigkeit im Shifting verschlechterte 

sich nach hochintensiver Belastung 

erheblich. Im Sporttauchen zeigte sich 

eine Verringerung der Ventilation bei 

höheren inspiratorischen 

Sauerstoffdrücken während intensiven 

Flossenschwimmens. Einige Parameter 

exekutiver Funktionen zeigten nach 

Belastung eine Verbesserung. Diese 

Ergebnisse zeigen Diskrepanzen zu 

bisherigen Laborergebnissen, was 

sportartspezifische oder umweltbedingte 

Einflüsse vermuten lässt. Das 

entdeckende Lernen als alternative 

Ausbildungsmethode im Sporttauchen 

führte bei Tauchanfängern zu einer 

adäquaten Ausführung der 

Bewegungsabläufe. Der erwartete 

Nutzen einer höheren Nachhaltigkeit 
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aufgrund vermuteter impliziter 

Lernprozesse konnte jedoch nicht 

festgestellt werden.  

Die verschiedenen sportartspezifischen 

und umweltbedingten Faktoren 

beeinflussen die physische und kognitive 

Leistungsfähigkeit mit 

sicherheitsrelevanten Auswirkungen. 

Zukünftige Studien sollten versuchen 

individuelle Modulatoren der 

Leistungsfähigkeit zu identifizieren. 
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 Introduction 

Successful task performance depends on physical fitness but also on cognition. The 

ability to execute actions sufficiently is a prerequisite for success in everyday life, 

sports, and especially when working and acting in demanding environments like 

underwater or microgravity. While physical performance can imply several factors, this 

work concentrates on the interacting respiratory and cardiovascular systems’ ability to 

transport oxygen to the tissues and working muscles (Fletcher et al., 2013; Hellsten & 

Nyberg, 2015). Performance depends on the maximum capacities of these systems 

during exercise, the removal of metabolites, the speed of adaptation during transient 

intervals after changes in work rate, and the influence of environmental factors. These 

factors include ambient pressure (e.g., inspiratory partial gas pressures, breathing 

resistance from gas density), submersion (e.g., blood shift, water resistance), or 

isolation scenarios (e.g., limited movement, mood, cognition). Based on attention and 

perception, cognitive and cognitive-motor task performance requires intact lower-level 

executive functions like inhibition, updating, and task shifting, to enable fast and 

accurate higher-level processes like reasoning, planning, and problem-solving 

(Diamond, 2013; Jurado & Rosselli, 2007). These functions are of particular interest 

when attending to several alternating tasks and resisting automated behavior in 

demanding environments with unique and novel situations.  

A vast amount of knowledge exists from controlled laboratory studies, but the transfer 

to specialized scenarios might be reduced, and only some work is conducted in applied 

contexts. Still, physiological and cognitive performance are paramount when tasks are 

performed in hostile environments like underwater or in space, which applies to the 

popular sport of SCUBA-diving, sojourns in microgravity, and long-term spaceflight 

(Ade et al., 2017). In these contexts, the margin for error is small, and task failure can 

lead to severe injuries with limited rescue options. In addition, the unique conditions 

can act as modulating factors on performance and thus, alter results from the 

laboratory.  

The short-term effects of spaceflight on human performance can be investigated on 

the international space station. Still, future long-term space travel requires the 

investigation in terrestrial analogs for simulated spaceflight. These studies can create 

some influencing factors on human performance like mission stress, isolation, or a 

confined environment with only little room for daily physical activity (Klein et al., 2018). 
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In addition, analog studies allow the investigation of physical exercise training on its 

feasibility and efficiency as a countermeasure to the degenerating effects of 

microgravity and confinement. However, some of the short-term effects relevant for 

working and acting in microgravity can also be simulated in the underwater 

environment which predestines it as a low-cost alternative for research, equipment 

tests, and astronaut training (Bolender et al., 2006). In addition, these commonalities 

underscore the need to investigate sports performance in SCUBA-diving in applied 

settings to account for environmental factors.  

Physical exercise is essential in everyday life, but also for work and sports contexts. 

Moreover, many studies demonstrated an interaction between exercise and cognitive 

performance, which underlines the necessity to consider both parameters for 

performance assessment. Physiological and cognitive resources are diverted for 

locomotion, coordination, and stability during exercise. Still, beneficial effects of 

exercise have been described for cognitive performance after and even during 

exercise (Chang et al., 2012; Pontifex et al., 2019). The direction and effect of this 

interaction depend, among other things, on the modality, duration, and intensity of 

exercise. In addition, it might be affected by environmental factors, like those from 

water submersion or microgravity and isolation in the context of space flight. 

This cumulative dissertation addresses physical fitness assessment in spaceflight 

analogs and underwater settings. The underwater environment is utilized to mimic 

exercise in microgravity and its impact on cognitive performance. In addition, SCUBA-

diving performance and the effects of specific teaching methods can be investigated 

in an applied setting.  
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 Scientific Background 

2.1 Exercise performance 

2.1.1 Oxygen transport to the working muscle 

The measurement of oxygen (O2) in pulmonary gas exchange presents a non-invasive 

method to assess metabolic processes. Aerobic exercise performance depends on the 

interaction of the pulmonary, cardio-vascular, and musculoskeletal systems to deliver 

O2 to the working muscles' local mitochondria. The first link in the chain of O2-transport 

is alveolar ventilation. At sea level, the partial pressure of O2 (PO2) in dry ambient air 

is at a relatively stable 20.9 kilo Pascal (kPa). However, the alveolar composition is 

affected by the constant diffusion of carbon dioxide (CO2) from pulmonary blood and 

full water vapor saturation, resulting in an alveolar O2 pressure (PAO2) of approximately 

13.7 kPa (i.e. 103 mmHg). Changes in aeriation due to variations in tidal volume (VT) 

or breathing frequency (BF), voluntary or involuntary by respiratory control, will also 

affect the PAO2 and alveolar CO2 pressure (PACO2). The arterial O2 pressure (PaO2) is 

then determined by the diffusion of oxygen to the pulmonary blood according to the 

alveolar-capillary pressure differential and the O2 solubility coefficient (i.e., 2.26 ml L-1 

in whole blood). Subsequently, O2 binds to hemoglobin. Under normobaric and 

normoxic conditions, the concentration of physically dissolved O2 in the blood (i.e., 0.3 

mL per 100 mL) plays only a minor role in O2-supply in comparison to more than 65 

times chemically bound to hemoglobin. Therefore, changes in alveolar ariation have 

only negligible effects on the concentration of hemoglobin-bound O2 in arterial blood, 

as the maximum O2 transport capacity is mostly dependent on total hemoglobin 

concentration (Calbet et al., 2006). The combined transport capacity of physically 

dissolved and chemically bound O2 is approximately 220 mL per L of blood. However, 

a supplementary effect on the O2-supply can be achieved by higher inspiratory O2 

pressures (PIO2) from either an elevated oxygen fraction in the breathing gas or an 

increase in ambient pressure (Scholey et al., 1999). This increase in PAO2 leads to an 

increased concentration of physically dissolved O2 in the blood, and can also 

temporarily reduce the dependence on alveolar ariation. These scenarios are common 

in the contexts of underwater exercise (e.g., SCUBA-diving) or physical work in a 

pressurized space suit (i.e., extra-vehicular activities).  
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Muscle perfusion must be considered the determining factor for sustained exercise 

(Delp & Laughlin, 1998). Adaptations in cardiac output (CO) and vascular resistance 

are necessary to increase perfusion depending on local O2-demand. The dilation of 

local arterioles increases microvascular flow and muscular oxygen uptake (V̇O2 musc). 

Simultaneously, perfusion is reduced for areas with less O2 demand by 

vasoconstriction (Fletcher et al., 2013). Resulting changes in blood pressure are 

regulated by adaptations in heart rate (HR) and stroke volume (SV). Local O2-demands 

trigger the diffusion of physically dissolved O2 from the cellular plasma through the 

capillary membrane to the muscle cell, facilitating the subsequent unloading of 

hemoglobin-bound O2. While an increased O2-consumption might be temporarily 

covered by adaptations ins vascular resistance and blood flow, an increase in V̇O2 musc 

will ultimately increase the arteriovenous difference in oxygen concentration (avDO2). 

These effects can be estimated from measurements of pulmonary oxygen uptake (V̇O2 

pulm) by metabolic carts, although the influence of changes in V̇E and CO have to be 

considered. As V̇O2 is determined from multiplying avDO2 and perfusion (i.e., the Fick 

principle), continuous measurements of V̇O2, HR, and SV enable estimates of avDO2 

(Boland & Muller, 2019). Pulmonary maximal V̇O2 (V̇O2 max) is considered the primary 

indicator for maximum aerobic performance. However, maximum capacities seldom 

apply in everyday scenarios where acute changes in work rate are more pronounced. 

Therefore, kinetics are an important additional component of aerobic fitness.  

2.1.2 Physiological responses to acute exercise 

The onset of exercise evokes vasoconstriction from sympathetic activity, countered by 

simultaneous pulmonary and cardio-vascular adaptations, including vascular dilation 

and constriction, to maintain blood pressure and direct blood flow to areas with high 

O2-demand. Increased muscular O2-demand and consumption result in a decreased 

muscular PO2 and increased unloading of hemoglobin-bound O2. During the transient 

interval towards a new steady-state between O2-consumption and O2-delivery, the O2-

deficit is compensated by phosphocreatine degradation, anaerobic phosphorylation, 

and anaerobic glycolysis. Phase I (i.e., the cardio-dynamic phase) is defined by 

increased CO (i.e., perfusion) and adaptations in vascular flow. Possible changes in 

avDO2 are not yet detectable from pulmonary measurements. Pulmonary ventilation 

(V̇E) also increases even before the start of exercise, which can be attributed to neural 

outflow from the motor cortex and sensory input from the muscles. During exercise, 
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the chemoreceptive response to the elevated arterial levels of the metabolic 

byproducts CO2 and hydrogen (H+) concentration regulate V̇E. [Lac-] production occurs 

for all phases of physical activity but is balanced by elimination from oxidation or 

conversion to glucose during moderate exercise.  

The subsequent phase II (primary phase) shows constant increases in V̇O2 pulm until a 

new steady state is established (A. M. Jones & Poole, 2005). With further increase in 

exercise intensity, relative tissue hypoxia reduces [Lac-] elimination, and 

concentrations in capillary blood [Lac-] rise continuously. Therefore, [Lac-] values are 

utilized as an important indicator for exercise intensity and metabolism (Brooks, 1985). 

The anaerobic metabolism results in an increase in CO2 partial pressure (PCO2) and 

elevated concentrations of [Lac-] and H+. In turn, metabolic acidosis is amplified, 

additionally stimulates V̇E, and induces respiratory compensation by hyperventilation 

(A. M. Jones et al., 2011). With a delay, the resulting reduction of arterial CO2 pressure 

(PaCO2) during severe exercise can be observed with measurements of PACO2. 

Exercise intensities above a possible steady-state evoke increases in V̇O2 until the 

highest measurement during this specific exercise is reached (V̇O2 peak). The V̇O2 slow 

component can induce further increases of V̇O2 during severe exercise and disrupt the 

linearity observed during phase II (A. M. Jones et al., 2011; Poole & Jones, 2012).  

Faster V̇O2 kinetics reduce the dependence on the limited non-oxidative metabolic 

processes during transient exercise, minimize the anaerobic component and lactate 

production, and therefore indicate fitness and exercise tolerance (Hughson, 2009). 

This makes kinetics an important additional component to measurements of V̇O2 max. 

The speed of V̇O2 pulm kinetics depends at least partially on either central perfusion (i.e., 

CO) or peripheral factors like local muscle perfusion, the oxidative processes in the 

mitochondria, muscle fiber types, available substrates, and the overall number of 

mitochondria. These factors underline the importance of V̇O2 kinetics for additional 

information on the speed of adaptation for perfusion and O2-transport to the working 

muscle (Poole & Jones, 2012). Some studies report local muscle perfusion as fast as 

V̇O2 kinetics, which would support limitations in the O2-transport to the muscle to slow 

V̇O2 kinetics (Francescato et al., 2013; Grassi et al., 1996). However, differences 

between muscle and overall microvascular perfusion might also point toward 

peripheral limitations (Koga et al., 2005; Tschakovsky & Hughson, 1999).  
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One benefit of kinetics analysis is the possibility of conducting tests during submaximal 

exercise intensities, preventing the risks of high-intensity exercise and allowing the 

testing of participants with limited or compromised exercise capacity (e.g., elderly). 

Possible applications include areas with limited medical support (e.g., during space 

missions) or sports contexts, where conflicts with exercise training programs might 

otherwise occur. In these contexts, kinetics analysis can be integrated into existing 

training routines as an additional indicator of aerobic fitness (Grassi, 2006). 
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2.1.3 Methods for aerobic fitness assessment 

The determination of aerobic fitness is essential for screening and classifying 

participants of research studies and for the derivation of individual exercise intensities 

for investigations during constant work rate. Cardio-pulmonary exercise testing (CPET) 

is an established method to determine maximum respiratory and cardio-vascular 

parameters in the laboratory non-invasively. In addition, the breath-by-breath analysis 

of expired O2 and CO2 during graded exercise tests (GET) allows insights into muscle 

metabolism. However, a time delay has to be considered for measurements at the 

mouth. During exercise, V̇CO2 increases linearly in relation to the increased O2-

demand. The first ventilatory threshold (VT1) is defined as the point of optimal 

breathing efficiency (Wassermann et al., 1973). At VT1, the augmentation of the 

oxidative metabolism by anaerobic glycolysis is accompanied by lactic acid efflux, 

bicarbonate buffering of H+ ions, and a resulting increase in V̇CO2 relative to V̇O2 from 

the elevated V̇E (Petek et al., 2021).  

After a constant increase in work rate accompanied by [Lac-] production, the second 

ventilatory threshold (VT2) describes the point at which a steady-state can no longer 

be maintained, and the aerobic-anaerobic transition ends. Metabolic acidosis then 

provokes an over-proportional increase of V̇E to increase CO2 elimination, which can 

additionally be verified by a respiratory exchange ratio (RER) greater than 1. [Lac-] 

acidosis also induces hyperventilation, which results in a downwards slope of end-

expiratory CO2 partial pressure (PETCO2). Ventilatory thresholds, which correlate to 

[Lac-] thresholds determined by capillary blood analysis, consequently allow the 

monitoring of muscle metabolism and the assignment of physiological values (e.g., HR, 

V̇O2) to different individual levels of exercise intensity (Beaver et al., 1986). Constant 

exercise intensities (e.g., low, moderate, severe) are then typically calculated as 

percentages of maximum HR (HRmax), heart rate reserve (HRR), maximum power 

output, V̇O2 max, or VT2. The prescribed intensities can be controlled by constant 

measurement and monitoring of the relevant variable during exercise (Liguori & 

American College of Sports Medicine, 2020). While data could also be supported by 

transcutaneous or invasive measurements of arterial and venous gases or muscle 

biopsies, these methods are not applicable or reasonable in all applied sports or 

environmental contexts.  
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An additional component of fitness assessment and exercise prescription is the 

analysis of cardiovascular kinetics during moderate-intensity work rate changes 

(Hughson et al., 1991). Regulative performance is closely linked to aerobic fitness and 

was also successfully used to predict responses to higher work rates (Hoffmann et al., 

2021).  

During sojourns in microgravity, the efficiency of countermeasure exercise is essential 

for high performance and can be monitored by submaximal kinetics tests (see chapter 

2.3.2). The lower work rate intensity, time efficiency, and reduced safety hazards 

underline the suitability for measurements during space flight (Hoffmann, Moore, & 

Drescher, 2013) or in spaceflight analogs (Koschate, Hoffmann, et al., 2021). 

2.1.4 Application for underwater contexts 

The investigation of physiological and cognitive parameters in the underwater 

environment yields two major challenges: (I) The limited transferability of laboratory-

derived aerobic fitness to the underwater setting and (II) the reduced possibilities for 

continuous measurements during underwater exercise. (I) Whereas several studies 

describe physiological adaptations and their effects on exercise performance (see 

chapter 2.3.3), few studies exist on work rate control during underwater exercise (see 

Greene et al. (2011) for bicycle ergometer exercise). However, the maximum velocity 

during sport-specific underwater fin-swimming is affected by movement technique 

(Rejman et al., 2020), the type of fins (Pendergast et al., 2003), and especially by the 

exponential increase in water resistance by drag (Pendergast et al., 1996). These facts 

lead not to a linear but exponential increase in physical strain during incremental 

exercise as opposed to land-based exercise. Large gradations between the prescribed 

fin-swimming velocities might lead to an early cessation of exercise with reduced peak 

values and subjectively submaximal perceived exhaustion. A successful method, 

based on the fit2dive-test from Steinberg et al. (2011), is the determination of maximum 

aerobic performance from small-graded constant velocity steps (i.e., 0.1 m s-1 

increments every 3 min) with continuous measurements of HR and V̇E. Between steps, 

short surface breaks can be utilized for ratings of perceived exertion (RPE) and 

capillary blood sampling for [Lac-] analysis. This method determines sport-specific 

exercise capacities and the subsequent prescription of steady-state exercise 

intensities to investigate physiological and cognitive parameters during SCUBA-diving.  
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(II) Measurements in the underwater environment are affected or even prevented by 

the waters′ disturbance, drag, and conductivity (e.g., electrocardiography), the 

differences in ambient pressure relative to the surface (e.g., expiratory gas sampling), 

and the participants' locomotion during underwater fin-swimming (e.g., necessity of 

mobile equipment for wired measurements). HR measurements present only a minor 

obstacle, as waterproof HR-belt and portable monitors are commercially available. 

However, electrocardiography with multiple leads requires special care for the 

electrode’s attachment and housing (i.e., as desired for HR-variability analysis). 

Waterproof foil can cover electrodes and cables to prevent water ingress, while tight-

fitting neoprene suits minimize the interference from water drag on the cables. Some 

studies already utilized a waterproof Holter monitor (Möller, Jacobi, et al., 2021; 

Schipke & Pelzer, 2001; Zenske et al., 2019). Breathing gas analysis is rarely applied 

in in-water contexts, although modern systems allow constant breath-by-breath 

measurements in surface swimming. However, these systems are not designed for 

submersion, and the pressure difference relative to the diver’s lung complicates the 

routing of expired gas to the surface. Still, one group demonstrated the collection of 

gas samples in underwater fin-swimming by routing expired gas towards a pressure-

adjusted box on the surface for later analysis in normobaric pressure (Wylegala et al., 

2007). In addition, the use of surface-supplied diving systems allows routing expired 

gas to the surface with an umbilical to calculate metabolic cost, which has been 

successfully applied during underwater training for extra-vehicular activities (EVA) in 

the Neutral Buoyancy Laboratory (NBL; C. R. Reid et al., 2014). A less demanding 

method for applied sports contexts was presented by Chaverri et al. (2016) with post-

exercise breath-by-breath analysis for the backward-calculation of V̇O2 during 

exercise. This approach builds on the Fick principle by calculating V̇O2 as a product of 

CO and avDO2. Under the assumption that SV (M. Eriksen et al., 1990) and avDO2 

(Yoshida & Whipp, 1994) remain relatively stable for a short duration post-exercise, 

V̇O2 can be calculated as: 

 

V′𝑂2𝑒𝑥𝑒𝑟𝑐𝑖𝑠𝑒
(𝑡) =

𝑉′𝑂2𝑝𝑜𝑠𝑡−𝑒𝑥𝑒𝑟𝑐𝑖𝑠𝑒
 (𝑡)

𝐻𝑅 𝑝𝑜𝑠𝑡−𝑒𝑥𝑒𝑟𝑐𝑖𝑠𝑒  (𝑡)
 × 𝐻𝑅 𝑒𝑥𝑒𝑟𝑐𝑖𝑠𝑒 

 

Where V̇O2 exercise is the calculated V̇O2 during exercise, V̇O2 post-exercise is the mean 

value at time t from breath-by-breath measurements directly after exercise, HRpost-
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exercise the measured HR directly after exercise, and HR exercise is the highest HR 

measure during the last 10 s of exercise. In an applied setting, this method can 

estimate V̇O2 during constant work rate underwater fin-swimming or at the cessation 

of incremental exercise. To avoid negative influences on the model, the gas must be 

sampled directly post-exercise (i.e., first breaths) and a consistent horizontal body 

position maintained to prevent changes in SV from the water pressure in the upright 

position. This can be achieved with the participant surfacing gradually in a horizontal 

position after exercise at depth and maintaining exercise intensity (e.g., prescribed 

velocity or HR) until floating horizontally on the pool's edge. Consequently, this method 

can be utilized to determine exercise intensity by V̇O2 and allows comparisons to 

laboratory studies.  

 

 

Figure 1: Breath-by-breath gas analysis after high-intensity underwater fin-swimming. 
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A simplified approach is the calculation and normalization of V̇E by changes in 

breathing-gas-tank pressure as: 

V̇E (𝑡) = ∆𝑃𝑡𝑎𝑛𝑘(𝑡) × 𝑉𝑡𝑎𝑛𝑘 × 𝑃𝑑𝑒𝑝𝑡ℎ−1  (𝑡) 

where V̇E [L·min-1] is the amount of gas consumed per minute, ∆𝑃𝑡𝑎𝑛𝑘 [kPa] is the 

difference in tank pressure throughout t, 𝑉𝑡𝑎𝑛𝑘 [L] is the tank's volume, and Pdepth [kpa] 

is the mean of depth reading throughout t multiplied by 10 kPa + 100 kPa. The 

additional detection of BF can calculate the mean VT. While this method is highly 

feasible, data quality depends on the reliability and sampling rate of the corresponding 

diving computer.  

Measurements of HR, V̇O2, and V̇E can be utilized to determine maximum capacities 

and exercise intensity during steady-state work rate. Additional self-reported RPE can 

support these parameters (Borg, 1982). These methods are suitable for investigating 

environmental or sport-specific factors on exercise performance or the influence of 

specific exercise intensities on cognition in the underwater environment. However, 

more information is necessary to determine the underlying mechanisms on the 

muscular and metabolic level. The analysis of [Lac-] from capillary blood sampling 

during short surface breaks or post-exercise offers additional insights. Non-invasive 

blood flow and oxygenation measurements have only recently been applied in water 

contexts (B. Jones et al., 2014). The investigational challenge remains using 

acceptable methods with the slightest possible alteration of sport-specific or 

environmental factors.  
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2.1.5 Implications of aerobic fitness for cognitive performance 

Aerobic physical exercise training evokes several physiological adaptations beneficial 

for maximum performance and kinetics. Some of these adaptations include an 

increase in the maximum SV and improvement of the heart’s contractibility, enabling a 

greater CO. In consequence, HR can be decreased during constant workload and for 

a given CO. At the muscle level, diffusion improves from arterial adaptations in both 

number and structure, resulting in an increased microvascular flow and better O2-

depletion (Hellsten & Nyberg, 2015). These adaptations allow not only higher peak 

performance but also higher cardio-vascular reserves during constant or transient work 

rate phases.  

Therefore, high aerobic fitness provides cardiovascular resources that could be 

allocated to cognitive tasks in sports contexts. This is especially relevant when 

movement requires a high level of coordination (e.g., running compared to cycling), but 

even more when other players are involved and constant communication, planning, 

decision-making, and goal-directed behavior are necessary. These cognitive tasks rely 

on intact executive functions (EF) that interact with acute exercise (see chapter 2.2.2), 

depending on cerebral blood flow and oxygenation during exercise (Dietrich & 

Audiffren, 2011). Higher aerobic capacities and faster kinetics could also support 

cognition by decreasing anaerobic metabolic processes. Furthermore, moving and 

acting in extreme environments like underwater or microgravity might intensify the load 

on the physiological and cognitive system and benefit from high fitness advantages 

(see chapter 2.3.2). 

Relative consensus exists on the positive effects of acute exercise on cognitive 

function but also on the beneficial effects of regular exercise training and aerobic 

fitness (Falck et al., 2019). Chang et al. reported that moderate aerobic fitness (i.e., 

determined by V̇O2 max) positively influenced information processing and executive 

control compared to low fitness. However, the interaction was not linear, as very high 

fitness did not necessarily evoke a heightened impact on cognition (Chang et al., 

2014). These positive effects have also been reported for several domains of executive 

functioning in adolescents (Westfall et al., 2018), pre-adolescents (Chaddock et al., 

2011), and cognitive and brain health in children (Khan & Hillman, 2014). It can be 

carefully assumed that aerobic fitness might affect cognitive processes selectively 

towards enhanced processing capability and inhibitory control. One explanation might 
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be the improved O2-delivery to the prefrontal cortex (Chapman et al., 2013; Dietrich & 

Audiffren, 2011), which might gain additional relevance during high intensity exercise 

when systems compete for available resources (Sudo et al., 2017). However, it should 

be noted that vascular regulation might also divert blood flow to the working muscles 

and motor regions of the brain to the detriment of cognitive performance (Sudo et al., 

2017; Tempest et al., 2017). Other explanations include a positive relationship 

between aerobic fitness, basal ganglia, and hippocampus volume (Chaddock et al., 

2010; Chaddock et al., 2011; A. G. Thomas et al., 2016) or increased neural functional 

activation (Voss et al., 2010; Voss et al., 2016). Furthermore, a recent hypothesis 

pointed out the positive effects of regular engagement in physical activity in general on 

cognitive functioning (Audiffren & André, 2019). 

Interestingly, positive effects of aerobic fitness on cognition were not reported 

consistently (see Etnier et al., 2006 for a meta-analysis). It was concluded that the 

relationship between the two is modulated by a wide variety of not yet recognized or 

isolatable factors, such as the level of fitness, the methods used for fitness 

assessment, age, or exercise modality (Etnier et al., 2006). It must also be mentioned 

that the level of aerobic fitness might confuse pre-post designs investigating the effects 

of acute exercise on cognition with more minor possible gains for very high aerobic 

fitness (Chang et al., 2014). Also, the studies under investigation utilized several 

cognitive tasks and focused on different domains of cognition (Colcombe & Kramer, 

2003; A. F. Kramer & Colcombe, 2018). Because of its influence on cognitive 

performance, aerobic fitness should be considered a critical factor for performance 

investigation in extreme environments. 
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2.2 Cognitive performance 

High and intact cognitive performance is mandatory for everyday life, especially for 

high-stress situations under physical, psychological, or environmental pressure. 

Working and acting in these environments requires cognitive control to direct attention 

according to the goals at hand and suppress automatic or intuitive behavior (Chun, 

2011; Diamond, 2013). Lower-level cognitive processes include motor speed and 

information processing, which form the basis for higher-level processes like the 

formation of goals, planning, decision-making, and the execution of complex tasks 

(Jurado & Rosselli, 2007). Different models have been proposed for cognitive control, 

distinguishing between unity and non-unity approaches. Unity models describe one 

central ability or central executive as being responsible for all processes (i.e., 

intelligence, working memory). At the same time, non-unity models include several 

distinguishable functions responsible for different aspects of cognitive control.  

Baddeley introduced his unity model of working memory (i.e., also called working 

attention model) with a central executive that stored data during task processing using 

three components: A phonological loop for auditory information or verbalized script, a 

visual-spatial sketchpad, and a puffer for storing multidimensional episodic data 

(Baddeley, 2002; Baddeley & Hitch, 1974). This model enables the simultaneous 

processing of both auditory and visual/spatial information, while parallel tasks of the 

same domain decrease performance. Norman and Shallice’s Supervisory attention 

system (SAS) also enables information processing for several parallel tasks (i.e., in 

contrast to serial task processing) by defining both automated (i.e., routine) and 

controlled processes that are especially relevant for planning, decision-making, and 

generally novel situations (Norman & Shallice, 1986). Neuro-imaging helps link these 

processes and administered tasks with activated brain regions, primarily the frontal 

lobes (e.g., prefrontal, frontal, dorsolateral, and medial areas). This methodology 

provides evidence for the distinction and connection of processes and explains deficits 

for specific tasks after the trauma of correlated brain regions (Niendam et al., 2012). 

This is in line with the variety of studies showing both unity and diversity for cognitive 

processes, thus, neglecting one-factor or multi-uncorrelated-factor models (Miyake et 

al., 2000).  
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2.2.1 Executive functions 

Executive functions (EF), also referred to as cognitive control, are a set of higher-level 

cognitive processes that control behavior and enable appropriate actions and sufficient 

task performance. EFs include successful self-regulation (Hofmann et al., 2012b) and 

decision-making (Schiebener et al., 2014) and are directly linked to cognitive and task 

performance. They are relevant in everyday life, especially in non-routine situations, 

where automatic behavior must be suppressed (Banich, 2009). The unity-diversity 

model from Diamond is built on the previous research from Miyake et al. and outlines 

the three executive functions inhibition, shifting, and updating (Miyake et al., 2000). 

These functions are correlated but still distinguishable by applying different tasks that 

activate both common and specific neural regions (i.e., unity-diversity; Diamond, 2013; 

Friedman & Miyake, 2017).  

Specifically, inhibition describes the ability to ignore distractions and suppress non-

relevant or automated reactions. This ability is especially relevant in high-stress 

environments or during novel or unplanned events when rules for successful task 

completion must be followed to avoid errors or danger. Examples of tasks that measure 

inhibitory control are the Stroop-task and the Eriksen Flanker-task (B. A. Eriksen & 

Eriksen, 1974). The latter requires quick and accurate responses to an arrow pointing 

either left or right and demanding a trigger-reaction on the same side, while 

surrounding arrows (i.e., Flanker) either point in the same (compatible setting) or the 

opposite direction (incompatible setting), thus, requiring inhibitory control. Shifting (i.e., 

synonymous with switching) is the ability to alternate between two different rule sets. 

The participant continuously performs a task according to the first rule set but shifts to 

the second rule set at a prearranged cue. The number-letter-task, for example, 

demands reactions to a two-digit formation of one number and one letter (e.g., 2A; 3C; 

5U). An appearance of the formation on the upper half of the screen requires a 

response left for even numbers and right for odd numbers. A formation on the screen's 

lower half demands ignoring the number and responding left for vowels and right for 

consonants. Shifting ability is necessary for tasks after a shift in the ruleset occurs. 

Lastly, updating refers to remembering and constantly updating task-relevant 

information. A typical task is the 2-back-task, where a series of singly appearing 

random letters is presented to the participant. Instructions would ask the participant to 

respond right for each letter, except if the letter was the same as the one presented 

two letters earlier (i.e., response left). Instructions for all of the tasks above ask for 
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responses to be both fast and accurate. Therefore, extensive familiarization is 

necessary to ensure task understanding and establish an equal distribution of 

emphasis between speed and accuracy (ACC). Output parameters include errors, 

missed answers, and reaction times (RT) for the different scenarios investigated (e.g., 

compatible vs. incompatible). The cost for maintaining correct responses is then 

calculated as the difference in RTs between the two scenarios. Task ACC is calculated 

from the quotient of presented stimuli and correct responses.  

The number of studies investigating EFs has constantly increased since the 1980s, 

especially since the 21st century. Most studies concentrated on inhibitory control, 

followed by working memory and shifting (Pontifex et al., 2019). On the downside, the 

precise involvement of EFs is unspecified for some higher-level tasks (e.g., decision-

making, reasoning, problem-solving), and non-executive processes might be triggered 

in addition to the target function. Some tasks might measure two different EFs 

simultaneously, which poses problems and has to be accounted for during 

investigation (Jurado & Rosselli, 2007). Another problem is the number of different EF 

tasks that have been applied and complicated comparison and replication. Pontifex et 

al. listed 27 different tasks for just the domain of cognitive control in their meta-analysis 

on the after-effects of acute bouts of physical activity on cognition (Pontifex et al., 

2019). Finally, the simplified and standardized tasks might lack ecological validity, 

which should be considered for transfer from or towards sports contexts. Equivocal 

findings exist on the correlation between expertise in a specific sport and cognitive 

performance with differences for the near and far transfer: A near-transfer of cognitive 

abilities, described as improved athlete performance for the specific cognitive tasks 

that also occur within the practiced sport, has been reported by some studies for 

athletes compared to non-athletes (Jacobson & Matthaeus, 2014; Vestberg et al., 

2012). Still, a far transfer is required to link general domain cognition to sport-specific 

performance, where positive effects were observed for lower-level processes like 

attention and processing time for athletes (Mann et al., 2007). However, no studies 

investigated classic EF-tasks for shifting, inhibition, or updating (Voss et al., 2010). It 

must be noted that most studies investigated links between expertise in sports and 

cognitive parameters, which differs from the investigation of EF performance during 

exercise or in sports contexts. The simplicity of EF-tasks makes them easy to 

comprehend, feasible on a tablet computer, and therefore applicable for various 

environmental and sports contexts.  
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2.2.2 Exercise-cognition interaction 

A vast body of literature describes the interaction between physical activity, planned or 

unplanned exercise, and cognition. Understanding this interaction is essential for an 

aging population, sedentary behavior, or periods of reduced physical activity, like 

during medical quarantine or long-duration space flight. In these contexts, exercise 

might benefit not only aerobic fitness but also acute and long-term cognition (A. F. 

Kramer & Colcombe, 2018; Pontifex et al., 2019). Future preparation and training might 

also integrate findings on the exercise-cognition interaction and possible 

environmental modulators to support performance for highly demanding tasks that 

include EVAs in microgravity and sports contexts.  

While physical exercise can acutely and chronically modify cognitive functions, the 

intensity and direction of effects depend on many factors. These factors include 

workload intensity, duration, and modality, as well as aerobic fitness, environmental 

factors, the types of administered cognitive tasks, and the time of measurement (for 

an overview, see Chang et al., 2012; Lambourne & Tomporowski, 2010; Pontifex et 

al., 2019). The time of measurement distinguishes between studies concentrating on 

after-effects of exercise and those with tasks applied during exercise (i.e., creating a 

dual-task scenario). Most studies have applied cognitive tasks in laboratory settings 

after acute bouts of standardized aerobic exercise on a bicycle ergometer or treadmill. 

In these contexts, it was widely accepted that cognitive performance follows an 

inverted-U relationship where low exercise has low or no effects, moderate-intensity 

positive effects, and high intensity either no or even detrimental effects (Kamijo et al., 

2004; McMorris & Hale, 2012; Wang et al., 2013). At least for high intensity exercise, 

more recent studies report controversial findings: Moreau et al. and Tsukamoto et al. 

even report positive effects for the EF inhibition after high intensity interval training. 

The authors' reason that the already known effects from moderate intensity might be 

increased or that higher available [Lac-] concentrations be utilized for cognition 

(Hashimoto et al., 2018; Moreau & Chou, 2019; Tsukamoto et al., 2016). However, 

other studies also reported detrimental effects that might be attributed to physiological 

changes or diverted resources in favor of sensory and motor processes and to the 

detriment of EF task performance (Davranche et al., 2009; Dietrich & Audiffren, 2011; 

Zimmer, Stritt, et al., 2016). The literature on the effects of high intensity exercise on 

updating and shifting is controversial, with studies reporting either no or positive effects 

(Hsieh et al., 2021).  
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Exercise durations of approximately 20 minutes (min) have been proposed for optimal 

effects on EFs (Chang et al., 2012), with longer durations evoking negligible (Chang et 

al., 2019) or even detrimental effects for updating, but not for inhibition (Tempest et al., 

2017). Greater exercise durations are suspected to increase brain oxygenation in 

motor regions and provoke the hypofrontality hypothesis (i.e., lower oxygenation in 

prefrontal regions; see Dietrich & Audiffren, 2011). This decline in prefrontal 

oxygenation is in line with data measured towards the end of individual exhaustion 

(Sudo et al., 2017). However, Tempest et al. reported sustained and even increased 

prefrontal oxygenation during long-duration high-intensity exercise, pointing towards a 

hyperfrontality hypothesis (Tempest et al., 2017). It can be assumed that the 

contradicting results arise from differences in cognitive tasks and the applied 

thresholds for exercise intensity (e.g., different percentages of HRmax).  

The influence of exercise modality has received very little recognition so far, which 

might be attributed to most studies being conducted in the laboratory. However, 

different exercise modalities certainly demand the use of different muscle groups, 

require higher (e.g., treadmill) or lower (e.g., bicycle) demands on stability and posture, 

enable different levels of maximum exertion (Millet et al., 2009), and are sometimes 

even influenced by environmental adaptions, like when acting or moving in extreme 

environments. Lambourne and Tomporowski found increased cognitive performance 

after exercise on the bicycle compared to treadmill exercise, and even greater 

differences when tasks were performed during exercise (Lambourne & Tomporowski, 

2010), which they attributed to neural interference could also arise from increased body 

movement during running. In fact, Moreau et al. reported no differences between 

running and cycling (Moreau & Chou, 2019). Interestingly, Hill et al. also observed no 

differences in EF performance when comparing leg- and arm cycling. However, after 

equally increasing exercise intensity, EF performance was impaired for leg cycling and 

facilitated after arm-cycling. Although no further measurements were performed, the 

lower amount of recruited muscle mass during arm-cycling suggests higher O2-

availability for cognitive processes (Hill et al., 2019). It should be considered to assess 

maximum values within the specific exercise modalities, as resulting thresholds for 

exercise intensity might vary between modalities (i.e., the determination of HRmax from 

cycling in the laboratory might not be meaningful for swimming). This is especially true 

when novel movement techniques are necessary or environmental changes occur. 
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Effects of exercise on EFs might also depend on the timing of the cognitive task. Chang 

et al. reported facilitating effects for tasks administered 1 min after exercise, but not if 

tasks were conducted < 1 min after exercise (Chang et al., 2012). Still, beneficial 

effects were also observed to remain for some time after exercise (Barella et al., 2010; 

Chang et al., 2014; Hillman et al., 2009), and a meta-analysis by Pontifex et al. (2019) 

reported small but positive effects more than 10 min post-exercise. High-intensity 

exercise seems to trigger additional processes, and detrimental effects were reported 

close to exercise (i.e., < 30min) but not 60 and 90 min post-exercise (Zimmer, 

Binnebößel, et al., 2016).    

 

Figure 2: Exercise-Cognition Interaction including environmental factors and exercise modulators. Ex-

tended and modified following Diamond (2013). 
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2.2.3 Modulating neuro-physiological mechanisms 

While it seems clear that physical exercise can positively modify EFs of cognitive 

performance, although dependent on intensity, duration, modality, and various other 

factors, the mechanisms underlying this interaction are not yet fully understood. 

Whether this is due to increased arousal and the activation of physiological systems 

supporting efficient performance (McMorris et al., 1999), increases in catecholamine 

levels (McMorris & Hale, 2012), brain-derived neurotrophic factor levels (BDNF;  Ferris 

et al., 2007; Knaepen et al., 2010), or a complex combination of the above has not 

been completely clarified yet (Dietrich & Audiffren, 2011; McMorris, 2016a; Pontifex et 

al., 2019; Steinberg et al., 2019). 

The onset of exercise is accompanied by an increase in arousal, which supports 

vigilance and attention and might facilitate cognitive tasks (McMorris, 2016a). This 

arousal level is also physiologically evident by increased CO, blood flow, and V̇E. Sudo 

et al. (2017) showed elevated cerebral oxygenation levels and a negative correlation 

with RT of an EF-task administered after cessation of incremental exercise. It must be 

mentioned that in this study, cerebral oxygenation declined towards individual fatigue 

but recovered shortly after cessation of exercise. Therefore, improved O2-delivery to 

the muscles and the brain might benefit cognitive processes and explain increases in 

EF performances during exercise. Interestingly, arousal can also arise from motivation 

and anticipation before the start of exercise, thus, creating a positive influence similar 

to moderate exercise (McMorris, 2021). However, increases in exercise intensity might 

lead to an over-arousal with enhanced neural noise and impaired cognitive 

performance (McMorris, 2016a). While an increased arousal level might explain 

benefits for cognition during exercise, it fails to support empirical data describing 

positive effects measured 20 min or even several hours after cessation of exercise 

(Chang et al., 2012; Lambourne & Tomporowski, 2010).  

Catecholamines can modulate the neural brain regions responsible for cognitive 

processes, perception, motor control, and emotion (McMorris, 2021). The 

catecholamine hypothesis describes an increase of peripherally measured dopamine, 

epinephrine, and norepinephrine concentrations following acute exercise. At a certain 

concentration, these catecholamines cross the blood-brain barrier and increase 

arousal and neural processing speed with benefits to cognition (Cooper, 1973; 

McMorris, 2016a). Also, the half time for cerebral catecholamine is reported to be 
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between 8 and 12 hours, providing an explanation for the effects on cognition after 

exercise (Eisenhofer et al., 2004). At an individual exercise intensity, the 

catecholamine threshold is described as the point of an exponential rise in 

catecholamine output and is associated with optimal effects on cognition (McMorris et 

al., 2016). This threshold corresponds with the first [Lac-] threshold as the first 

exponential increase in [Lac-] concentrations during incremental exercise (Podolin et 

al., 1991). A further increase in exercise intensity or duration is initially associated with 

further increases in catecholamine concentrations and potential benefits on cognition. 

However, at a specific concentration, the high arousal level, which rising cortisol levels 

might additionally support, creates neural noise and impaired cognitive processes 

(McMorris et al., 2009). Therefore, this hypothesis might explain the results of several 

studies reporting an inverted-U hypothesis for the exercise-cognition interaction but 

fails to support positive effects reported during or after prolonged or severe exercise 

(Chang et al., 2012; Moreau & Chou, 2019; Tsukamoto et al., 2016). McMorris et al. 

(2021) offer one explanation with their interoception model, as it includes psychological 

factors such as motivation and perception as modulators for cognition. Specifically, if 

the perceived cost for physical exercise was low compared to the perceived available 

resources (e.g., due to high physical fitness) and a potentially high reward, the release 

of norepinephrine was moderate, resulting in optimal executive functioning. On the 

other hand, if the perceived effort was higher, norepinephrine release was attenuated 

and cognition impaired. This is in line with experiments from Ranjbar-Slamloo & Fazlali 

(2019), who reported high motivation as a trigger for dopamine increase and the 

resulting release of norepinephrine. Physical fitness and external or internal motivation 

might serve as important additional factors within the exercise-cognition interaction and 

might explain the equivocal results reported for the interaction of high exercise intensity 

and cognition (see 2.1.5).  

BDNFs and their role in modulating the exercise-cognition interaction are more 

reasons for debate in the literature. As one of many neurotrophins, BDNF is activity-

dependent and modifies the brain's neural connectivity and function, influencing the 

ability to acquire new information or adapt to new environments (Knaepen et al., 2010). 

Like catecholamine, BDNF levels can be measured peripherally via blood serum or 

plasma. It was shown that BDNF levels increase transiently and are intensity-

dependent on acute bouts of exercise. Knaepen et al. (2010), Tang et al. (2008), and 

Rasmussen et al. (2009) report elevated BDNF levels after a variety of different 
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exercise protocols, and it seems to be a consensus that the best results are obtained 

after high-intensity exercise. Significant increases were reported after exercise 10% 

above VT2 and for moderate intensity (H. Calvert et al., 2014), but not after exercise 

20% below VT2 (Rojas Vega et al., 2006; Ströhle et al., 2010). This is in line with the 

work of Freitas et al. (2018), who reported effects on BDNF after high intensity interval 

exercise. The other relevant effects on cognitive performance were thoroughly proved 

in rodent studies, where BDNF positively impacted the EF updating (Cirulli et al., 2004; 

Piepmeier & Etnier, 2015). These positive effects were also described in human 

studies after high intensity exercise (Ferris et al., 2007; Griffin et al., 2011) and 

specifically for memory tasks (Winter et al., 2007). Although BDNFs influence on 

cognition seems conclusive, some studies found no correlation between increased 

BDNF levels and improved cognition, at least after moderate exercise intensity (Chang 

et al., 2017; C.-L. Tsai et al., 2014). Furthermore, the clearly intensity-dependent 

interaction of exercise and BDNF (Knaepen et al., 2010) does not fit into the previously 

established inverted-U model because positive effects correlated with BDNF mainly 

after high intensity exercise. Still, only a few studies measured BDNF or catecholamine 

concentrations. Therefore, these might be contributing factors to the positive effects of 

high intensity exercise on EF. 

While the analysis of BDNF levels or Catecholamine concentrations is not feasible in 

all contexts, the described mechanisms might explain some of the effects observed 

during the investigation of the exercise-cognition interaction.  

2.2.4 Application in unique environments  

Ecological validity for the exercise-cognition interaction is found in many occupational 

and sports contexts that demand physical strain paralleled or alternated by cognitive 

tasks. The investigation in applied contexts often complicates the control of modulating 

factors, such as movement and tasks being different from laboratory-based 

comparisons. Some measurements that are beneficial to understanding underlying 

mechanisms, such as frequent blood samplings for [Lac-], BDNF, or catecholamine 

analysis, are not feasible in applied contexts. This is especially true for extreme 

environments like underwater or microgravity. Thus, many studies utilize non-invasive 

measurements to investigate how a specific combination of movement, exercise, and 

environmental factors affects cognition in applied contexts (Dalecki et al., 2021; 

Steinberg & Doppelmayr, 2017).  
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Standardized, simple, and tablet-based EF-tasks can be utilized in the underwater 

context (i.e., by a waterproof housing) and during spaceflight analog studies. Tablet-

based tasks allow a high degree of ACC, comparability across studies, and the 

assessment of cognitive parameters during exercise (e.g., using external trigger 

buttons during treadmill running). Although the investigation of cognitive performance 

during exercise is highly relevant, influences from the dual-task scenario must be 

considered. This applied work is necessary to transfer knowledge to real-life situations, 

but interpretation often relies on the groundwork laid out by laboratory-based studies. 

It must be regarded as highly important to test established models for unique 

applications to learn about possible modulating factors, increase performance, safety, 

and well-being in sports and the occupational context, and add to the big picture.  
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2.3 Environmental conditions 

Extreme environments cause short- and long-term adaptations in human physiology 

that influence physical and cognitive performance. Simultaneously, working and acting 

in the unique environments of microgravity or underwater requires specialized 

equipment, which leaves little room for error to ensure safety and mission success in 

some contexts. Research in these environments is naturally complicated by the various 

influencing factors, the difficulty of standardization and application of measurements, 

and the lack of sufficient crew or exposure time. Therefore, analogs mimic some 

environmental aspects in earth-bound and controlled settings. This chapter will 

address a selection of these analogs relevant for research in spaceflight and 

hyperbaric conditions. Subsequently, the influence of these environments on human 

performance is discussed. 

2.3.1 Analogs for underwater and spaceflight 

Microgravity and the cramped confinements of space crafts are the main factors that 

reduce physical fitness and performance in space (Tanaka et al., 2017). The effects of 

microgravity on the human body are investigated during parabolic flight (i.e., short-

term; < 25 seconds (s); Hoffmann et al., 2019 or by head-down tilt bed rest (HDBR; 

i.e., long-term; several weeks; A. Kramer et al., 2020), where the re-distribution of 

blood and accompanying adaptations are similar to those in microgravity. Complex 

missions, like EVAs, can be simulated by water submersion (see Figure 3; Bolender et 

al., 2006; Weiss et al., 2012), where the weight of the displaced water counteracts 

gravity and creates a feeling of weightlessness. In addition, suspension systems 

enable altered gravity for planetary simulations in dry conditions (Xiang et al., 2016). 

Isolation studies are utilized to simulate more extended space missions with a small 

crew in a terrestrial habitat (Klein et al., 2018; Schneider et al., 2013). These studies 

offer very controlled conditions to investigate the efficiency of countermeasure exercise 

training against the negative effects of restricted movement space on physical fitness 

and are often considered a “proving ground” for new exercise training approaches. 

During space missions, where these negative effects are amplified by microgravity, 

sufficient exercise training can be applied to maintain a high level of aerobic fitness for 

well-being, task performance, re-entry, and missions on planetary surfaces with partial 

gravity.  
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Figure 3: Underwater extra-vehicular activity training at the European Astronaut Centre, Cologne, Ger-

many. Copyright @ ESA, Helmut Rueb. 
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Working and acting in the underwater environment is relevant for many work contexts. 

These include authorities like the military and police and an increasing number of non-

professionals like recreational SCUBA-divers. The main influential factors for human 

physiology are water immersion, ambient pressure with partial gas pressures, and 

equipment-related aspects. All of the above might affect aerobic and cognitive 

performance, especially during specific physical exercise. The effects of ambient 

pressure, which determine partial gas pressures, can be investigated in open-water 

scenarios, diving pools, or pressure chambers, which can also include a pressurized 

water tank. One central distinguishing aspect is the limited space inside a pressure 

chamber that necessitates stationary methods for exercise-related investigation. While 

most studies utilize submerged bicycle ergometers (Fraser et al., 2011), even 

counterbalance systems have been applied for stationary fin-swimming (R. L. Jones et 

al., 2007). Beneficial aspects include the possibility of very high ambient pressures, 

higher feasibility for most measurements, and a high level of standardization and 

safety. Nevertheless, applied research depends on pool and open-water studies to 

consider the wide range of diving-specific aspects like water resistance during fin-

swimming, movement technique, equipment-dependent aspects for exercise 

performance, and psychological aspects. In addition, the transfer of findings to real 

applications is facilitated by applied studies.  
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2.3.2 Spaceflight analogs: Aerobic and cognitive performance  

Countermeasure exercise training has been applied since the first sojourns in space, 

and daily exercise prescriptions have been continuously increased together with 

mission duration to maintain physical fitness against the deconditioning effects of 

microgravity (Hackney et al., 2015; T. W. Jones et al., 2019). These effects result 

mainly from the absence of gravity-induced musculoskeletal stimuli and the lack of 

everyday activity. The specific exercise training performed on the International Space 

Station (ISS) depends on the individual space agencies′ guidelines and available 

equipment, which includes restraint systems to create ground contact pressure for 

aerobic exercise and provide vibration isolation. In general, cycling, running, and 

strength resistance training devices are available, and exercise intensity prescriptions 

are adjusted according to the mission phase (i.e., adaptation to microgravity, main 

phase, preparation for re-entry). Nevertheless, intra-session variables like intensity, 

duration, or exercise mode (e.g., internal vs. continuous) primarily depend on individual 

preference. Hence, exercise prescription, efficiency, and application to longer 

durations or new environments might benefit from further research. Today, about 1.5 

hours of aerobic and resistance exercise training are mandatory on the ISS and claim 

a quarter of the crews' working time (Petersen et al., 2016). Although advances in 

exercise equipment and applied exercise programs have already reduced the negative 

effects of microgravity on fitness, decreased cardiovascular and respiratory 

performance is still evident in space, after return, and even still after more extended 

recovery periods on earth (T. W. Jones et al., 2019; Loerch, 2015). This decreases 

safety during re-entry and lengthens the time for astronauts to regain flight readiness. 

Moore et al. (2014) and Ade et al. (2017) reported reduced VO2 peak values after 150 

days of spaceflight, Demontis et al. (2017) additionally reported a loss of bone mineral 

density, strength, and muscle mass, and Hoffmann et al. (2016a) observed slower 

muscular V̇O2 kinetics. 

Research on countermeasure exercise training increases the programs′ efficiency and 

develops adaptations for longer-duration missions in space and on planetary surfaces 

under reduced gravity (Cavanagh et al., 2013). Still, results from applications within 

missions in microgravity offer only limited sample sizes and no control groups, as 

exercise is mandatory for all crew (for an exception with a control group, see English 

et al., 2020). Terrestrial analog studies enable the simulation of many (e.g., mood, 

sleep deprivation, workload, isolation, reduced activity), but not all space-related 
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factors (i.e., microgravity, radiation) and help advance knowledge in this field. HDBR 

is considered the gold standard for physiological research in analogs because the 

evoked adaptations are similar to those in microgravity (i.e., underwater). Still, these 

studies are limited in duration and usually have a lower fidelity to the space missions′ 

specific tasks and workload (Hargens et al., 2013). Although Roskosmos currently 

conduct a controlled comparison between different exercise training modes (e.g., the 

SIRIUS analog project), so far, no systematic findings exist for the context of space 

flight.  

On the other hand, isolation studies utilize terrestrial habitats and simulate high-fidelity 

long-term space missions with comparable psychological stress under very controlled 

conditions (Pagel & Choukèr, 2016). These studies are consecutively prolonged in 

duration, enable extensive data collection, and offer a proving ground for 

countermeasure exercise research before the results are applied in microgravity. 

Exercise training in analog studies generally preserved aerobic fitness (Koschate et 

al., 2021), even though negative effects were described for muscle maximal voluntary 

contraction after 500 days of isolation (Mars500; Gaffney et al., 2017). Exercise was 

also observed to enhance various cognitive parameters in the same study (Schneider 

et al., 2013) and mental well-being during the analog of Antarctic overwintering (Abeln 

et al., 2015; Schneider et al., 2010). Nasrini et al. (2020) reported no negative effects 

of 14 days of isolation with bicycle exercise on cognitive performance but pointed out 

the negative effects of individual factors like sleep deprivation. Strangman et al. (2014) 

summarized the results of 55 analog studies on cognitive performance and observed 

only small (e.g., altered attentional processing) but mostly equivocal results. The small 

sample sizes, different study designs and durations, high diversity of applied cognitive 

tasks, and high variability among individuals prove the need for further research in 

standardized and controlled conditions. 

Sojourns in microgravity evoke a variety of physiological adaptations that, in many 

ways, resemble those in water immersion (see 2.3.1). In addition, the underwater 

environment mimics the feeling of weightlessness and allows for three-dimensional 

movement. Energy demands during EVA are characterized by their long duration (i.e., 

several hours), the specific upper-body movement for locomotion, restrains by the 

pressurized spacesuit, and moderate-to-high interval exercise intensity (Katuntsev et 

al., 2009; Stepanova et al., 2015). These factors can be simulated underwater, 

allowing high-fidelity training and addressing EVA-specific difficulties. Consequently, 
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all major spaceflight nations prepare their astronauts for complex missions within the 

relatively safe environment of large diving pools (Bolender et al., 2006). However, 

mission success is also dependent on intact cognition for successful and efficient 

cognitive-motor tasks with high ACC. Research on the exercise-cognition interaction 

and its modulation from specific environmental factors could be utilized to increase 

performance and prevent potentially dangerous errors (see 2.2.2). A positive 

correlation has also been reported between aerobic fitness (VO2 max) and cognitive-

motor performance during EVA (i.e., speed), although more qualitative measures could 

be applied in the future (Ade et al., 2014; Sutterfield et al., 2019; Taylor et al., 2018).  

More data is necessary to consider the effects of environmental factors during EVA on 

performance, and underwater studies have been rarely utilized (Möller, Hoffmann, 

Vogt, & Steinberg, 2021; Toscano et al., 2004). These facts call for a systematic 

investigation of physiological demands and their interaction with cognitive performance 

within simulated weightlessness underwater. Astronaut training, mission preparation, 

and mission success might benefit from research in this field. 
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2.3.3 Underwater: Aerobic and cognitive performance  

Physiological adaptations underwater 

Human performance in the underwater environment is affected by various 

physiological adaptations, the viscosity of the water during movement and locomotion, 

and the specific diving equipment and breathing gases used at depth. During 

immersion, the water's hydrostatic pressure counteracts the gravity-induced blood 

volume distribution within the body and reduces venous capacity, resulting in a 

redistribution towards the thorax and an increased intra-thoracic pressure (Arborelius 

Jr. et al., 1972; Bosco et al., 2018; Pendergast et al., 2015). Consequently, the left-

ventricular preload increases and evokes an elevation in SV and CO (Park et al., 1999). 

This is only in part compensated by the diving-reflex-induced bradycardia. Medium 

blood pressure (MAP) remains mostly unchanged due to the reduction of peripheral 

resistance; thus, blood flow is slightly increased in submersion. This facilitates elevated 

O2-delivery to the tissues and increased saturation and desaturation of inert gases, at 

least in thermoneutral water (Balldin & Lundgren, 1972). Hydrostatic pressure also 

facilitates the re-absorption of fluids to the capillaries, increasing blood plasma. 

Opposingly, cold water causes vasoconstriction and increased thoracic blood pooling 

with accentuated bradycardia (Endo et al., 2003). Blood volume is then regulated by 

intra-thoracic stretch receptors that stimulate kidney function (Epstein, 1992).  

The increased pulmonary blood volume impairs lung compliance and increases the 

negative elastic loading of the chest wall (Marabotti et al., 2013). These factors result 

in higher work of breathing. Inferring, the respiratory muscles experience a higher O2-

demand, an increased blood flow, and earlier fatigue. In addition, vital capacity is 

reduced (Tetzlaff & Thomas, 2017). The use of SCUBA requires a slight negative 

pressure to open the regulator's valve for every breath. Depending on the vertical 

distance between this valve and the diver′s lung, the hydrostatic pressure created 

across the chest wall also elevates the work of breathing (Castagna et al., 2018; 

Thalmann et al., 1978). In applied diving settings, the work of breathing depends on 

the diver's orientation in the water and the equipment used. Diving with closed-circuit 

rebreathers usually increases breathing resistance depending on the position of the 

counter-lung (Moon et al., 2009). Another factor influencing breathing resistance is gas 

density, which increases directly proportional to ambient pressure. This results in either 

elevated airway resistance, increased dead space, heightened breathing work, or 

decreased gas flow (i.e., hypoventilation). In recreational diving, where the very dense 
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nitrogen (N2) accounts for a considerable fraction of compressed air, this is especially 

relevant at greater depths. In fact, breathing compressed air at 30 meters (m) of water 

depth reduces maximum voluntary V̇E by 50 %, with severe effects on human 

performance (Moon et al., 2009; Moon & Stolp, 1997). As mentioned above, elevated 

work of breathing can induce hypoventilation and resulting hypercapnia. Alternatively, 

minute V̇E is raised, which increases the muscles' O2-consumption and CO2 output 

(Dunworth et al., 2017). Therefore, exercise at depth will result in an increased V̇E due 

to the chemoreceptor response to CO2 (Gill et al., 2014), with the course of adaption 

being dependent on CO2 sensitivity (Deng et al., 2015) and respiratory muscle training 

(Pendergast et al., 2006).  

The elevated partial gas pressures at depth, based on the gas fractions (f) in the 

breathing gas, saturate blood and tissues according to Henry′s law. High N2 partial 

pressure (PN2) is commonly achieved during recreational dives and can induce N2-

narcosis, a pressure-dependent and temporary depression of neuronal excitability 

(Karakaya et al., 2021). The effects are generally described as mild to severe cognitive 

impairments and might affect cognitive control processes and EFs (Lafère et al., 2019; 

Rocco et al., 2019), dependent on partial pressure and the applied tasks (Steinberg & 

Doppelmayr, 2017). Increased ambient pressure also evokes effects related to O2: 

Hyperbaric effects of O2 become relevant with higher fO2 in the breathing gas (i.e., > 

21%), as used during decompression after long and deep dives or at depth with 

specialized gas mixtures. Hyperoxia elevates PaO2 and the concentration of physically 

dissolved O2. During exercise and transient increases in workload, the increased O2-

delivery might be beneficial for O2-diffusion to the muscle and delay metabolic acidosis 

from [Lac-] accumulation (Cardinale & Ekblom, 2018; Stellingwerff et al., 2006). This is 

especially relevant for shallow and strenuous dives, as O2 toxicity becomes a risk at 

partial pressures greater than 140 kPa. The effects of hyperbaric N2 and O2 on 

cognition are discussed at the end of this section.  

Underwater exercise 

Physical exercise in submersion and recreational diving is usually of moderate intensity 

but can significantly increase during unplanned emergencies and rescue situations 

(Buzzacott et al., 2014). Performance during underwater fin-swimming depends on 

various factors, including equipment and movement technique. Therefore, parameters 

of exercise performance obtained from other modalities, like bicycle tests in the 

laboratory, are not easily transferred to the underwater context. The use of different 
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muscles, the specific movement, and the amount of muscle mass utilized for 

locomotion affect efficiency and overall performance. In addition, water drag increases 

exponentially with fin-swimming velocity and reduces the maximum possible velocity 

(Pendergast et al., 2015).  

In combination with the abovementioned physiological changes, these factors result in 

decreased V̇O2 max, HR max, and especially V̇E when compared to exercise on the 

surface (Capelli et al., 1998; Perini et al., 1998). Pendergast et al. (1996) reported 

maximum values to be reduced by as much as 15 % during exercise. However, studies 

exist that reported unchanged V̇O2 max during fin-swimming on the surface (Jammes et 

al., 2009). Peripheral blood flow was described as elevated after the onset of exercise, 

which might be due to a reduction in total peripheral resistance (TPR) from vasodilatory 

metabolites or suppression of sympathetic activity. Together with an increased cardiac 

preload and CO, this might lead to enhanced peripheral perfusion and beneficial 

effects on aerobic exercise performance (Park et al., 1999). The before-mentioned 

increase in respiratory work might be additionally elevated during heavy exercise. In 

these cases, the respiratory muscles' O2-demand might also compete with the 

exercising muscles for blood flow and O2-supply (Pendergast, 1988).  

The overall role of hyperoxia on exercise performance, either from elevated fractions 

in the breathing gas or ambient pressure alone, has been widely discussed in the 

literature. Laboratory studies reported both decreased [Lac-] (Noakes et al., 2001; 

Stellingwerff et al., 2006), higher peak workloads, and longer submaximal exercise 

times (Hughson & Kowalchuk, 1995; Noakes et al., 2001). During bicycle exercise in a 

wet hyperbaric chamber, Fraser et al. (2011) observed reductions in V̇E by hyperoxia 

that were attributed to a reduced respiratory drive and the attenuation of metabolic 

acidosis. Also, hyperoxia might diminish the respiratory response to the PaCO2. This 

can explain reduced V̇E and elevated PaCO2 at depth (Dunworth et al., 2017). The 

combined effects of the underwater environment, partial gas pressures, and exercise 

on V̇E are highly relevant in the context of recreational dives performed with a limited 

gas supply, especially at depth when the amount of gas consumed increases with 

ambient pressure. In concert, these findings state the necessity to obtain maximum 

values from underwater incremental exercise for applied performance diagnostics in 

sports settings and to determine individual zones for constant workload exercise in 

research studies (Steinberg, Dräger, Steegmanns, Dalecki, Röschmann, & Hoffmann, 

2011).  
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Cognitive Performance 

Cognitive performance and the control of cognitive processes are necessary for safe 

acting and working in the underwater environment. While planned recreational diving 

requires intact cognition to constantly monitor environmental and equipment-related 

factors, emergencies demand high-performance EFs to enable problem-solving, 

inhibitory control, and alternating attention to various tasks. In fact, cognitive tasks 

during diving must be considered dual-task scenarios when they are paralleled by 

continuous buoyancy control and fin-swimming. However, only some work exists on 

the investigation of cognitive performance underwater, and findings are further limited 

by a variety of investigated aspects and applied tasks. Most studies performed tasks 

without physical exercise and concentrated on the effects of N2-narcosis at depth. 

Impairments were reported for critical fusion flicker frequency at 33 m of water depth 

when breathing air (Germonpré et al., 2017; Lafère et al., 2019) and for inhibition at 20 

m water depth, but not for switching or updating tasks at the same depth or for tasks 

applied at 5 m (Steinberg & Doppelmayr, 2017). Interestingly, sole immersion at 5 m 

water depth also seemed to affect cognition, with lower scores for decision-making and 

dual-task performance (Dalecki et al., 2012; Dalecki et al., 2021).  

Changes in PIO2 might additionally modulate EF performance underwater. It is known 

that hyperoxia can increase cerebral oxygenation, despite its vasoconstrictive effects, 

which might be beneficial for cognition (J. W. Calvert et al., 2007). Furthermore, 

cerebral blood flow might be affected selectively for different brain regions, posing an 

additional influence that has not yet been thoroughly investigated (Bulte et al., 2007). 

Chung et al. (2008) reported improved performance for a task requiring addition after 

administering normobaric 40% O2, which was proposed to improve further with task 

difficulty. Brebeck et al. (2018) also observed reduced memory performance during 

open water dives with normal air but fewer mistakes with elevated fO2 in an applied 

setting. However, the dives were less standardized, and the depth for task 

administration was unspecified. The interaction between diving-related factors like the 

specific energetic demands of fin-swimming, the physiological adaptations underwater, 

and altered inspired gas fractions with aerobic and cognitive performance demand 

further investigation.   
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2.4 Practical education in SCUBA-diving 

The previous chapters highlighted the importance of specific performance evaluation 

in the underwater environment for determining aerobic and cognitive performance, 

which form the basis for higher-order movement skills in sports. SCUBA-diving is a 

mostly non-competitive and recreational sport performed in the unique underwater 

environment. Therefore, the main potential to support safety and movement skill 

performance is within the didactics of the mandatory certification process. While the 

effects of different didactics on movement skill performance have been investigated for 

various sports contexts (Kleynen et al., 2014; Lam et al., 2009; Raab et al., 2009), the 

results are not easily transferable to SCUBA-diving and the underwater environment. 

So far, no systematic work exists on didactics in SCUBA-diving.  

Recreational SCUBA-diving is performed by a continuously growing number of people 

worldwide and presents an exceptional example of the necessity to perform well in the 

underwater environment to master critical situations and prevent accidents (Denoble, 

2019). Participation in SCUBA-diving requires good health, but aerobic fitness and 

sports experience are not mandatory, posing a challenge for didactics. Nevertheless, 

high movement skill performance is essential for safety-relevant skills in autonomous 

dives of certified divers. The practice time available to achieve these goals is minimal 

due to the dependence on specialized equipment, water access, and a diving 

instructor. Therefore, sufficient and sustainable movement skill performance must be 

established with time efficiency and be applied even after long periods without frequent 

follow-up training. The combination of sport-specific movements skills, dual-task 

scenarios with accompanying factors like buoyancy control and trim, and the possible 

environmental influence on aerobic performance and cognition underline the need for 

an applied investigation. The following section focuses on established and possible 

alternative didactic methods in SCUBA-diving and the short- and long-term movement 

skill performance outcomes.  

Movement skill acquisition in SCUBA-diving depends primarily on international diving 

schools' highly standardized and prescribed education. Because autonomous diving is 

allowed only after obtaining certification, diving certificates must fulfill international 

standards that document minimum requirements for comparability and validity. 

Although these standards describe outcomes only and do not specify the didactics of 

education, a high level of standardization is expected to ensure possible worldwide 
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continuation within the diving organization’s system. As part of the pro-profit structure 

in diving education, time-efficiency, low prerequisites, and low success requirements 

are common factors influencing education. Rule-directed teaching methods prescribe 

and demonstrate in detail the steps towards a new movement skill and are associated 

with good and fast performance outcomes, favoring time efficiency and 

standardization. Some studies have already described this for land-based sports (Lam 

et al., 2009; Raab, 2003). Consequently, these explicit methods are also standard in 

diving education and even mandatory and laid out in detail for instructors of most major 

diving schools. On the downside, explicit instructions place high demands on the 

working memory capacity, which might be disadvantageous for learners with lower 

memory capacity and in the context of a large amount of new information within a diving 

course (Kleynen et al., 2014; Maxwell et al., 2000; Steenbergen et al., 2010). This fact 

is emphasized by the high complexity of most movement skills in diving education: 

Typically, several intermediary steps must be combined as a sequence, accompanied 

by factors like buoyancy control and water positioning, which increases working 

memory demands (Cortese & Rossi-Arnaud, 2010). In the long-term, even initially 

good results might deteriorate quickly due to their dependence on working memory, 

resulting in lower movement skill performance during autonomous dives after 

certification. Especially for safety-relevant movement skills like the deployment of a 

surface-marker-buoy (SMB), out-of-gas scenarios, or rescue procedures, alternative 

didactic methods should be investigated to prolong the sustainability of movement skill 

performance and reduce risk. 

A popular alternative for good learning results is discovery learning, which focuses on 

self-acquired and open solutions toward pre-defined goals (Raab et al., 2009; M. Reid 

et al., 2007). This method allows greater flexibility during the learning process and 

enables learners to experience a higher variability of task solutions (Davids, 2004). 

Although more practice time is usually required, the learning outcome for movement 

skill performance might be more sustainable even after more extended retention 

periods (Kal et al., 2018). While rule-directed learning relies primarily on explicit 

processes, debate exists on the manifestation of implicit and explicit amounts in 

discovery learning. Hypothesis-testing during discovery learning might increase explicit 

processes (L. Hardy et al., 1996; Liao & Masters, 2001; Masters, 1992). However, 

many studies reported discovery learning or aspects of the method as implicit, resulting 

in less declarative knowledge (Berry & Broadbent, 1988; Raab et al., 2009; M. Reid et 
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al., 2007). This aspect might reduce the reliance on working memory performance (Kal 

et al., 2013; Masters et al., 2008; Wulf et al., 2001) compared to rule-directed methods 

(see chapter 2.2.1). Most authors agree that a definite distinction is not possible for 

applied sports settings and that both implicit and explicit shares take effect (Magill, 

1998; Reber, 1997; A. Mark Williams et al., 2002). Furthermore, it should be 

considered that movement skills in SCUBA-diving are dual-task scenarios and always 

paralleled by buoyancy control, equipment checks, and water positioning. The possible 

higher automation described for implicit learning (Kal et al., 2018) might also benefit 

discovery learning in dual-task scenarios (Abernethy, 1988).  

For research on the didactics in SCUBA-diving, a clear distinction between implicit and 

explicit instructions is difficult to achieve, especially for complex movement skills in 

dynamic environments. Some movement skills have never before been observed by 

beginners and thus require at least some information on the general objective. Also, 

instructions must be carefully phrased in terms of provoking either internal or external 

focus settings, which might affect the learning outcome (Wulf, 2013). These general 

conditions might be achieved by creating standardized videos to present general 

objectives of new movement skills and additional instructions for explicit learning 

groups. Finally, most complex movement skills in SCUBA-diving cannot be measured 

quantitatively and require expert reviewers to evaluate learning outcome and 

performance. Underwater video recordings for the later evaluation by several experts 

might prove helpful.  

Especially the non-commercial education typical for local clubs or national associations 

offer an opportunity for new didactic approaches, as they fulfill the same standards for 

certification but offer a higher degree of flexibility for the specific didactics used by their 

instructors. Therefore, potential results from research might be further evaluated and 

applied in these contexts.  
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2.5 Research gaps and derived objectives 

The previous chapters discussed several factors that influence aerobic and cognitive 

performance in spaceflight analogs and underwater environments. Applied studies 

during actual long-term space travel are not yet feasible, but some already identified 

and relevant factors can be reproduced in terrestrial isolation studies. Degenerating 

effects of isolation and the accompanying restricted room for movement have been 

reported for aerobic fitness and will be amplified in the microgravity environment. 

Therefore, the efficiency and feasibility of countermeasure exercise must be 

investigated to ensure the well-being and adequate performance during future long-

duration missions.  

During spaceflight, cognitive performance can deteriorate from reduced aerobic fitness 

(Chang et al., 2014) and isolation (Schneider et al., 2013). However, the results remain 

equivocal and highly variable among individuals (Strangman et al., 2014). One major 

factor for working and acting in extreme environments is the interaction between acute 

exercise and cognitive performance. This interaction has been well investigated in the 

laboratory, but more work is necessary to account for the influence of specific 

modulators like exercise duration and modality. For example, the long-duration upper-

body interval exercise typical during the exceptionally demanding EVAs is not yet 

represented in the literature. Future planetary landings will pose even different 

requirements. Some of the unique factors during EVA, like the specific upper-body 

locomotion, the feeling of weightlessness, microgravity-induced physiological 

adaptations, and altered proprioceptive feedback, can be mimicked in the underwater 

environment. Because of the restricted possibilities for research in actual 

weightlessness, underwater studies should be a safe means to gain more knowledge 

on the modulators of the exercise-cognition interaction.  

Besides their role as an analog for space research, underwater studies offer applied 

performance analysis for the sport of SCUBA-diving, where the modulating factors of 

environmentally-induced physiological adaptations (i.e., blood shift, breathing 

resistance) and hyperoxic settings are naturally combined. In addition, fin-swimming 

performance and velocity are restricted by movement technique and the exponentially 

increasing water resistance. All of these factors might influence exercise performance 

and affect the exercise-cognition interaction. So far, only a few studies have addressed 

sport-specific performance in applied settings.  
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Furthermore, the alterations in physical and cognitive performance might have 

implications for movement skill performance in the potentially hazardous underwater 

environment. Education in SCUBA-diving is highly standardized and rule-directed, 

whereas new approaches that proved promising in other sports contexts have received 

little recognition. Different didactic approaches should be investigated within the 

specific prerequisites of SCUBA-diving, which include little practice time, complicated 

underwater communication, and long breaks between acquisition and application of 

skills. This topic must be regarded as highly relevant, especially for safety-relevant 

skills in beginners' education. 
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2.5.1 Hypotheses and research questions 

1st Research question: 

How is aerobic performance affected by extreme environmental conditions, such as 

isolation and restricted physical activity in spaceflight analogs or hyperoxia in SCUBA-

diving? 

 

I) Isolation during simulated spaceflight without countermeasure exercise 

training will negatively affect HR and V̇O2 capacities and kinetics. 

II) Countermeasure exercise training will compensate for the negative 

effects of isolation on aerobic performance with superiority for interval 

exercise. 

III) Elevated O2 fractions in the breathing gas will prolong the time to 

exhaustion and reduce HR and V̇E compared to normal air during 

incremental underwater fin-swimming. 

 

2nd Research question: 

How are cognitive performance and its interaction with acute exercise affected in 

SCUBA-diving and terrestrial and underwater spaceflight simulations? 

  

I) Inhibitory control during treadmill exercise will deteriorate with the length 

of isolation in spaceflight-analog conditions. 

II) Inhibitory control will be enhanced during moderate but reduced during 

high-intensity treadmill running in isolation and underwater fin-swimming 

compared to rest.  

III) EF performance will be negatively affected by the underwater 

environment alone. 

IV) EF performance of inhibition and shifting will be positively affected by 

moderate-intensity simulated EVA underwater but deteriorate after an 

exercise duration > 30min and high-intensity exercise.  
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3rd Research question: 

What implications do specific SCUBA-diving skills performed in the underwater 

environment have for didactics in beginners’ education, and which methods might 

benefit learning and long-term movement skill performance in these contexts? 

 

I) Sufficient movement skill performance in SCUBA-diving is achieved after 

both rule-directed and discovery learning approaches without further 

underwater communication during the acquisition phase.  

II) Discovery learning evokes a higher learning outcome and results in 

higher movement skill performance after four weeks of retention when 

compared to rule-directed learning. 
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 Own empirical research 

3.1 Study I: Effects of aerobic exercise in confinement on cardi-

orespiratory kinetics and cognitive functions – results from the 

4-month SIRIUS-19 isolation project 
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AbstractI 

Purpose: Confinement during sojourns in microgravity affects cardiorespiratory fit-

ness, cognitive parameters, and their interaction with influences on mission success, 

fitness, and overall well-being. The aim of the experiment was to test the efficacy of 

two endurance exercise countermeasures to maintain aerobic fitness, indicated by car-

diorespiratory kinetics, and cognitive performance during 120 days of confinement.  

Methods: Six participants (34±6 years, 3 females) spent 120 days in confinement, 

conducting eight weeks of either continuous (CON) or interval (INT) aerobic treadmill 

exercise in a crossover design. Heart rate (HR) and oxygen uptake (V̇O2) were as-

sessed with an exercise test protocol, including pseudo-random work rate changes to 

determine the respective kinetics before the start of confinement (pre), five times dur-

ing confinement (mission day (MD) 9(±1;), 29(±1), 57(±1), 87(±1), and 117(±1)), and 

after the termination of the mission phase (post). Additionally, constant work rate 

phases and incremental exercise were part of the protocol. During the constant phases 

of the exercise protocol, cognitive performance was assessed. 

Results: HR kinetics accelerated, and mean HR values during the work rate protocol 

decreased as the mission progressed (p < 0.05). CON and INT exercise both seemed 

to speed HR kinetics during the mission, with slightly better effects for INT. Inhibitory 

control was not altered by 120 days of confinement.  

Conclusion: Detrimental effects from the lack of general physical activity during con-

finement on cardiorespiratory fitness and cognitive performance were compensated by 

the applied exercise countermeasure with no clear favour for CON or INT exercise. 

KeywordsI 

Sirius, confinement, exercise, countermeasure, space 
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AbbreviationsI 

ANOVA Analysis of variance 

ACC Accuracy 

AE Aerobic exercise 

CCF Cross-correlation function 

CCFlag Lag between the maximum of the auto and cross-correlation function 

CCFmax Maximum of the cross-correlation function 

CON Continuous  

COG Cognition 

CPET Cardiopulmonary exercise testing 

ECG Electrocardiogram  

EF Executive functions 

EVA Extravehicular activities 

FE Flanker effect 

HERA Human Exploration Research Analog facility 

HR Heartrate  

INT Interval  

ISS International Space Station 

ISI Inter stimuli interval 

MD Mission day 

NEK Nazemnyy Eksperimental'nyy Kompleks (Science experimental complex) 

RER Respiratory exchange ratio 

PRBS Pseudo randomized binary sequnce  

RT Reaction time 
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SIRIUS Scientific International Research in Unique Terrestrial Station 

V̇CO2 Carbon dioxide output 

V̇E Ventilation 

V̇O2 Oxygen uptake 

V̇O2 musc Muscular oxygen uptake 

V̇O2 peak Peak oxygen uptake  

WR Work rate 
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IntroductionI 

Human spaceflight to the International Space Station (ISS), to the Moon, and in the 

future to Mars or beyond, all yield the challenge of living in a confined environment with 

limited external stimuli, high-risk perception, and very few people for social 

interactions. All of this is likely to affect physical and cognitive capacities and might put 

mission success at risk (Hayes, 2015; Strangman et al., 2014).  

In order to mitigate the effects of microgravity and reduced physical activity on the 

human body during space missions, up to 2.5 h of the Astronauts’ and Cosmonauts’ 

daily schedule are dedicated to physical exercise. Nevertheless, peak oxygen uptake 

(V̇O2 peak), as the gold standard for the assessment of aerobic capacity, was reduced 

after ~150 d of space flight (Ade et al., 2017; A. D. Moore et al., 2014). Furthermore, 

muscular oxygen uptake (V̇O2 musc) kinetics were slowed, and a correlation between 

the change in heart rate (HR) kinetics and the decrease in V̇O2 peak from pre- to post-

flight was reported (Hoffmann et al., 2016b). For long-duration missions, physical and 

cognitive fitness needs to be maintained in order to perform complex tasks, such as 

extra-vehicular activities (EVAs) or the exploration of the Moon or Mars. Hence, further 

research on adequate exercise countermeasures is required to mitigate the effects of 

prolonged spaceflight on the cardiorespiratory system (T. W. Jones et al., 2019). 

Confinement studies, such as those carried out inside the human exploration research 

analog facility (HERA, Houston, USA), and the science experimental complex 

(Nazemnyy eksperimental'nyy kompleks (NEK), Moscow, Russia), offer the 

opportunity to analyze the effects of confinement, similar to space flight conditions, with 

limited room for physical activity, and to test new countermeasures, e.g., to maintain 

physical fitness under standardized conditions in normogravity conditions (Abeln et al., 

2015; Hackney et al., 2015). 

One main aspect of preserving physical fitness is aerobic endurance exercise training. 

In terrestrial settings, long-term aerobic endurance exercise accelerates HR kinetics, 

V̇O2 kinetics, and cardiorespiratory capacities (Berger et al., 2006; Koschate et al., 

2016; Murias et al., 2011). Different modes of endurance exercise interventions, 

interval (INT) and continuous (CON) endurance exercise training protocols both seem 

to increase aerobic fitness (Drescher et al., 2018; Litleskare et al., 2020). Mixed results 

exist regarding the short- and long-term effects of the two modalities on HR and V̇O2 

kinetics (Da Boit et al., 2014; Koschate et al., 2019). Endurance exercise training led 
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to accelerations of V̇O2 kinetics for both INT (Jacobs et al., 2013; Turnes, Aguiar, Cruz, 

Pereira, et al., 2016; Turnes, Aguiar, Cruz, Santos, et al., 2016) and CON exercise 

training (Fukuoka et al., 2002; Hickson et al., 1978; Phillips et al., 1995; Zoladz et al., 

2013). Comparing INT and CON training, a slightly beneficial effect of INT training was 

observed for speeding V̇O2 kinetics (Daussin et al., 2008; Drescher et al., 2018). Since 

INT training might be more time-efficient and varied for the exerciser, this training mode 

should be analyzed in the context of future long-duration missions to identify the most 

suitable and effective exercise countermeasure to sustain aerobic fitness.  

Besides the well-established effects of physical exercise on the cardiovascular system, 

it is also well-known that exercise can influence cognitive functions in the short- and 

long-term, as usually observed under terrestrial conditions (Lambourne & 

Tomporowski, 2010; McMorris & Hale, 2012; Pontifex et al., 2009a; Steinberg & 

Doppelmayr, 2018). Depending on the exercise intensity and duration, both positive, 

no, and adverse effects have been identified (Pontifex et al., 2019; Steinberg et al., 

2019). Thus, this relationship is essential, considering various situations and tasks in 

which space-travelers need high cognitive and motor performance amidst acute states 

of increased physical activity such as during EVA or other tasks on a planetary surface 

(e.g., navigating or communicating during walking or running) (Möller, Hoffmann, 

Dalecki, et al., 2021; Steinberg & Doppelmayr, 2018) Whether or not behavioral 

performance is acutely impaired or improved in such unique situations of elevated 

physical activity is entirely unclear. Thus, more knowledge regarding the relationship 

between physical activity and cognitive functions in specific space-mission relevant 

context is warranted. However, first investigations showed positive effects associated 

with aerobic exercise (AE) on neurocognitive parameters in extreme environmental 

conditions such as isolation (Schneider et al., 2013; Weber et al., 2019) and acute 

positive effects on cognition even underwater (Möller, Hoffmann, Dalecki, et al., 2021). 

Other studies focusing only on cognition (without considering exercise effects) during 

confinement found both positive (Jacubowski et al., 2015; Weber et al., 2019) and 

negative effects (Basner et al., 2013; Reed et al., 2001; Sauer et al., 1999) on cognitive 

functions.  

Executive functions (EF) form the basis for higher cognitive processes like planning or 

decision making and are directly linked to cognitive performance (Diamond, 2013). 

Tasks for executive functioning have the benefit of being simple and time-efficient, 

making them suitable for studies with limited crew time or short time frames during 



 47 

physical exercise. Following the unity-diversity model established by Friedman & 

Miyake (2017), the EF inhibition especially supports decision making in complex, 

dynamically changing environments and is considered the most important function with 

influences on other important EF such as switching (flexible shift between different 

rules within a test) and updating (specific working memory function). 

From terrestrial, laboratory-based tests, acute bouts of moderate aerobic exercise are 

known to have positive effects on executive functions for measurements taken during 

or directly after AE (Chang et al., 2012; Chang & Etnier, 2009; Pontifex et al., 2019), 

while during strenuous AE effects seem to be mitigated (Lambourne & Tomporowski, 

2010; Pontifex et al., 2009a). Studies reported small positive effects on executive 

functioning for low exercise intensity, highest effects for moderate-intensity, and 

negative or no effects for exhaustive intensity (e.g., the inverted-U hypothesis) 

(Vedhara et al., 2000). Increases in cerebral blood flow and neurotransmitter secretion 

are discussed as the mechanistic underpinnings of acute exercise effects on cognition 

(Haverkamp et al., 2020; Li et al., 2017; Xue et al., 2019).   

This study’s primary goal was to investigate the effects of INT and CON endurance 

exercise training during confinement on cardiorespiratory capacities and kinetics. 

Regarding cognitive performance, the aim was the successful implementation of a 

cognitive task (Eriksen Flanker task) and to analyze the interaction between physical 

exercise and executive functioning during different metabolic demands over the time 

course of confinement in an exploratory approach. Our hypotheses were that (1) CON 

and INT training speed HR and V̇O2 kinetics, (2) INT will speed HR and V̇O2 kinetics 

more than CON, and (3) 120 days of confinement influence cognitive task performance 

during aerobic exercise. 

MethodsI 

Participants  

Three males and three females (34 ± 6 years (mean ± standard deviation)) participated 

in the Sirius-19 confinement study of 120-days duration inside the NEK facility in 

Moscow, Russia. All subjects were healthy without any cardiovascular, pulmonary, or 

orthopedic problems. The mission scenario consisted of a simulated travel to the Moon, 

orbiting, landing, and working on the Moon, and traveling back to Earth. All participants 

received information about the study purpose and gave written informed consent 

before the experiments. The ethics committee of the German Sport University Cologne 
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(Nr. 119/2018) and the Bioethical Commission of the RF SRC – Institute of Biomedical 

Problems, Russian Academy of Science (Protocol No. 501 - 18.02.2019) approved the 

study, following the rules of the Declaration of Helsinki and its amendments.  

The NEK is a facility analogue to a real space station including compartments for living 

(150 m³), exercise and storage (250 m³), and scientific experiments (100 m³). Total 

floor space for typical activities was 150 m². The ambient conditions were as follows: 

mean temperature ranged from 22.5 °C to 24.5 ° C, partial pressure: CO2 max. 0.9 kPa 

(7 mmHg), O2 from 19 kPa (140 mmHg) to 27 kPa (200 mmHg), total ambient pressure 

+ 0.4 kPa (3 mmHg), noise in the living compartment: 60 db, illumination in working 

area: 400 Lux. In addition, a landing module (50 m³, used for two days of moon orbiting 

only) was attached to the living compartments and allowed access to a replicated moon 

surface for extra-vehicular activity. 

Exercise Test 

The exercise test (CPET-COG) was designed to simultaneously assess 

cardiorespiratory fitness and cognition. Test dates were 16 days (±12) before the start 

of confinement (L-15), during the mission at mission day (MD) 9 (±1;), 29 (±1), 57 (±1), 

87 (±1), and 117 (±1), as well as six days after the end of the mission (R+6). The 

exercise test protocol was performed on a treadmill (Gaitway II, h/p/cosmos sports & 

medical Gmbh©, Nussdorf-Traunstein, Germany). It consisted of two parts, starting 

with a moderate work rate intensity to evaluate the cardiorespiratory kinetics, followed 

by a ramp-like increase in WR to assess V̇O2 peak (compare Fig. 1). The moderate part 

started with 300 s of rest (REST), followed by 300 s at 3 km h-1 (LOW), 2 x 300 s of 

changing velocities at 3 and 6 km h-1 (pseudo-random binary sequence (PRBS)), 300 

s at 6 km h-1 (MID) and 300 s at 9 km h-1 (HIGH). Subsequently, the velocity was reduced 

to 3 km h-1 for 60 s and then increased every 30 s by 1 km h-1 until the participant was 

not able to follow the speed of the treadmill belt anymore. The treadmill speed was 

then reduced to 3 km h-1 (rec) for 300 s to obtain recovery values. The PRBS were 

used for kinetics analyses (Hoffmann et al., 2013; Koschate et al., 2016). During rest 

and at the end of LOW, MID, HIGH as well as during REC, lactate samples were taken 

from the index or middle finger. 
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Figure 1I: Description of the exercise protocol on the treadmill. Rest: resting phase, low: constant phase 

at 3 km h-1, mid: constant phase at 6 km h-1, high: constant phase at 9 km h-1, PRBS: pseudo-random 

binary sequences, rec: recovery phase. 

 

During all CPET-COG-tests, a metabolic cart (Metalyzer 3B®, Cortex Biophysik 

GmbH©, Leipzig, Germany) was used to assess V̇O2, carbon dioxide output (V̇CO2), 

and ventilation (V̇E) breath-by-breath. The system was calibrated according to 

manufacturer guidelines on each test day. HR was assessed beat-to-beat using an 

electrocardiography (ECG) -belt (CustoGuard belt 3, Customed, Ottobrunn, Germany).  

Cognitive Testing 

Additionally, after 45 s after the beginning of the respective work rate step of REST, 

LOW, MID, HIGH, and REC, the Eriksen Flanker task, measuring inhibitory control as a 

core component of high cognitive functions, was performed. The Rest measurement 

was performed while standing on the treadmill, directly before the start of physical 

exercise. A tablet computer presented the Eriksen Flanker task using the software 

presentation® (neurobehavioral systems©, USA). The screen was placed centrally in 

front of the participants on the treadmill. Responses were given with hand-held thumb-

triggers that were connected to the tablet computer with a millisecond-accurate 

response box (The Black Box Tool-Kit©, UK). Task procedures were as follows: 

Participants held their response buttons in the left and right hand, respectively. A 
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fixation cross then appeared in the center of the screen for 300 milliseconds (ms), thus 

marking the exact spot where the target arrow would appear. Next, the fixation cross 

was entirely replaced by a five-arrow formation that appeared for 100 ms; this 

prompted participants to respond by using their thumbs to press either the left or right 

hand-held response button, according to the direction of the target stimulus (center 

arrow). In a compatible formation, both stimulus and flanker arrows are pointed in the 

same direction, while in an incompatible formation, the surrounding flanker arrows 

pointed in a different direction than the stimulus, thus requiring inhibitory control 

(inhibiting the response to the flankers pointing to the opposite direction). Pre- and 

Post-test consisted of 100 stimuli (i.e., 50 compatible and 50 incompatible formations). 

Because of technical problems, cognitive tasks consisted of only 50 stimuli during 

confinement (i.e., 25 compatible and 25 incompatible formations). In addition, no high 

measurement could be performed during confinement. The inter stimuli interval (ISI) 

randomly ranged between 1.000 and 1.600 ms between each formation. The reaction 

time (RT) on incompatible settings (RTINCOM) is of primary interest when analyzing 

confinement's influence on inhibition. All cognitive data were stored on the tablet 

computer for later analysis. Participants received training and familiarization with the 

Eriksen Flanker task before the mission. 

Exercise countermeasure 

During the mission, participants performed an endurance exercise program on a 

treadmill. One group (N=3) started with INT for 8 weeks, followed by 8 weeks of CON, 

while the other group started with CON, followed by INT. The exercise training 

intervention was designed in microcycles of three days of exercise and one day of rest. 

The micro-cycle was repeated four times and was then interrupted for 12 to 15 days. 

During these breaks, except for our exercise test, the participants each performed 

three sessions of incremental exercise, which were part of other experiments. In this 

fashion, two microcycles (44-47 days) were performed with either INT or CON 

exercise, and then the exercise modality switched between the two groups for the 

subsequent two cycles. INT exercise was conducted in different exercise intensities, 

ranging from  30% to 88% of maximum velocity, as assessed during the initial CPET-

COG-test. The average speeds of the individual INT endurance training 

countermeasure sessions varied from 47% on day one of the microcycle over 43% on 

day two, and 44% on the third day, respectively. CON training was performed with the 

same duration at 50% of maximum velocity. Additionally, participants used both active 



 51 

(Gaitway II, h/p/cosmos sports & medical gmbh©, Nussdorf-Traunstein, Germany) and 

passive treadmills (BD1, Moscow, Russia; similar to the first Russian treadmill on board 

the ISS) (Fomina & Uskov, 2016). 

 

Figure 2I: Overview of the applied exercise countermeasure and the mission scenario. The upper part 

shows the study design with exercise modality (CON / INT) switching after eight weeks of confinement. 

Times of measurement took place L-15 as well as R+6 and every four weeks during confinement (MD9-

MD117) and are depicted chronologically. The lower part shows an exercise training modality approach, 

switching data from the first and last 8 weeks of confinement for three participants. With this approach, 

data from N=6 can be analyzed regarding the effects of continuous and interval exercise. New data sets 

emerged as Int1+2 (after 4 and 8 weeks of interval exercise, respectively) and Con1+2. 

 

Data analysis 

Chronological vs. exercise training approach 

Chronologically (MD9 - 117), the measurements during the mission took place 

approximately every four weeks (compare Fig. 2). To assess the effect of the different 

training protocols, the data points CON1 (after four weeks of continuous exercise), 

CON2 (after eight weeks of continuous exercise), INT1 (after four weeks of interval 

exercise), and INT2 (after eight weeks of interval exercise) were created (compare Fig. 

2, shaded boxes). These constructed data points contain data of all participants for the 

respective exercise training condition, independent of the chronological order in which 

they started the training (CON or INT) (Fig. 2). 

CPET-COG-test 

The interbeat intervals of the ECG data were reanalyzed using Matlab 2019 

(MathWorks, Natick, Massachusetts, USA) to calculate HR. Data of V̇O2, V̇CO2, V̇E, 

and HR during the CPET-COG-test were then synchronized and interpolated to 1 s 

intervals. During the constant phases of REST, LOW, MID, HIGH of the moderate WR 

protocol, and 6 km h-1, 9 km h-1, and 11 km h-1 of the ramp, 30 s averages of the 

respective WR step were used to calculate the steady-state responses. The kinetics 

PRE

CON1 CON2INT1 INT2

CON1 CON2

POST13 days 15 days 12 days

INT1 INT2

R+6

(±1)

L-15

(±10)

MD9

(±1)

MD29

(±1)

MD57

(±1)

MD87

(±1)

moon landingjourney to moon 

confinement period

return to earth

MD117

(±1)
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analysis was performed using the PRBS during the moderate part of the CPET-COG-

test (Hoffmann et al., 2013). Cross-correlation functions (CCFs) of the WR signal and 

the respective parameters were calculated. Higher maxima of this CCF (CCFmax (x)) 

indicate faster system responses, greater lags between the maxima (CCFlag(x)) 

indicate a longer delay for the onset of the system response (Bennett et al., 1981). To 

identify V̇O2 peak, HRpeak, WRpeak, and RERpeak, the last 30 s before the termination of 

the test were averaged.  

Flanker Task Analysis 

RTs for the correct responses to both compatible and incompatible Flanker Task 

settings were calculated as the time between stimulus presentation and response. The 

quotient of correct responses and the number of presented stimuli produced a 

percentage for accuracy (ACC). Furthermore, we included total hits, misses, and 

incorrect responses in our analysis. Random (RT < 100 ms) and very slow responses 

not reflecting inhibitory control (RT > 1000 ms) were excluded from the analysis. 

Additionally, data sets indicating comprehension problems (ACC ≤ 75%) were 

removed, which was applied for only one participant during pre for all WR steps. The 

Flanker effect was calculated as the difference in RTs between compatible and 

incompatible settings. Our analysis was focused on the RT to incompatible Flanker 

task settings, as these are known to best reflect inhibition performance (Möller, 

Hoffmann, Dalecki, et al., 2021; F. Thomas et al., 2020). As the influence of 

confinement on inhibition was our main interest, cognitive test data were analyzed with 

the chronological approach only. 

Statistics 

The statistical analysis included a chronological approach (L-15, MD9, MD29, MD57, 

MD87, MD117, R+6)) and one with respect to exercise training modality (L-15, MD9, 

Int1, Int2, Con1, Con2, R+6) for all variables.  

Friedman tests were applied for the CCFmax of HR and V̇O2. Post hoc tests were 

performed using multiple Wilcoxon tests. The Bonferroni procedure was used to 

correct for multiple testing while all possible comparisons were analyzed. To compare 

the steady-state phases of HR and V̇O2, ANOVAs with the factors mission day (MD) 

and step (REST, LOW, PRBS, MID, HIGH, 6 km h-1, 9 km h-1, and 11 km h-1) were used. 

The CCFs of HR and V̇O2 at each lag were compared with the factors MD and lag (-

20 - 79) with repeated measures on all factors. These ANOVA were applied on 
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chronological MD (L-15, MD9, MD29, MD57, MD87, MD117, R+6) and on the re-

arranged data sets for exercise modality (L-15, MD9, Int1, Int2, Con1, Con2, R+6), 

respectively. Differences in peak exercise values at the end of the incremental part of 

the WR protocol were calculated using ANOVAs with repeated measures on the factor 

MD, considering the chronological and the training modality approach. 

Incompatible RTs, ACC, hits, misses, and incorrect responses of the Eriksen Flanker 

task were compared, applying ANOVAs with the factors mission day (MD) and step 

(rest, low, mid, rec). Analyses were conducted with the chronological approach only. 

Post hoc, Bonferroni tests were used for all ANOVAs. If sphericity could not be 

assumed, the main effects were corrected using the Huynh-Feldt test. Statistical 

significance was set to α=5%. Effect sizes were estimated according to Cohen (1983) 

by partial eta-squares (ηp2), where ηp2 > 0.01 indicates a small effect, ηp2 > 0.06 

indicates a medium effect and ηp2 > 0.14 indicates a large effect. 

ResultsI 

Peak values 

The chronological analysis revealed significant main effects for the factor MD for the 

peak values of HR (P = 0.025), V̇O2 (P = 0.012), and RER (P = 0.001), as shown in 

Fig. 3. Analyzing the data according to the exercise training modality approach, a 

significant MD effect (P = 0.014) for the RER was identified. Post hoc, no significant 

differences between the respective MDs were observed (all P > 0.05). 
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Figure 3I: Peak values for heart rate (HRpeak), velocity (Vpeak), respiratory exchange ratio (RERpeak), and 

oxygen uptake (V̇O2peak) are depicted in mean values with standard errors for the last 30 seconds of 

incremental exercise. The figure shows averaged values for N=6. a+b: Times of measurements appear 

chronologically during confinement (L-15, MD 9-117, R+6; upper part) and in c+d as re-arranged data 

sets with L-15, MD 9, Con1+2 (for the effects of 4 and 8 weeks of continuous exercise training), Int1+2 

(interval exercise training), and R+6. The connecting lines between the individual marks for the training 

modes in c +d do not indicate a temporal connection. 

 

Steady-state values 

Mean values (mean ± SD) during the different WR steps are shown in table 1. 

Analysing the data, according to the chronological approach, a significant main effect 

for HR for the factors MD (P < 0.001), step (P < 0.001) and MD*step (P = 0.022) was 

identified (compare Fig. 4). During R+6, HR values were significantly higher compared 

to MD87. For V̇O2, significant main effects for MD (P = 0.011) and step (P < 0.001) 

were calculated, and a significant interaction between MD and step was found. Higher 

values were observed for MD87 compared with MD9 (P = 0.019).  Regarding serum 

lactate, significant main effects for MD (P = 0.010), step (P < 0.001), and MD*step (P 

= 0.014) were identified. Post hoc, L-15 values were significantly higher than MD87 (P 

< 0.001).  

The exercise training modality approach revealed significant main effects for HR for 

the factors MD (P < 0.001), step (P < 0.001), and MD*step (P = 0.014). Post hoc, HR 
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was significantly higher at L-15 compared with INT2 (P = 0.027). V̇O2 showed effects 

for MD (P = 0.019) and step (P < 0.001). Post hoc tests identified V̇O2 values during 

CON1 as significantly higher compared to MD9 (P = 0.009). For serum lactate 

concentrations a main effect was identified for for step only (P = 0.029). 

 

Figure 4I: Steady-state values for heart rate (HR) are depicted in mean values for the last 30 seconds 

of REST, LOW, PRBS, MID, HIGH, 6 km ∙h -1, 9 km ∙h -1, and 11 km ∙h -1. The figure shows averaged values 

for N=6. a: Times of measurements appear chronologically during confinement (L-15, MD 9-117, R+6; 

upper part) and b: as re-arranged data sets with L-15, MD 9, CON1+2 (for the effects of 4 and 8 weeks of 

continuous exercise training), INT1+2 (interval exercise training), and R+6. In part b of the figure, the lines 

between the different measurements should not be considered to indicate a time course. 

 

 

 

 

 

 

 

Table 1I: Heart rate (HR), stroke volume (SV), and oxygen uptake (V̇O2) are presented as means and 

standard deviations for times of measurements chronologically during confinement (L-15, MD9-117, 

R+6; upper part) and as re-arranged data sets for the effects of 4 and 8 weeks of either continuous 

(CON1+2) or interval (INT1+2) training (lower part), respectively. Means were calculated for the last 30 

s of each steady-state phase during the CPET-COG-protocol and for the last 20 s of 6, 9, 11, and 14 

km h km h-1 during incremental exercise. Lactate samples were taken for the work rate steps rest, low, 

mid, high, and within 45 s after termination of the test at peak velocity. Significant main effects are 

depicted for mission day (MD), step and MD*step. Differences between data points during steady states 

are indicated with upper case letters.  
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Kinetics 

The chronological approach of the kinetics analysis revealed significant MD effects for 

the CCFmax (HR) (P = 0.028), CCFlag (HR) (P = 0.043), and CCFmax (V̇O2) (P = 0.048). 

The exercise training modality approach showed significant MD effects for CCFmax 

(HR) (P = 0.019) and CCFlag (HR) (P = 0.017), but no significant differences between 

CON and INT exercise could be observed (Table 2). Post hoc, no effects were found 

between the different test days for both analytical approaches. 

Table 2I: Means and standard deviations for the maximum of the cross-correlation functions (CCFmax) 

for heart rate (HR) and oxygen uptake (V̇O2) and the respective lag (CCFlag) (N=6). Times of 

measurements appear chronologically during confinement (L-15, MD9-117, R+6 upper part) and as re-

arranged data sets with L-15, MD9, CON1+2 (for the effects of 4 and 8 weeks of continuous exercise 

training), INT1+2 (interval exercise training), and R+6. 

 

 

Evaluating the entire CCF course of HR at each lag before, during, and after the 

mission, significant main effects were calculated for lag (P < 0.001) as well as MD*lag 

(P < 0.001), but not for MD (P = 0.069). Post hoc results are shown in Fig. 5. For the 

CCF course of V̇O2 only a significant main effect for the factor lag (P < 0.001) was 

identified.  

The analysis of the data considering the applied exercise training approach revealed 

significant main effects for the factors MD (P = 0.041), lag (P < 0.001), and MD*lag (P 

< 0.001) considering the CCF courses of HR. For the CCF courses of V̇O2, significant 

main effects for MD (P = 0.025) and lag (P < 0.001) were found, but not for the 

interaction of MD*lag. Post hoc results are shown in Fig. 5. For a more detailed 

presentation of the time course of HR kinetics during the mission, individual CCFmax 

values of HR are shown for the chronological training approach. All subjects, except 

MD CCFmax (HR) CCFlag (HR) CCFmax (V̇O2) CCFlag (V̇O2) 

L-15 0.48 ± 0.11 14 ± 4 0.41 ± 0.08 15 ± 17 

9 0.53 ± 0.13 11 ± 5 0.40 ± 0.10 18 ± 17 

29 0.70 ± 0.07 10 ± 2 0.48 ± 0.13 11 ± 12 

57 0.69 ± 0.05 11 ± 3 0.39 ± 0.13 20 ± 17 

87 0.67 ± 0.08 10 ± 2 0.41 ± 0.10 15 ± 14 

117 0.69 ± 0.08 9 ± 2 0.43 ± 0.09 14 ± 16 

R+6 0.64 ± 0.04 13 ± 2 0.47 ± 0.07 6 ± 4 

MD p=0.028 p=0.043 p=0.048 p=0.291 

CON1 0.67 ± 0.09 11 ± 2 0.46 ± 0.15 19 ± 15 

CON2 0.68 ± 0.07 9 ± 2 0.40 ± 0.12 23 ± 16 

INT1 0.70 ± 0.05 9 ± 2 0.43 ± 0.08 6 ± 3 

INT2 0.70 ± 0.07 11 ± 2 0.42 ± 0.10 11 ± 14 

MD p=0.019 p=0.017 p=0.308 p=0.386 
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participant C at MD9, experienced an initial increase in CCFmax values until MD29 

(Fig. 6). 

 

Figure 5I: Means and standard errors of the cross-correlation functions (CCF) of cardiorespiratory 

kinetics (HR: heart rate; V̇O2: oxygen uptake) before (L-15) during (MD9-117) and after (R+6) (a, b) the 

mission as well as re-arranged by the exercise training modality (c, d), (N=6). 
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Figure 6I: Cross-correlation functions (CCFmax) for heart rate (HR) over the time course of the mission. 

Graphs show individual data for six participants. Times of measurements appear chronologically during 

confinement (L-15, MD9-117, R+6). 
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Inhibitory Control 

For Rts during the Flanker task, requiring inhibitory control, no significant main or 

interaction effects were found within the test protocol’s steady-state phases or between 

confinement measurements (P > 0.05). Fig. 7 shows data for L-15, MD9-117, and R+6 

(N=6) in chronological order. For all variables with mean values and standard 

deviations, see table 3. 

Table 3I: Reaction times (RT) for compatible (RTcom) and incompatible (RTincom) Flanker task scenarios, the 
Flanker Effect (FE), and Accuracy (ACC) are depicted in means with standard deviations for times of measurements 
chronologically during confinement (L-15, MD9-117, R+6; upper part). Means were calculated for whole tests during 
steady states (REST, LOW, MID, HIGH) and during Recovery (REC). Please note: Due to technical problems, no 
data exist for the step HIGH during confinement. The sample size was N=6 for all mission days, except for L-15, 
MD9, and MD57, where N was 5. In addition, REC data for MD57 was from 3 participants only.   

    steady state steps 

Variable MD REST LOW MID HIGH REC 

incompatible reaction 
times 

RTincom [ms] 

L-15 422 ± 41 400 ± 44 385 ± 29 385 ± 34 377 ± 36 

9 395 ± 29 384 ± 26 380 ± 28       378 ± 36 

29 401 ± 29 400 ± 31 376 ± 28       397 ± 51 

57 396 ± 27 399 ± 26 402 ± 35       397 ± 22 

87 404 ± 43 396 ± 25 403 ± 32       387 ± 40 

117 400 ± 29 394 ± 24 402 ± 43       394 ± 40 

R+6 393 ± 25 386 ± 20 386 ± 22 381 ± 34 387 ± 21 

compatible reaction 
times  

RTcom [ms] 

L-15 359 ± 25 318 ± 21 319 ± 21 305 ± 15 317 ± 21 

9 341 ± 25 325 ± 23 318 ± 26       326 ± 31 

29 352 ± 36 347 ± 26 327 ± 41       344 ± 42 

57 333 ± 34 360 ± 36 353 ± 40       351 ± 25 

87 359 ± 49 353 ± 28 359 ± 42       356 ± 43 

117 343 ± 31 346 ± 18 355 ± 34       361 ± 44 

R+6 338 ± 35 355 ± 29 348 ± 28 335 ± 37 355 ± 22 

Flanker Effect  
(FE) [ms] 

L-15 63 ± 20 82 ± 32 65 ± 14 80 ± 24 60 ± 17 

9 45 ± 35 49 ± 31 51 ± 28       43 ± 29 

29 49 ± 28 53 ± 17 50 ± 20       53 ± 34 

57 63 ± 24 40 ± 14 49 ± 49       45 ± 11 

87 45 ± 17 44 ± 16 44 ± 19       31 ± 16 

117 57 ± 26 48 ± 16 47 ± 36       33 ± 29 

R+6 55 ± 18 31 ± 12 38 ± 13 45 ± 9 32 ± 18 

Accuracy 
ACC [%] 

L-15 97 ± 5 95 ± 7 96 ± 6 94 ± 7 95 ± 9 

9 99 ± 2 98 ± 3 95 ± 4       97 ± 5 

29 97 ± 2 97 ± 2 96 ± 3       94 ± 4 

57 98 ± 1 98 ± 1 93 ± 5       96 ± 3 

87 98 ± 2 97 ± 2 97 ± 2       96 ± 2 

117 98 ± 2 98 ± 1 95 ± 5       96 ± 2 

R+6 99 ± 2 99 ± 1 98 ± 2 96 ± 3 98 ± 1 
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Figure 7I: Means and standard errors for reaction times of incompatible Flanker settings. Graphs 

indicate times of measurement before (L-15), during (MD9-177), and after (R+6) confinement. Cognitive 

tasks were performed within the test protocol at the end of steady-state phases and during recovery 

after incremental exercise (rec), see Fig. 1. Please note that L-15-values must be suspected to indicate 

learning effects for rest and low values and are therefore separated from the remaining data points 

(dotted lines) and the statistical analysis. MD9, as the first measurement in confinement, may serve as 

a baseline. 
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DiscussionI 

The aim of the experiment was to analyze whether 120 days of confinement, simulating 

a mission to the Moon, combined with two types of aerobic exercise training 

interventions, altered cardiorespiratory regulations, aerobic capacities, and inhibitory 

control. The proposed hypotheses were partly confirmed. (1) CON and INT training 

seem to speed HR kinetics during the mission, although this effect did not persist after 

the mission. (2) Regarding the two tested training regimes, it can be carefully 

speculated that the applied INT training might be more beneficial to accelerate HR 

kinetics. (3) Inhibitory control during rest, exercise, and recovery from intense exercise 

was not altered by the combination of 120 days of confinement and exercise training.  

Cardiorespiratory fitness 

The descriptive, comprehensive analysis reveals a slightly increasing V̇O2peak during 

the mission, decreasing HRpeak, decreasing HR values, and lowered serum lactate 

levels during submaximal WRs until the end of the mission (MD87). Hence, a small 

training effect is visible during the mission. Similar time courses for cardiorespiratory 

changes were also reported for Astronauts by A. D. Moore et al. (2014) during long-

duration space flights. However, an initial decrease during the first inflight test was 

described. 

However, this training effect was not observed for V̇O2 kinetics in this confinement 

experiment. In other experiments, significantly accelerated V̇O2 kinetics were reported 

after four weeks of high-intensity endurance exercise training with and without the 

application of blood flow restrictions in combination with peak power outputs ranging 

from 95 to 110% of WRpeak (Corvino et al., 2019). Raleigh et al. (2016) documented 

accelerated V̇O2 kinetics after 3 weeks of different work rate-matched INT training 

periods at 80%, 115%, and 150% of peak aerobic power, independent of the applied 

training intensity. Da Boit et al. (2014) also found faster V̇O2 kinetics after six sessions 

of endurance exercise training, independent of the application of INT or CON training. 

Williams et al. Alexandra M. Williams et al. (2013) published faster V̇O2 kinetics without 

muscle metabolic adaptations after 12 sessions over 4 weeks of high intensity (110% 

of pretraining WRmax) training. An improved matching of muscle O2 utilization to 

microvascular O2 delivery was speculated as the underlying mechanism. This could be 

hinting at accelerated HR kinetics, although none of the experiments reported HR 

kinetics thus far. As shown in Fig. 3 and 4, PRE mission HR kinetics were slower than 
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those during the mission. Drescher et al. (2018) reported HR and V̇O2 kinetics after 

both INT and CON training in a small sample. Slight accelerations without statistical 

significance were described for the INT group. Since HR kinetics in the Sirius-19 

experiment were faster at INT1 and INT2 compared with MD9 (Fig. 5), it can be carefully 

speculated that INT training had a slightly more beneficial impact on HR kinetics than 

CON. An explanation for the missing changes in V̇O2 kinetics during the Sirius-19 

mission may be the confinement situation. Since space for physical activity was 

restricted to the NEK-habitat, general physical activity was decreased during the 

mission, and the countermeasure training merely compensated for the missing general 

physical activity, as reported in a previous confinement experiment in a submarine 

(Bennett et al., 1981). Considering future plans to travel to the Moon and Mars, losses 

in aerobic capacities should be mitigated via adequate countermeasures to enable 

Space travelers to complete mission tasks, such as long spacewalks (Hackney et al., 

2015; Hayes, 2015). Since no deteriorations in exercise capacities were found after 

the mission, the countermeasure might be an adequate training stimulus. 

During the mission, from MD29 onwards, an acceleration of HR kinetics was visible. 

However, after the mission, this effect was diminished. A similar effect was reported 

from confinement missions inside the HERA facility in Houston (Koschate et al., 2021). 

During former confinement missions inside the NEK facility in the context of the 

Mars105 and the Mars500 experiments, reduced external stimuli, boredom, and or 

artificial light during the confinement period were discussed as influencing factors on 

increased parasympathetic system activity during the day (Vigo et al., 2012; Vigo et 

al., 2013). This effect was also slightly visible in the lower mean HR values during the 

Sirius-19 mission in comparison to PRE and POST-mission tests. Weber et al. (2019) 

reported enhanced cortical deactivation in the very same participants. In the context of 

an Antarctica mission, a group with a higher exercise volume showed lower brain 

cortical activity (Abeln et al., 2015). The changes in HR and its regulation follows a 

similar time course as described for brain activity during 520 d of isolation (Jacubowski 

et al., 2015). During a 14 days travel to Antarctica, no changes in heart rate variability 

were identified as an indicator of autonomic nervous system activity(Çotuk et al., 2019). 

Hence, the analysis of HR and the respective regulatory aspects might yield more 

information regarding the cardiorespiratory system than merely exercise 

countermeasure effects during long-duration confinement missions. Sympathetic 

system activity might have been increased before and after the confinement mission, 
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which was probably caused by the rather stressful time during mission preparation with 

many different researchers and experiments. 

Cognition 

RTs for the incompatible scenarios of the Eriksen Flanker task showed no significant 

main effects within the test protocol's steady-state phases nor between measurements 

during confinement. Still, a trend toward shorter RTs for PRE and POST could be 

observed. In addition, we recorded the longest RTs during our exercise protocol for 

REST during most MDs, whereas shorter values emerged for 9 km-1 (MID, moderate 

exercise) and for REC (compare Fig 7). These prolonged RTs could be explained by a 

variety of reasons, with some studies reporting a negative influence on EF performance 

from a lack of external stimuli (Casler & Cook, 1999; Strangman et al., 2014), 

confinement (Basner et al., 2013; Reed et al., 2001; Strangman et al., 2014), or a 

general decline in participants' mood (Lipnicki & Gunga, 2009; Oaksford et al., 1996).  

On the other hand, we observed slight improvements in HR and V̇O2 capacities and 

kinetics during confinement, which can be interpreted as improvements in participants' 

fitness. Because fitness is known to influence cognitive performance and EF inhibition 

positively (Chang et al., 2012; Chang & Etnier, 2009; McMorris & Hale, 2012), we 

suspected an improvement of incompatible RTs (RTincom) and accuracy for the Erikson 

Flanker task. Moreover, the combination of physical fitness and acute AE, which is 

known for positive effects on EF performance (Chang et al., 2012), should serve as an 

effective countermeasure to compensate for a confinement-induced decline in EF 

performance (Haverkamp et al., 2020; Xue et al., 2019).  

A similar pattern was observed by Abeln et al. (2015) and Weber et al. (2019), who 

observed a decrease in brain cortical activity during confinement that was counteracted 

by AE (Jacubowski et al., 2015). Although additional and detrimental aspects of real 

space flight might alter cognitive performance more than the analog, exercise training 

might prove as a beneficial countermeasure for both physical and cognitive 

performance.  

These effects might have been confounded by other mission-related stressors, as the 

quality of sleep and confinement, and therefore complicate interpretation. An increase 

in accuracy was observed throughout the mission. One explanation for the increase 

could be a changed response strategy, with participants changing their focus from 

speed to accuracy during the mission (van Veen et al., 2008). On the other hand, 
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descriptively, this might also explain better accuracy from L-15 to R+6 but not stable 

RTs throughout the mission. Our data faces a small sample size and a cross-over 

design. Half of the data recorded after one exercise modality was preceded by eight 

weeks of the other modality. Hence, the effects of either interval or continuous 

endurance training cannot be considered totally independent. 

Still, we achieved our primary goal, which was the integration of a standardized 

cognitive task within our CPET exercise protocol, offering the investigation of cognitive 

performance for a variety of exercise intensities. On this basis, future studies should 

explore the exercise-cognition interaction more closely with regard to intensity or 

duration-induced physiological and cognitive changes.    

LimitationsI 

Cognitive performance analysis during microgravity and analog conditions faces three 

main problems: (1) Very little data exist from actual space missions, especially for 

longer durations. Terrestrial analogs reflect some (e.g., confinement, social isolation, 

psychological stressors), but not all factors (e.g., radiation, microgravity, fluid shifts) 

occurring during space flight. (2) The participants of terrestrial analog studies (i.e., with 

usually small sample sizes) might not represent highly selected and specialized 

astronauts and cosmonauts. (3) A wide variety of applied tests, learning effects, 

exercise protocols, recovery time, or inadequate control groups for complex studies 

(Lipnicki & Gunga, 2009; Strangman et al., 2014) are all reasons for inconsistent 

results. Although the investigation of cognitive performance with the established 

Eriksen Flanker task was conducted in a very controlled manner, these concerns 

should be considered. Moreover, measurements during exercise yield additional 

challenges. First, as a whole-body-movement compared to cycling, running might 

make it more difficult to follow stimuli on the tablet computer due to increased 

movement of the participants' heads; thus, it constitutes a dual-tasking situation. Most 

studies favor bicycle ergometers to minimize such artifacts. Still, when considering 

physical fitness as a preparation for increased G-level entry (or re-entry in the case of 

the earth), treadmill exercise seemed more appropriate, and its applicability was 

therefore investigated in Sirius-19. Secondly, the whole-body movement might 

interfere with the stimuli responses by hand-held trigger buttons. Thirdly, phases of 

steady exercise were limited in duration, reducing the maximum number of stimuli for 

each set and thus increasing data noise. Longer duration steady states with longer 
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cognitive tasks could counteract the problem but limit other objectives, such as testing 

of exercise capacities. Although we prepared the participants extensively for the 

Eriksen Flanker Task, we observed learning effects in the L-15 measurement. It must 

be mentioned that participants reported the Pre and Post-mission phases to be 

considerably more stressful than in-mission when external input was significantly 

reduced. This should also be considered for the interpretation of changes in HR and 

HR kinetics. In addition, and despite controlled study conditions, individual daily 

routines and initial fitness levels could influence the exercise effects. During 

confinement, participants had to act as their own test conductors for exercise tests, 

which reduced test control and resulted in missing data sets (e.g., the HIGH steady-

state phase). The analysis of the exercise-modality approach might be affected by 

insufficient wash-out periods between CON and INT exercise. Therefore, and in the 

scope of our relatively small sample size, findings from this study should be considered 

rather descriptively and exploratory. Further, the confinement experiments were 

performed in normo-, not microgravity. Hence, the transfer of the results to long-

duration space flights, applying the same exercise countermeasure, should be further 

analyzed. 

Regarding the changes in HR and HR kinetics, an ECG with a higher resolution, 

suitable for heart rate variability analysis, should be used during the exercise tests to 

enable further underlying processes for these changes. 

ConclusionI 

Independent of the exercise training modality, the applied countermeasure had a 

positive effect on aerobic fitness. Regarding mean HR values and HR kinetics, this 

training effect disappeared post-mission. HR values seem to be altered by reduced 

external stimuli during the confinement period. The participants may have experienced 

a more extensive and structured exercise routine in confinement compared to 

everyday life, mitigating the deteriorating effects of limited space for physical activity. 

Neither confinement nor different exercise intensities affected cognitive performance 

when executed during the activity, while this complicated relationship requires further 

systematic investigation.  
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AbstractII 

Objective: The intact cognitive processing capacity in highly demanding and 

dynamically changing situations (e.g., in extreme environmental conditions) is of 

central relevance for personal safety. This study therefore investigated whether 

underwater physical exercise (PE) affected cognitive performance by comparing these 

effects during underwater fin-swimming as opposed to inactivity under normal 

environmental conditions. 

Background: Although acute bouts of PE can modulate cognitive performance under 

highly controlled and standardized laboratory conditions, no previous study has 

determined whether PE acutely modulates cognitive performance in non-laboratory 

testing conditions involving extreme environments (e.g., underwater).  

Method: A total of 27 healthy volunteers (16 males and 11 females; 28.9 ± 7.4 years 

of age) participated in two experiments involving either moderate or high PE intensity. 

A PRE/POST crossover design was employed among participants while performing 

cognitive tests in a counterbalanced order (i.e., before and after 20 minutes of PE in 

submersion (WET) and once before and after inactivity (DRY) while in the laboratory). 

Cognitive performance was measured as a combination of executive functions through 

the Eriksen Flanker (inhibition) and 2-Back (working memory) Tasks using an 

underwater tablet computer.  

Results: ANOVAs revealed enhanced reaction times only in the Flanker test after 

moderate PE for the WET condition. No other effects were detected. 

Conclusion: These findings indicate that cognitive performance is exercise-intensity 

dependent with enhanced effects during moderate PE, even in extreme environments 

(e.g., underwater).  

Application: These results should be relevant in recreational and occupational 

contexts involving underwater activity and may also apply to microgravity (e.g., during 

extra-vehicular activities). 

KeywordsII
 

SCUBA, diving, microgravity, space safety, executive functions 
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IntroductionII 

Cognitive performance is highly important for human safety while operating in extreme 

environments. This includes while being weightless in microgravity, experiencing 

altered ambient pressure due to aboveground heights, or underwater when diving in 

occupational or recreational settings (Martin et al., 2019; Miller et al., 2017; S. K. Moore 

& Gast, 2010). As such, several studies have already investigated altered physics, 

optics, and elevated partial gas pressure on both physiology and psychology in 

submerged humans. It is thus well-known that submersion can affect cognitive 

performance (Dalecki et al., 2012; Steinberg & Doppelmayr, 2018) with increased 

oxygen and nitrogen partial-pressure causing both beneficial and detrimental effects 

(Balestra et al., 2012; Brebeck et al., 2017; Scholey et al., 1999). Changes in gravity 

can also influence cognitive performance (Brümmer et al., 2011; Manzey et al., 1998; 

Shields et al., 2016). Increased stress or physical workloads (e.g., physical exercise 

(PE)) may additionally alter cognitive performance in these conditions (Chang et al., 

2015; Chang & Etnier, 2009; Hogervorst et al., 1996; McMorris & Hale, 2012; Pontifex 

et al., 2019). The influence of exercise on human physiology also depends on the mode 

of exercise, muscle involvement and possibly changed body position (Lambourne & 

Tomporowski, 2010). The combined effects of physical exercise and the additional 

physiological (e.g., ambient pressure, submersion, body position, temperatures [see 

above]) or psychological (e.g., stress or fear of falling) demands of extreme 

environments on cognitive performance have already been investigated (Epling et al., 

2018; Stets & Helton, 2018; Yan, 2014). As such, fast processing speeds, decision-

making abilities, and flexible behaviors are of high relevance to human safety and 

success if PE is paired with work conducted in extreme environments that require 

efficient adaption (e.g., while underwater or during prolonged episodes of microgravity) 

(Martin et al., 2019). Executive functions (EF) inhibition, updating, and shifting are core 

functions of cognitive performance. These factors are highly important for ensuring 

correct behavior and decision-making (Diamond, 2013). 

Many studies have investigated the associations between PE, cognitive performance, 

and EF while differentiating between the acute and chronic effects (Chang et al., 2012; 

Chang & Etnier, 2009; McMorris et al., 2009; Steinberg & Doppelmayr, 2018). In this 

context, the acute influence of PE on EF is dependent on the time of measurement 

(e.g., during, shortly after, or long after PE), for both exercise intensity and duration 

(Chang et al., 2012; Steinberg & Doppelmayr, 2017); this also applies to the exercise 
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mode (Lambourne & Tomporowski, 2010). Although there are controversial debates 

about these effects, the general consensus is that acute/moderate PE tends to have a 

positive effect on cognition in regard to measurements taken during or directly after PE 

(Chang et al., 2012; Chang & Etnier, 2009). Given the relevance of cognitive 

performance for mission success and safety in extreme environments or situations 

(Epling et al., 2018; Stets & Helton, 2018; Yan, 2014), further contextual investigation 

is needed to determine the influence of PE on cognitive functions (Martin et al., 2019). 

This is especially relevant in critical and non-routinized situations that require quick 

decision-making and when individuals are exposed to high physical workloads. Here, 

it is essential to understand the potential modulating effects on EFs (Martin et al., 2019; 

Steinberg & Doppelmayr, 2017). Although some studies involving treadmills or cycle 

ergometers have indicated that PE positively influences EF (Chang et al., 2012; 

McMorris et al., 2009), the additional factors associated with weightlessness, water 

submersion, and/or stress could be detrimental when manipulating human physiology 

and psychology (Brümmer et al., 2011; Dalecki et al., 2013). Previous studies have 

produced inconsistent results, with some research finding negative effects (Dalecki et 

al., 2012) on cognitive performance in shallow-water submersion (see above), but 

others finding no effects (Steinberg & Doppelmayr, 2017). However, we know of no 

studies that have reported improvements in cognitive functions or determined the 

additional influences of higher workloads due to PE during shallow-water submersion. 

As such, we chose a setting in which each participants performed cognitive tasks after 

fin-swimming with a self-contained underwater breathing apparatus (SCUBA) in 

shallow-water depth. This study’s design allowed us to investigate the combined 

effects of PE and submersion on cognitive performance in comparison with inactivity 

on land. This procedure not only enabled the partial simulation of weightlessness in a 

pool, but also offered a transfer of findings to several related fields (e.g., recreational 

and occupational diving and extra-vehicular activity (EVA) training in which astronauts 

practice with submerged modules of the International Space Station (ISS) in the pool 

prior to conducting actual EVA runs in space). This study design also controlled for the 

persistence of established land-based positive PE effects on cognitive performance 

while participants were submerged. For instance, previous land-based studies 

investigating cognitive performance and PE used different modes of PE (e.g., inducing 

acute effects using a treadmill or bicycle ergometer) (Pontifex et al., 2019). These 

investigations into cognitive performance on land have generally found positive effects 
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after bouts of moderate-intensity PE; here, we maintained the same experimental 

procedures, conditions (i.e., comparing one exercise condition with inactivity), and 

tasks (i.e., Flanker and 2-Back Tasks), but also introduced “water submersion” to the 

process. It is not yet feasible to compare this same PE mode (i.e., fin-swimming) while 

in submersion and on land. Unfortunately, underwater exercise modes are highly 

influenced by the level of contact pressure toward the ground (the law of Archimedes) 

as well as water viscosity and resistance to movement, the amount (and perfusion due 

to blood-shift) of recruited musculature, and the 3D-environment (Arborelius Jr. et al., 

1972; Brubakk & Neuman, 2003; Dalecki et al., 2013; Jarchow & Mast, 1999). 

Performing PE on the bicycle in the laboratory and underwater is not comparable to 

fin-swimming in submersion but may create uncontrollable effects on cognitive testing, 

which in turn strongly limit comparability. As such, our study investigated whether the 

positive influences of moderate-intensity PE on cognitive performance persist in 

submersion and whether higher workloads (common when operating underwater, in 

weightlessness or changed gravity conditions), had detrimental effects in this extreme 

environment. One of our previous studies found no detrimental effects of shallow water 

submersion (5 m) on EFs, even after a 40 minute (min) dive reaching a depth of 20 m 

(Steinberg & Doppelmayr, 2017). At that time, we assumed that any changes in 

cognitive performance were likely due to exercise rather than to water submersion.  

We expected that moderate-intensity PE would have persistent and positive effects (at 

least partially) on EFs. However, we expected no such improvements for higher 

intensity PE due to inconsistent previous findings. 

MethodsII 

Participants 

A total of 27 healthy and physically fit divers (mean number of logged dives 236 ± 407) 

participated in this study. For the moderate-intensity condition, 12 participants (8 males 

and 4 females) were tested in facilities at Johannes Gutenberg-University Mainz. 

Another 15 participants (8 males and 7 females) performed in the high-intensity 

condition at the German Sport University Cologne. Participant ages ranged from 18 to 

50 years (28.9 ± 7.4 years). Each was required to have completed a valid medical 

examination, a SCUBA diving certificate (at least EN ISO 24801-01) and have logged 

10 or more dives. All participants received information about the study purpose and 

completed informed consent forms before participation. The protocol for the moderate 
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group cohort was approved by the ethics committee of Johannes Gutenberg-University 

Mainz, while that of the high-intensity group was approved by the ethics committee of 

the German Sport University Cologne, both followed the rules of the Declaration of 

Helsinki.  

Devices for Measuring Cognition, Heartrate, Ventilation, and Perceived Exertion  

The two abovementioned cognitive tasks were performed using an underwater tablet 

computer (Alleco®, Finland); reaction times (Rt) and error scores were thus recorded. 

The device was housed in an aluminum case and therefore equally functional in air 

and underwater. The feasibility, validity, and reliability of all such underwater Rt 

measurements were proofed in our previous study at varying depths (Steinberg & 

Doppelmayr, 2017). Responses were recorded using a thump-press at designated 

areas (gray virtual buttons) on the display. The “Presentation”-software program 

(Neurobehavioral Systems®, USA) was used for programming, visualization, and data 

export. 

SCUBA tank pressure was continually recorded at four-second intervals using a 

commercially available tank pressure transmitter and Galileo Sol diving computer 

(Scubapro®, Switzerland). Air consumption for each diver was then calculated at 

ambient pressure and stored digitally on the computer for later evaluation. Heart rate 

(HR) was measured using a Polar belt and V800 watch (Polar®, Finland), which 

allowed participants to monitor their HR and adapt swimming speeds accordingly. 

Borg’s rating of perceived exhaustion (RPE; i.e., ranging from “very light” (6) to “full 

exertion” (20)), was used during exercise (Borg, 1982).  

Cognitive Tests 

Two specific tasks were used to test cognitive performance (Eriksen & Eriksen, 1974; 

Jaeggi, Buschkuehl, Perrig & Meier, 2010) and modified based on study requirements 

(Figure 1). Specifically, the Eriksen Flanker Task was used to test inhibitory control 

using a stimulus (< or >) surrounded by Flanker arrows. This consisted of 5 arrows (> 

> > > >) from which only the middle arrow required a response (Target), thus leaving 

the surrounding arrows as distractors. The directions of the target and distractors were 

manipulated to create two different configurations (i.e., a compatible one, in which the 

distractors followed the alignment of the target (< < < < <) and an incompatible one, in 

which the arrows were pointed in different directions (> > < > >). A complete trial 

consisted 104 stimuli (52 compatible and 52 incompatible). The task procedures for 
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participants were as follows: They were first asked to place their thumbs on marked 

areas on the left and right sides of the screen. A fixation cross then appeared in the 

center of the screen for 300 milliseconds (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; this prompted participants to respond by using 

their thumbs to press one of the abovementioned marked areas of the screen 

according to the direction of the target stimulus (i.e., either as a compatible or 

incompatible configuration). The inter stimuli interval (ISI) between each configuration 

randomly ranged between 1.000 and 1.600 ms.  

A modified version of the 2-back task was used for EF updating (see Figure 1). This 

consisted of eight letters (A, B, C, D, E, F, G and H) that appeared singly and randomly 

for 600 ms with an ISI of 1.500 ms. Participants began by positioning both thumbs on 

marked areas of the screen. They were then asked to press the left side of the screen 

each time a letter was identical to the one presented two letters before (i.e., 2-back) 

Every block consisted of 30 letters, 10 targets (response: left), and 20 distractors 

(response: right). The entire task consisted of three blocks. Both tasks lasted for a 

duration of approximately four min. As such, participants needed to respond quickly 

and accurately.  
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Figure 1II: Test sequence and setup for the 2-Back and Flanker Tasks. The 2-Back Task entails that 

letters are separately shown for 600 milliseconds (ms), each with 1.500 ms durations in which fixation-

crosses are displayed in between. Targets are present when a letter is identical to the one shown two 

letters before. B: The Flanker Task entails the alternating display of either compatible (all arrows pointing 

in the same direction) or incompatible (arrows surrounding the target in different directions) settings. A 

fixation cross (100 ms) is followed by a stimulus (300 ms) with varying Inter-stimuli intervals of 1.000, 

1.200, 1.400, or 1.600 ms. 

 

Experimental Conditions  

The underwater exercise conditions (we hereafter refer to it as the ‘WET’ condition) 

were conducted in two different indoor pools (see participant section; both had a water 

temperature of 28° C, moderate PE was performed in a 3.80 m and high PE in a 5 m 

pool). Modified versions of the fit2dive parkour (Steinberg, Dräger, Steegmanns, 

Dalecki, & Röschmann, 2011), were constructed in which ropes were attached to each 

pool bottom to form hexagons (girths of 50 m in Cologne and 40 m in Mainz). These 

structures served as bases for standardized underwater fin-swimming activities.  

Individual maximum HR (HRmax) was calculated for each participant prior to the 

experiments using the Fairbarn equation [201-(0.63 × Age)]; see Cleary et al. (2011). 

Resulting HRmax scores were then lowered by 10 beats to compensate for suspected 

lower HRmax readings while exercising underwater (Such & Meyer, 2010). Moderate 

and high-intensity PE was then individually set to 65% respective of the 80% of 

individual age-predicted HRmax for water submersion. While fin-swimming, participants 

were asked to monitor their own HR as displayed by V800 wristwatches. Swimming 

speeds were adapted accordingly. Here, participants were asked to stay within 5 beats 

of their individual HR goal. The test conductor asked participants to rate their RPEs by 

pointing to a corresponding scale every four min. Due to the importance of both PE 

intensity and duration (Brisswalter et al., 2002; Chang et al., 2015; Chang & Etnier, 

2009; McMorris et al., 2009; McMorris & Hale, 2015), EFs were tested exactly after 20 

min of either moderate (65% of HRmax) or high (80% of HRmax) intensity underwater fin-

swimming episodes. During PRE and POST, participants were asked to lie on the pool 

bottom to avoid the exertion associated with remaining neutrally buoyant, which may 

have otherwise interfered with cognitive testing results. For the control condition, all 

participants were tested after 20 min of physical inactivity (i.e., watching a neutral video 

documentary (Höfer et al., 2010)) in the laboratory (hereafter referred to as ‘DRY’) with 

constant temperature (21°C). This was designed to help participants stay focused 
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while remaining physically calm. No HR, RPE or ventilation measurements were taken 

because no PE was performed. 

 

Figure 2II: Underwater testing procedures. A: Underwater pakours were formed into hexagonal shapes 

by affixing ropes to pool bottoms. B: Cognitive tasks were performed on the underwater tablet while 

participants laid on the pool bottom. The test conductor supplied air during cognitive testing. C: During 

physical activity, participants adapted their fin-swimming speeds while moving around the hexagons (50 

meters (m) length for high intensity, 40 m for moderate intensity) according to their heartrate (HR) 

monitors. 

 

Experimental Procedure 

Participants completed questionnaires about their diving experience, anthropometric 

data, current mood, and sleep quality upon arriving at the test location. They were then 

given a general explanation of the experimental procedure. Here, cognitive tests were 

explained in detail once verbally before each participant completed a test trial 

consisting of 20 stimuli. After ensuring task understanding and familiarity to minimize 

the learning effects, both tests were performed with the same amount of stimuli as for 

the PRE and POST  

When a participant had been assigned to the WET condition, the underwater parkour 

was shown, explained and specific underwater signals were declared to avoid 

additional surfacing. The diving equipment consisted of a 3 millimeter wetsuit, 12 liter 

steel tank, buoyancy control device (BCD), breathing regulator, diving computer, and 
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personal mask and fins. Participants put the equipment on and submerged with the 

test conductor. They were each given up to five min to slowly swim around the parkours 

to become comfortable in the water.  

Table 1II: Test protocol showing all steps for both the WET and DRY conditions. Preparations are 

highlighted with white backgrounds, while PRE and POST-testing interventions are in gray. 

 

Cognitive pretesting began with participants lying on the pool bottom and resting on 

their forearms. They were then given the underwater tablet and subjected to 

approximately eight min of cognitive testing while maintaining in this position. 

Sequences were the same as those performed during the familiarization trials (i.e., the 

first task was always the Flanker, followed by the 2-Back Task). Each task was 

preceded with a short repetition of the task instructions to ensure full understanding. 

Mandatory 30 second breaks were taken between and at the halftime points of each 

task to help participants relax their eyes and fingers. A predetermined signal from the 

safety diver/investigator prompted participants to begin fin-swimming around the test 

parkour while attempting to reach their HR goal within the first and second laps to 

minimize HR overshoot. An RPE survey was conducted with the test conductor 

swimming next to the participant, thus allowing for continuous exercise. RPE was 

indicated every four min by pointing to a corresponding scale. Participants changed 

swimming directions after 10 min. The same cognitive tests were performed in the 

same sequence and positioning as in the pretest immediately after 20 min of 
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underwater fin-swimming. The land-based condition was performed without any prior 

exercise in a quit laboratory. Here, participants performed the cognitive tasks in a 

relaxed seated position while holding the same type tablet computer used during the 

underwater tests at a similar distance from the face. Two sets of cognitive tests were 

thus performed in the same fashion as done for WET condition  

Data Processing and Statistics 

Mean values and standard deviations for Rts were calculated for both EF tests. For the 

Eriksen Flanker task, Rt was calculated separately for compatible and incompatible 

trials. Rts lower than 100 ms or higher than 1.000 ms were excluded. A Flanker effect 

score was formed by subtracting incompatible from compatible Rts. For the 2-Back 

Task, Rts between 100 ms and 1.500 ms were considered for successfully identified 

letters. During the WET condition, HR and tank pressure were measured for the 20 

min PE duration by taking recordings at four-second intervals Ventilation was then 

calculated in L min-1 by correcting changes in tank air pressure to normobaric 

conditions. Ventilation and HR were averaged once for 20 min PE and also for the four-

minute measurement intervals (i.e., the mean value for minute four was calculated over 

the time frame of zero to four min, resulting in five segments for 20 min of exercise) 

Shapiro-Wilks tests confirmed normal distribution for all variables. As such, ANOVAs 

with repeated measures on the factor condition (WET/DRY) and time (PRE/POST) and 

the between subject factor intensity (Moderate/High) were performed. Separate two-

way ANOVAs excluding the intensity factor were also performed. Effect sizes were 

estimated according to Cohen by partial eta-squares (ηp
2), where ηp

2 > 0.01 indicates 

a small effect, ηp
2 > 0.06 indicates a medium effect, and ηp

2 > 0.14 indicates a large 

effect (Cohen, 1988). 

ResultsII 

Mean HR during exercise was 114 ± 2 bpm for moderate (65% of calculated HRmax, n 

= 12) and 137 ± 6 bpm for high (80%, n = 15) intensity exercise (lasting for periods of 

20 min (Figure 4)). RPE reflected HR (12.7 ± 0.4 for moderate intensity and 14 ± 0.5 

for high intensity). Finally, ventilation was measured at 59 L min-1 (± 2) for high intensity 

and 35 L min-1 (± 2) for moderate intensity.  
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Figure 3II: RPE, ventilation, and heartrate measurements. All data are shown as means and standard 

deviations. A: HR was measured throughout all tests using HR belts; data were measured beat-to-beat, 

interpolated to one-second intervals, and averaged according to four minute intervals. B: Tank pressure 

was measured according to adjusted air amounts (i.e., corrected to normobaric conditions) breathed 

within one minute (i.e., l min-1) according to intra-tank gas pressure changes. Ventilation was then aver-

aged according to four minute intervals. C: Ratings of perceived exertion (RPE) were indicated every 

four min during physical activity. 

 

The condition*time*intensity interaction of the three-way ANOVA did not reveal any 

differences for either the variables of the Flanker or for the 2-Back Task (all p > 0.05). 

Such non-significance indicates that neither of the two exercise intensity levels (i.e., 

high versus moderate) substantially effected any changes in cognitive testing 

outcomes. As no three-way interactions emerged and we wished to observe effects for 

each intensity condition alone, two-way ANOVAs (including only within-subject factors 
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(i.e., time and condition)) were additionally conducted for each intensity group 

separately. The separate analysis for moderate intensity (cf. Figure 5) revealed 

significant time (F (1, 11) = 6.25, p = 0.029, ηp
2 = 0.36) and significant time*condition 

(F (1/11) = 6.95, p = 0.023, ηp
2 = 0.8) effects for incompatible Rts with improved Rts in 

the WET condition. There were no main or interaction effects for the compatible stimuli 

or error scores (both p > 0.05). Further, no main or time*condition interaction effects 

(F (1/14) = 1.65, p = 0.22, ηp
2 = 0.11) were found for the high-intensity Rts of 

incompatible stimuli or error scores (p > 0.05). In sum, participants significantly 

improved their Rts for incompatible stimuli only in moderate intensity WET condition. 

On the other hand, the high-intensity group improved their performance in the Flanker 

Task only descriptively (cf. Figure 5). 

 

Figure 4II: Graphs showing reaction times (Rts) for the WET and DRY conditions and PRE and POST 

measurements. Data are shown as means and standard deviations. Detailed statistics are explained in 

the text. A: Rts for the compatible Flanker Setting, Rts before and after moderate-intensity physical 

activity (PE). B: Incompatible Flanker setting, Rts before and after moderate-intensity PE. C: Compatible 

Flanker setting, Rts before and after high-intensity PE D: Incompatible Flanker setting, Rts before and 

after high-intensity PE. 
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For the 2-Back Task under moderate intensity, only a main time effect from PRE to 

POST measurements could be revealed for the correct responses to stimuli (F (1, 11) 

= 10.61; p = 0.008; ηp
2 = 0.49; Figure 6). Further, no condition or condition*time effect 

was found (all p > 0.05), nor were any significant main or interaction effects found for 

error scores or Rts (all p > 0.05). Non-significant findings were also found for high 

intensity, as no variable showed any relevant main or interaction effects (all p > 0.05).  

 

Figure 5II: Reaction times (Rts) and error scores for 2-Back Tasks with standard deviations for moderate 

and high-intensity physical exercise (PE). The graphs show WET and DRY conditions. Data are shown 

as means and standard deviations. A: Rts before and after moderate-intensity PE B: Error scores before 

and after moderate-intensity PE. C: Rts before and after high-intensity PE. D: Error Scores before and 

after high-intensity PE. 

 

DiscussionII 

This study was to investigate the effects of underwater fin-swimming exercise on 

cognitive performance. It specifically compared interactions between PE and cognition 

in a unique environment (approximately 4 m underwater) with an inactive condition in 

a dry laboratory. Our primary goal was to determine whether the frequently observed 

positive effects of moderate intensity PE on cognitive performance in the laboratory 
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setting (Chang et al., 2012; Davranche et al., 2009; Steinberg et al., 2019; 

Tomporowski, 2003) were also present during underwater. The secondary goal was to 

elucidate whether the effects of high-intensity PE were analogous, stronger, or 

detrimental. Findings revealed improved Rts for the incompatible stimuli of the Flanker 

Task (a measure reflecting inhibitory control ability). However, such improvements 

were observed only after moderate PE in the WET condition (as compared with testing 

after inactivity in the DRY condition). This confirmed that the well-known positive 

cognitive effects induced by moderate PE under standard laboratory conditions (Chang 

et al., 2012; Davranche et al., 2009; Tomporowski, 2003) were also present in a unique 

underwater environment. While a descriptive point of view revealed a comparable 

pattern for high intensity PE, Rts were not significantly lower in the WET condition 

when compared to the DRY condition. 

One key aspect of the current experimental design that should be considered when 

interpreting these data is that we did not employ a comparable DRY PE condition (i.e., 

one comparable to fin-swimming) or WET inactivity condition. Thus, there is no direct 

evidence for determining whether the positive effects seen for the moderate-intensity 

WET conditions can solely be attributed to exercise. This is because these effects 

cannot clearly be separated from those that may emerge due to physiological changes 

resulting from submerging the human body in shallow water. However, one of our 

previous studies revealed that EFs were not impaired due to shallow-water immersion 

after inactivity, even after a 40 minute dive to a depth of 20 m (cf. Introduction). It is 

therefore most likely that the positive effects found in this study for the moderate-

intensity WET condition were due to PE rather than environmental factors. However, 

future studies should develop a land-based exercise mode that is comparable (at least 

in some aspects) to underwater fin-swimming. This will aid in the return of more direct 

evidence related to our current observations.  

We can only speculate that the positive influence of PE on cognitive functions 

increases from none to moderate intensity, but seemingly declines with further intensity 

(i.e., diminishes in the high-intensity setting). PE is traditionally regarded as a stressor 

that leads to increased arousal (Pontifex et al., 2019; Steinberg et al., 2019). An 

inverted U-model is often suspected. For instance, low PE results in low arousal (i.e., 

low cognitive performance), while moderate PE results in optimal arousal (i.e., best 

cognitive performance), and high PE leads to neural noise resulting in reduced 

cognitive performance (McMorris & Hale, 2012, 2015). From this point of view, our 
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results are not contradictory with other empirical findings indicating that the effects of 

PE on different cognitive functions are intensity-dependent (McMorris & Hale, 2012, 

2015; Steinberg et al., 2019). Complementary to this model, others have suggested 

that bouts of PE lead to the release of several neurochemical substances (e.g., 

dopamine and noradrenaline); this is also dependent on factors such as intensity 

(McMorris et al., 2016). In other words, and in light of our findings, the positive effects 

resulting from PE are initiated by internal physiological processes that then modulate 

cognitive performance. Thus, varying external factors and their impacts on 

physiological systems (e.g., those initiated by shallow-water submersion, such as 

blood-shift, changed proprioception, and vision (see Introduction)), do not seem 

powerful enough to override or interfere with the relationship between PE and cognitive 

functions. However, further research is needed to clarify how greatly the external 

environmental demand is increased by adding water depth (i.e., nitrogen narcosis, 

Clark, 2015) reduced visibility, changed breathing gases (Freiberger et al., 2016), and 

increased anxiety (Eysenck et al., 2007; Mears & Cleary, 1980; Steinberg & 

Doppelmayr, 2015) and how this may modulate the relationship between PE and 

cognition.  

For working memory, Rts did not change between conditions or intensities. One 

possible explanation for these findings is that there is a time effect caused by the delay 

between the end of PE and the point of test initiation (the 2-Back Task was performed 

after the Flanker Task, three to five min after the end of PE). Indeed, the time-

dependent aftereffects of PE are thoroughly described in the current literature; it is 

thought that the highest effects emerge immediately after exercise (Pontifex et al., 

2019). Another explanation may be that PE has a selective influence on EF, although 

this is controversial (Pontifex et al., 2009b; Weng et al., 2015). Nevertheless, working 

memory performance scores did not decrease. Rather, this factor proved to be robust 

against unique environmental testing (i.e., shallow water depths), which is also in line 

with other findings involving shallow-water submersion (Schneider et al., 2014; 

Steinberg & Doppelmayr, 2017). 

In this study, PE was constantly performed for 20 min periods to ensure good 

comparability with other findings about the positive effects of land-based exercise on 

cognitive functions (Chang et al., 2012). Further, physical activity with moderate or high 

individual HR is combined with cognitive tasks when astronauts practice for EVA in the 

pool setting prior to conducting real missions in microgravity environments (Bolender 
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et al., 2006). Although HR measurements during real EVA show both longer durations, 

varying means and peak values (Katuntsev et al., 2004; Osipov et al., 1998), the 

similarities between operating underwater and in space allow findings from underwater 

studies to partially be transferred to space applications. Therefore, future studies 

should aim to provide recommendations for the safe interaction of physical activity and 

cognitive performance in extreme environments, both in terms of impaired and 

enhanced cognitive abilities. Such findings could increase both effectiveness and 

safety for individuals working in microgravity and underwater by forming 

recommendations for diagnostics, training, working and controlling in extreme 

environments, especially in situations demanding higher workloads and non-automatic 

behavior. 

LimitationsII
 

Despite cognitive test training before performing the conditions, the emerged time main 

effects of the 2-Back and the Flanker Task still indicate learning effects. Regardless, 

these learning effects (along with other aspects, such as strategic changes, sleep 

quality, motivation, daily conditions, and fatigue) were leveled-out by our 

counterbalanced within-subject study design. Surprisingly, the high-intensity group 

showed generally lower Rts than the moderate-intensity group for every condition and 

time (see Figures 5 and 6). However, the method and testing procedure were identical 

between the intensity groups. As such, these differences can be attributed to group 

effects. Since diving-specific locomotion is not feasible without water submersion, a 

direct comparison between physical activity on land and underwater would only be 

possible with an alternative method (either isometric or dynamic PE, such as that 

achieved on a bicycle ergometer on land and underwater). Although similar muscle 

groups would be used, in this scenario, underwater movements would still remain 

qualitatively different due to both water viscosity and physiological changes. To further 

separate exercise from these water-submersion effects, all tests could be performed 

by the same participant group once in an Inactivity-WET and once in a PE-DRY 

condition. Moreover, PE should vary in intensity and duration and should be 

accompanied by real and simulated EVA that primarily demands use of the upper limbs 

as opposed to the leg-based fin-swimming. 

This study determined HRmax using a mathematical formula. However, individual HRmax 

is more accurately determined by performing PE until exhaustion in the specific form 
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of sport (e.g., underwater fin-swimming, Steinberg, Dräger, Steegmanns, Dalecki, & 

Röschmann, 2011). Such and additional could be used to verify that every participant 

performs fin-swimming under equal PE conditions rather than eventually achieving 

lower or higher individual HRmax percentages.  

ConclusionII 

This study initiated investigations into a new field of research by examining known PE 

effects on cognitive performance in the extreme environment of water submersion. We 

found that the positive effects of moderate-intensity PE on cognitive performance 

persisted during shallow-water submersion, while high-intensity PE had lower and 

insignificant effects, but none that were detrimental. 
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AbstractIII 

Objective: Investigation of cognitive performance during extra-vehicular activities 

(EVA) in a space-analog setting. 

Background: EVAs performed by humans in microgravity on the International Space 

Station (ISS) call for high cognitive performance during upper-body workload. Higher 

cardiovascular demands interact with cognitive performance, but no knowledge exists 

about EVA's special requirements. This study simulates EVA-training underwater to 

investigate its effects on the executive functions inhibition and switching. 

Method: In a counterbalanced crossover design, 16 divers ((age: 28 ± 2.4 years); 8 

females) performed two conditions (i.e., EVA vs. Inactivity (INACT)) in 3-5m 

submersion (diving gear; not in a space-suit). EVA included 30 min of moderate, 

followed by 30 min of high-intensity upper-body exercise intervals, paired with EVA-

specific cognitive-motor tasks. INACT included no exercise in submersion and neutral 

buoyancy. Both conditions included cognitive testing at PRE, MID (after the first 30 min), 

and POST (after the second 30 min) on a tablet computer. Reaction times (RT) and 

response accuracy (ACC) were calculated for both tasks. 

Results: ACC was significantly lower during EVA compared to INACT for inhibition 

(POST: p = 0.009) and switching (MID (p = 0.019) at POST (p = 0.005). RTs for inhibition 

were significantly faster during EVA (p = 0.022; ηp
2 = 0.320).  

Conclusion: Specific physical exercise, intensity, duration, and tasks performed 

during the EVA might differently affect the exercise-cognition interaction and need 

further investigation, especially for future long-term space travel. 

Application: Future research might serve to improve mission success and safety for 

EVAs and long-term space travel.  

KeywordsIII 

spacewalk, space safety, cognitive performance, SCUBA, diving 
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IntroductionIII 

Space mission success and safety are strongly dependent on the optimal physical, 

motor, and cognitive performance of space travelers (e.g., astronauts, cosmonauts, or 

taikonauts) to minimize the risk for severe errors (Katuntsev et al., 2009; Stepanova et 

al., 2015). This is especially relevant during extra-vehicular activities (EVA), one of the 

most challenging and high-risk tasks in space (Bolender et al., 2006). EVAs are 

performed outside space crafts or space stations and will be conducted on 

extraterrestrial surfaces during future missions. The setup of new experimental 

devices, the repair, maintenance, or reconfiguration of existing devices on the ISS are 

some examples that need to be done in a spacesuit during EVA. While space travelers 

need to attend several parallel tasks during EVA, the physical strain is increased by 

the pressurized spacesuit that aggravates movement and the manipulation of objects 

(Newman, 2000). 

Because of the complex requirements necessary to accomplish real EVA efficiently 

and safely, astronauts' extensive training is highly relevant. Such training for EVAs is 

usually conducted in space-analogs like short-term microgravity during parabolic flight, 

but especially underwater (Bolender et al., 2006; Toscano et al., 2004). Underwater 

training enables astronauts to practice for EVAs in simulated weightlessness using 

original spacesuits, tools, full-size mock-ups and perform runs at full length. Therefore, 

it has been incorporated in the training of all major spaceflight-nations. Many aspects 

of the underwater environment, like the feeling of weightlessness, a reduced field of 

view, three-dimensional movements, and even blood shift are comparable to 

microgravity.  

EVA training and real EVA performed in the past required an increased cardiovascular 

demand and different levels of exercise intensity (Katuntsev et al., 2009; Paul, 2012; 

Stepanova et al., 2015; Toscano et al., 2004). Because it is well-known from a series 

of studies that physical exercise interacts with human behavior, such as motor and 

cognitive performance (Chang et al., 2012; McMorris, 2016b), human performance 

during EVA might also be affected.  Therefore, it is relevant for the successful 

completion of tasks and error prevention in microgravity to consider the increased 

physical demand occurring during EVA. However, the interaction between physical 

demand and human performance in such an exceptional situation has not yet been 

systematically investigated.  
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Physical exercise can acutely and chronically modify cognitive functions, although the 

intensity and direction of effects are dependent on many factors. These factors include 

workload duration, intensity, and exercise modality, as well as personal fitness, 

environmental factors, and the types of administered cognitive tasks (for an overview, 

see (Chang et al., 2012; Lambourne & Tomporowski, 2010; McMorris, 2016b; Pontifex 

et al., 2019). Besides those modulating factors, it is widely accepted that cognitive 

performance follows an inverted-U relationship where low exercise has low or no 

effects, moderate-intensity positive effects, and high intensity either no or even 

detrimental effects (Kamijo et al., 2004; McMorris & Hale, 2012; Pontifex et al., 2019; 

Wang et al., 2013). Whether this is due to increased arousal and the activation of 

physiological systems supporting efficient performance (McMorris et al., 1999), 

increases in catecholamines (McMorris & Hale, 2012) or brain-derived neurotrophic 

factor levels (BDNF) (Ferris et al., 2007), or a complex combination of those factors 

has not been completely clarified yet (Dietrich & Audiffren, 2011; McMorris, 2016a; 

Pontifex et al., 2019; Steinberg et al., 2019). Moreover, studies present a wide variety 

of different exercise scenarios, theories, and applied cognitive tasks. This work 

concentrates on investigating executive functions (EF) that are considered cognitive 

processes, sub-serving higher goal-directing behavior (Friedman & Miyake, 2017). 

Tasks for EF are easily comprehensible and offer a standardized and time-efficient 

way to investigate cognitive performance, even in extreme environments like 

underwater (Möller, Hoffmann, Dalecki, et al., 2021). EF's well-established model of 

unity and diversity describes response inhibition, switching, and updating as a pattern 

of shared but distinct functions. Response inhibition is known as the ability to suppress 

prepotent reactions while switching allows alternating between different task sets, and 

updating implies the constant renewal and consideration of information from the 

working memory (Diamond, 2013). Executive functions play a key role in decision-

making situations under objective risk (Schiebener et al., 2014) and sub-serve 

successful self-regulation (Hofmann et al., 2012a). Thus, intact EF performance is 

especially relevant for complex space-missions.  

EVA can be characterized as a mixture of low to high interval exercise, mostly 

conducted with the upper extremities (excluding EVAs on an extraterrestrial surface, 

which would require more lower limbs activity). Exercise intensity is highly dependent 

on the movement inside the pressurized suit, the traveled distance, and task 

complexity. Although the duration varies, most EVAs are several hours long (Katuntsev 
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et al., 2004). Whereas no studies exist on the acute effects of physical exercise on EF 

performance during real EVA, several laboratory tests investigated the modulating 

factors of exercise duration, intensity, and movement modality. 

Time-dependent effects of physical activity on behavioral performance are 

heterogeneous, but durations > 60 minutes (min) might result in fatigue symptoms 

(Brisswalter et al., 2002; R. D. Moore et al., 2012) or the reaching of an individual 

threshold for catecholamine increase (Chmura et al., 1998) with detrimental effects on 

EF performance. Most studies found no effects of low exercise intensity on EFs (Kamijo 

et al., 2004; Wang et al., 2013), although some studies reported an improvement of 

the EF inhibition (Chang et al., 2012; Ferris et al., 2007). Moderate intensity is usually 

described to show overall beneficial effects on inhibition (Kamijo et al., 2009), speed 

(Pesce et al., 2007), accuracy (McMorris, 2016b), and overall EF performance (Chang 

et al., 2012; Davranche et al., 2015; Pontifex et al., 2019) when tests are applied 

directly after exercise. High intensity, which can occur especially during emergencies 

in EVA, showed negative effects on EFs in most studies (Ando et al., 2005; Chmura et 

al., 1994; Covassin et al., 2007; Davranche et al., 2009; Labelle et al., 2013; Wang et 

al., 2013), but not in all studies (Covassin et al., 2007). 

Regarding the modality of movement, differences have already been described for 

running and cycling and should be evaluated for upper-body movement as well (Hill et 

al., 2019). Indeed, running requires greater coordination and control of body movement 

compared to cycling, and thus, it is plausible that a greater allocation of physiological 

and psychological resources is required (Lambourne & Tomporowski, 2010). This may 

resultantly divert resources away from the prefrontal cortex (PFC) in favor of regulating 

posture and stability or lower the signal-to-noise ratio resulting in less efficient cognitive 

processing (Dietrich & Audiffren, 2011; Lambourne & Tomporowski, 2010). Upper-

body movement during EVA, which allocates different muscle groups and less muscle 

mass, might produce quite different effects than running and cycling in the laboratory. 

This has not yet been investigated underwater; however, one study showed 

comparable positive effects of arm cycling with leg cycling on executive functions (Hill 

et al., 2019). 

We know from our recent study that fin-swimming exercise at 5 meters (m) water depth 

in a moderate exercise intensity of 20 min duration has a positive effect on inhibition 

(Möller, Hoffmann, Dalecki, et al., 2021). This confirms that shallow water immersion 
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per se does not necessarily negatively impact executive functions (Steinberg & 

Doppelmayr, 2017). It also suggests that moderate exercise intensity's well-known 

positive effect on cognitive performance persists in an underwater environment (Möller, 

Hoffmann, Dalecki, et al., 2021). However, the influence on the combination of a 

change in exercise modality and the environmental features (i.e., upper-limb versus 

lower-limb exercise underwater) has not been addressed so far, limiting a transfer to 

EVA. 

The investigation of EF performance during simulated EVA underwater offers the 

opportunity to link it closely to real EVA in weightlessness (Dalecki et al., 2012; Dalecki 

et al., 2013; Dalecki & Bock, 2013). Despite the water drag, the simulation underwater 

enables a three-dimensional environment with upper-body movement and resembles 

comparable physiological effects of weightlessness as reviewed above. All of the 

above-mentioned factors might modulate the known effects of physical exercise on EF 

performance. To our knowledge, this interaction has not yet been systematically 

investigated during real or simulated EVA on earth. In the future, EVAs on 

extraterrestrial surfaces with altered gravity could also be simulated underwater to a 

certain degree. 

We hypothesize that (1) the first 30 min of upper-body interval exercise will positively 

affect cognitive performance, while (2) subsequent 30 min of increased upper-body 

interval exercise intensity might wash out any positive effects elicited by the prior 

moderate intensity and will show either no or detrimental effects on executive functions. 

MethodsIII 

Participants  

An a priori sample size calculation (G*Power 3.1.9.2) demanded a total sample size of 

15 participants to obtain a moderate effect size f = 0.25 and power of 1-β = 0.90 with 

a mixed design and a significance level of α < 0.05. 16 healthy and fit divers (age: 28 

years ± 2.4); 8 females) volunteered to participate in this randomized crossover study. 

Two conditions each (i.e., at a time interval of 5.7 days ± 2.4) were conducted in the 

German Sport University Cologne's swimming facilities (20 x 20 x 5 m) with a constant 

water temperature of 28° Celsius. A valid SCUBA diving certificate (at least EN ISO 

24801-02), a valid medical examination, and 10+ open-water dives were mandatory 

for participation. All participants received information about the purpose and procedure 

of the study and gave written informed consent before being involved in the first 
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condition. The study was approved by the university's ethics committee, following the 

Declaration of Helsinki. 

Simulation equipment 

The participant's diving equipment consisted of a 7-millimeter (mm) wetsuit, 15 liters 

(L) steel tank, buoyancy control device (BCD), breathing regulator, diving computer, 

and a personal mask. Neoprene boots but no fins were donned. This is similar to the 

equipment used for underwater EVA training at the European Space Agency (ESA), 

where the thick wetsuit and the neoprene boots match the tight fit and limited mobility 

experienced in a spacesuit. Participants did not wear gloves to ensure the feasibility of 

data input on the tablet. Two safety tethers were connected via loops (approx. 30 cm) 

to a hip belt. The hooks followed the National Aeronautics and Space Administration’s 

(NASA) standards in complexity. To operate the tethers, a two-way system of rotation 

and pressure had to be applied. Note that due to factors unique to the space agencies 

facilities, not all parameters such as full-face masks and specialized tools were 

simulated (see limitations in the discussion section).  

Underwater mock-ups and tasks 

The underwater setup consisted of one central mock-up that was surrounded by 

several labeled modules (e.g., the permanent multi-purpose module I – III)). Railings 

were used for locomotion between mock-ups and modules. Participants attached 

themselves to those railings with two safety tethers. Following a tether protocol, the 

opening, re-hooking, and closing of tethers were necessary at several junctions. Tasks 

during the EVA condition were designed to mimic typical tasks performed during an 

EVA and combined physical exercise (e.g., upper-body translation between mock-ups) 

with cognitive-motor tasks. Examples: the transport of objects, the allocation, routing, 

and connection of marked cables and ports, and the use of tools, pipes, and screws 

for the installation of objects. Specifically, participants had to locate and change a 

battery inside one mock-up, connect and route a cable using wire-ties or rescue (i.e., 

transport) an unconscious crew member.  

Experimental Conditions  

Two underwater conditions of either inactivity (INACT) or a simulated EVA (EVA) were 

performed in this study, consisting of two 30 min long segments each. Participants 

remained neutrally buoyant during both conditions, which requires high cognitive 
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resources for stability and posture to the possible detriment of the applied cognitive 

tasks. A factor also true for real EVA in microgravity.   

In the first segment of the EVA condition, the participants were instructed to perform 

tasks that included both physical activity (e.g., locomotion using upper limbs 

exclusively) and cognitive-motor performance (e.g., correct installation of objects). This 

combination was intended to create a moderate physical exercise intensity. During the 

second 30 min long segment, similar tasks were completed under time pressure and 

with expanded distances for locomotion to increase physical exercise to high intensity. 

We aimed to evoke two different physical exercise intensities that were confirmed post-

hoc by percentages of maximum heart rate (%HRMAX) and ratings of perceived 

exertion (RPE). According to the American College of Sport Medicine's (ACSM) values 

for exercise prescription (2020), our measurements placed the first segment as 

moderate and the second segment as high exercise intensity (see figure 2). For the 

EVA condition, these two segments will hereafter be referred to as the moderate- and 

high-intensity segments. 

During INACT, participants spend both 30 min segments physically inactive and in a 

horizontal, neutrally buoyant position, while watching a non-arousing video. In both 

conditions, cognitive tasks were performed before (PRE) and after (MID) the first 30-min-

segment as well as after the second 30-min-segment (POST) in a free-floating position 

(see figure 1d).  

Measurements 

Cognitive tasks were performed on an underwater tablet computer (Alleco®, Finland). 

The software "Presentation" (Neurobehavioral Systems®, USA) was used for 

programming, stimuli presentation, and data export. Reaction times (RT), correct, 

incorrect, and missed answers were thus recorded and digitally stored. The feasibility, 

validity, and reliability of all such underwater RT measurements were proofed in our 

previous studies at varying depths (Möller, Hoffmann, Dalecki, et al., 2021; Steinberg 

& Doppelmayr, 2017). 

SCUBA tank pressure was continually recorded at four-second (s) intervals using a 

commercially available tank pressure transmitter and Galileo Sol diving computer 

(Scubapro®, Switzerland). HR was measured using a Polar belt (Polar®, Finland). 

Before every session of cognitive testing, Borg's rating of perceived exhaustion (RPE, 

i.e., ranging from "very light" (6) to "full exertion" (20)) was stated (Borg, 1982). 
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Participants were instructed to rate their average exertion for the previous 30 min of 

either EVA or INACT, i.e., once PRE (no prior activity), MID (after moderate activity), and 

a third time at POST (after high-intensity).  

Cognitive tasks 

Two consecutive cognitive tasks were performed to measure cognitive performance 

(see Figure 1b + c). The first test that was administered was the Number-letter task, 

followed by the Eriksen Flanker task. The combination of both tests had a processing 

time of about 8 min. Specifically, the Number-letter task was used to test the ability to 

switch between tasks (switching). For this test, the screen was equally divided into four 

squares, forming a top and a bottom row of two squares, respectively. A random 

combination of one letter (A-E-I-U-G-K-M-R) and one number (2-3-4-5-6-7-8-9) was 

shown in the upper left quadrant first. After a response, a new combination was shown 

in the upper right quadrant, followed by the lower right and then lower left quadrant 

(clockwise rotation). Participants had to switch between two tasks: When the 

combination appeared in the upper row of the display, they had to react on the number 

only, deciding whether it was even (respond left) or odd (response right). When the 

combination appeared in the lower row, they had to react to the letter, deciding whether 

it was a vowel (response right) or a consonant (response left). Each combination 

appeared for a maximum time of 5000 milliseconds (ms) or until a response was given. 

The inter-stimuli-interval (ISI), as the time between response and the next number-

letter-combination presentation, was pseudo-randomly set to 300, 400, or 500 ms. 

Switching ability was required after every task-change (e.g., when the number-letter-

combination moved from the upper to the lower row or vice versa). The complete task 

consisted of 112 stimuli. 
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Figure 1III: Test procedures for the condition with simulated extra-vehicular activity (EVA) and inactivity 

in neutral buoyancy (INACT). b: Number-letter-Task. c: Eriksen Flanker Task. d: Central mock-up and 

position for cognitive testing; underwater tasks and up-per-body exercise. For a detailed description, 

please refer to the text. 

 

After a 20 s break, the second task started. Concretely, the Eriksen Flanker Task was 

used to test inhibitory control using a stimulus (< or >) surrounded by Flanker arrows 

(see Figure 1c). The appearing settings consisted of 5 arrows (> > > > >) from which 

only the middle arrow required a response (Stimulus), thus leaving the surrounding 

arrows as distractors. The directions of the target and distractors were manipulated to 

create two different configurations. A compatible one, in which the distractors followed 

the alignment of the target (< < < < <) and an incompatible one, in which the arrows 

were pointed in different directions (> > < > >). A complete trial consisted of 104 stimuli 

(52 compatible and 52 incompatible). The participants' task procedures were as 

follows: They were first asked to place their thumbs on marked areas on the screen's 

left and right sides. A fixation cross then appeared in the center 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. Participants responded by using their thumbs to 

press one of the above-mentioned marked areas of the screen according to the target 

stimulus's direction (i.e., either as a compatible or incompatible configuration). ISI 

between each configuration pseudo-randomly varied between 1000, 1200, 1400, and 

1600 ms. 
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Experimental Procedure 

Upon arrival, participants were given a general explanation of the experimental 

procedure and completed questionnaires about their diving experience, age, height, 

handedness, and possible visual impairments. Cognitive tests were then explained in 

detail once verbally before each participant completed a test trial consisting of 20 

stimuli on land. After ensuring task understanding and repetition in case of non-

understanding, both tests were performed once on land in full length with the same 

number of stimuli as for PRE, MID, and POST to support familiarization and decrease 

learning effects. 

The underwater setup and diving gear were explained in detail. When a participant had 

been assigned to the EVA condition, rules for underwater translation were stated as 

follows: (1) Translation along all mock-ups and handrails was allowed using the upper 

limbs only. (2) A tether protocol had to be followed: Participants must be attached with 

either tethers or one hand and one tether at all times. (3) A neutrally buoyant state was 

recommended at all times and supported by a safety diver if necessary (i.e., like it is 

common practice for EVA-training to simulate weightlessness in the pool).  

During the descent, the participant was carried by a safety diver to a center mock-up 

to perform the first set of cognitive tasks (PRE). Afterward, the participant attached 

himself to the structure and performed tasks following the underwater notes' detailed 

instructions (see “Underwater Mock-ups and tasks” for more details). After this first 

segment of simulated EVA, the participant was then guided towards the central mock-

up for cognitive testing (MID). This procedure was repeated after the second segment 

of simulated EVA (POST). After the last set of cognitive tests, the participants ascended 

under the guidance of the safety diver.  

Data Processing 

For both cognitive tasks, 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 dividend from stimuli and correct responses 

(Number-letter task: ACCNL, Eriksen Flanker task: ACCFL). For the Number-letter task, 

RTs > 2000 ms were excluded from the analysis. Furthermore, RTs were displayed 

two-fold: As the RT of responses to a stimulus that appeared after a switch of tasks 

had occurred (RTSWITCH), and as the RT of responses following the same task as 

before (RTNO-SWITCH). A switch effect score was formed by subtracting RTSWITCH from 
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RTNO-SWITCH as a marker of switch costs (i.e., additional processing time that is 

needed to switch between rules). For the Eriksen Flanker task, all RTs > 1000 ms were 

excluded from the analysis. RTs were also displayed two-fold: As the RT of responses 

to an incompatible setting (RTINCOM), and as the RT of responses to a compatible 

setting (RTCOM). A Flanker effect score was formed by subtracting RTINCOM from 

RTCOM to assess the processing time required for inhibition. 

HR and tank pressure were measured continuously throughout the dive (i.e., 4 s 

sample rate) and artifact-corrected for further analysis. Ventilation (V̇E) was then 

calculated in L min-1 by correcting changes in tank air pressure to ambient pressure at 

depth. During cognitive testing, no V̇E could be recorded because participants used an 

alternative air source to save air.  

Mean values for HR and V̇E were then calculated individually for the duration of 

cognitive testing (e.g., HR PRE, HR MID, HR POST, and V̇E PRE, V̇E MID V̇E POST) and for 

the duration of the first (e.g., HR 0-30, V̇E 0-30) and second (e.g., HR 30-60, V̇E 30-60) 30 min 

interval of either EVA or INACT. Peak values for HR and V̇E were determined as the 

highest values during cognitive testing in EVA or INACT (i.e., HRPEAK 0-30, V̇E PEAK 0-

30). 

Individual maximum HR (HRMAX) was calculated using the formula 220 - (0.7 x age) 

(Tanaka et al., 2001). Still, HRMAX in our study should be assumed lower. That is 

because HRMAX is known to be decreased in trained and young individuals, during 

upper body movement with less involved muscle-mass (i.e., compared to running), and 

during physiological blood-shift underwater (Londeree et al., 1984; Such & Meyer, 

2010). Therefore, we deducted 10 min-1 from our calculated result. Subsequently, we 

calculated %HRMAX for the first and second segments for both conditions. Exercise 

intensity during simulated EVA was determined post-hoc as moderate intensity for the 

first segment and high intensity for the second segment.  

Statistics 

All variables were checked for normal distribution using the Shapiro-Wilks tests. If the 

normal distribution was violated (i.e., ACCNL, ACCFL, RTNO-SWITCH, RPE, and mean 

HR and V̇E during INACT), Wilcoxon pairwise comparisons were calculated for 

condition (EVA, INACT) and time (PRE, MID, and POST). Effect sizes were then stated 

as Cohens d, indicating a small (d > 0.2), medium (d > 0.5) or large effect (d > 0.8). 
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Cohens d was calculated by dividing the difference between two means by their mean 

standard deviation (Cohen, 1988). 

In the case of normal distribution, two-way ANOVAs with repeated measures on the 

factors condition (EVA, INACT) and time (PRE, MID, and POST) were performed. 

Separate one-way ANOVAs on the factor time only were also performed for the EVA 

condition. Bonferroni corrections were applied for post-hoc analysis.  Effect sizes were 

estimated according to Cohen (1988) by partial eta-squares (ηp
2), indicating a small 

(ηp
2 > 0.01), medium (ηp

2 > 0.06) or large effect (ηp
2 > 0.14). Alpha was set at p < 0.05. 

Data in the text and tables are presented as mean ± standard deviation (SD), figures 

show mean ± standard error (SE). 

ResultsIII 

Physiological measurements 

Mean HR was significantly higher during both moderate and high intensity EVA 

compared to INACT (both p < 0.001). During EVA, HR was higher for high intensity 

compared to moderate intensity (p < 0.001). HRPEAK confirmed these differences with 

significant main effects for condition (p < 0.001, ηp
2 = 0.938) and a time*condition 

interaction (p = 0.002, ηp
2 = 0.495).  

During cognitive testing, mean HR showed significant main effects for condition (p < 

0.001, ηp
2 = 0.670), time (p = 0.039, ηp

2 = 0.294) and time*condition (p < 0.001, ηp
2 = 

0.621). Post-hoc, significant differences between conditions were found for PRE, MID 

and POST testing with higher values during EVA. During EVA, PRE and MID (p = 0.001) 

as well as MID and POST (p = 0.017) were significantly different (see table 1 and figure 

2).  

Mean V̇E was significantly higher during moderate and high intensity EVA compared to 

INACT (both p < 0.001). During EVA, V̇E was higher for high intensity compared to 

moderate intensity (p < 0.001). V̇E PEAK showed significant main effects in the same 

direction for condition (p < 0.001, ηp
2 = 0.951), time (p = 0.006, ηp

2 = 0.411) and a 

time*condition effect (p < 0.001, ηp
2 = 0.772).  

As stated before the start of cognitive testing, the rating of perceived exertion (RPE) 

was consequently and significantly higher for all times during EVA compared to INACT 

(all p < 0.001). During EVA, significantly rising values were observed for PRE, MID, and 
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POST (all p < 0.001). In addition, participants reached 60 ± 9 % of HRMAX during 

moderate intensity and 69 ± 9 % during high intensity simulated EVA (p < 0.001).  

 

 

Figure 2III: Mean values and standard errors (mean ± SE) for heart rate (HR) and ventilation (V̇E) for 

both conditions (EVA, INACT). If applicable, data is presented for cognitive testing (PRE, MID, and 

POST) and 10-min-segments during either INACT or EVA (0 – 10 min, 10 – 20 min, 20 – 30 min). For 

significances and effects please refer to the text. 

 

Table 1III: Mean values and standard deviations (mean ± SD) for heart rate (HR), HRPEAK, ventilation 

(V̇E), V̇E PEAK, and rating of perceived exertion (RPE). Values are depicted for both conditions (INACT, 

EVA) during cognitive testing (PRE, MID, and POST) and as segments during the first and second 30 min 

of either INACT or EVA (minute 0-30, 0-10, 10-20, and 20-30). For significances and effects please refer 

to the text. 

 

  

Variable

HR 93 ± 12 106 ± 14 110 ± 19 106 ± 17 103 ± 14 84 ± 13 123 ± 16 119 ± 14
a

124 ± 21
a

131 ± 17 100 ± 23
a

V̇E 18 ± 3 21 ± 4 18 ± 4 17 ± 4 26 ± 4 24 ± 4 25 ± 6 28 ± 4

HR peak 112 ± 17 167 ± 29 153 ± 28 148 ± 34 151 ± 32 103 ± 15 186 ± 14 173 ± 23 178 ± 15 178 ± 18 116 ± 20

V̇E peak 33 ± 6 32 ± 7 27 ± 5 27 ± 6 46 ± 8 39 ± 9 42 ± 10 44 ± 6

RPE 7 ± 1 11 ± 2 16 ± 2

HR 87 ± 12
a

76 ± 11
a

79 ± 12
a

75 ± 11
a

75 ± 10
a

77 ± 10
a

71 ± 10 71 ± 11
a

69 ± 8
a

69 ± 7a 70 ± 9
a

V̇E 14 ± 6 9 ± 3 10 ± 4 9 ± 3 9 ± 3 9 ± 3 8 ± 3 8 ± 3 8 ± 3 8 ± 3 8 ± 3
a

HR peak 102 ± 16 99 ± 16 97 ± 17 89 ± 15 90 ± 11 89 ± 14 92 ± 12 86 ± 12 82 ± 11 87 ± 11 83 ± 12

V̇E peak 18 ± 7 18 ± 9 17 ± 9 14 ± 5 16 ± 4 14 ± 5 16 ± 7 16 ± 7 13 ± 5 14 ± 5 13 ± 4

RPE 7 ± 1 7 ± 2 7 ± 2

a
N = 15, 

b
N < 15

IN
A

C
T

E
V

A

0-30 0-10 10-20 20-30 POSTPRE 0-30 0-10 10-20 20-30 MID



 100 

Cognitive assessments 

For switching, ACCNL was significantly lower during EVA compared to INACT for MID 

(p = 0.019; d = 0.43) and POST (p = 0.005; d = 0.77). During EVA, ACCNL was 

significantly higher for MID compared to POST (p = 0.017; d = 0.65). RTNO-SWITCH 

showed no differences between conditions. During EVA, values were significantly 

higher for PRE compared to POST (p = 0.003; d = 0.64) and for MID compared to POST 

(p = 0.011; d = 0.34). RTSWITCH showed a significant main effect for time (p < 0.001; 

ηp
2 = 0.628) with decreasing RTs from PRE to POST. No interaction effect was found 

(see table 2 and figure 3). 

For inhibition, ACCFL was significantly lower during EVA compared to INACT for POST 

only (p = 0.009; d = 0.53). During EVA, differences were found with higher values for 

PRE compared to MID (p = 0.022; d = 0.69) and POST (p = 0.018; d = 0.74). A significant 

main effect for condition was found for RTCOM (p = 0.009; ηp
2 = 0.393) and RTINCOM 

(p = 0.022; ηp
2 = 0.320) with faster RTs during EVA.   

 

Table 2III: Mean values and standard deviations (mean ± SD) for the Eriksen Flanker Task and the 

Number-letter task for all conditions (EVA, INACT) and times (PRE, MID, and POST). Flanker Task: Values 

show incompatible reaction times (RTINCOM), compatible reaction times (RTCOM), and the Flanker effect 

(Flankereffect). Number-letter task: Values show switch reaction times (RTSWITCH), no-switch reaction 

times (RTNO-SWITCH), and the switch effect (Switcheffect). Accuracy (ACCFL and ACCNL) and missed 

answers (miss) are displayed for both cognitive tests. For significances and effects please refer to the 

text. 

 

 

Variable

RT INCOM 536 ± 65 545 ± 68 529 ± 65 547 ± 71 520 ± 57 546 ± 76

RT COM 471 ± 57 475 ± 60 464 ± 50 484 ± 60 447 ± 42 481 ± 65

Flankereffect 65 ± 20 69 ± 22 66 ± 23 63 ± 24 73 ± 25 65 ± 27

ACC 99 ± 1 99 ± 2 98 ± 2 99 ± 2 98 ± 2 99 ± 2

INCOR 0 ± 1 1 ± 2 1 ± 2 1 ± 2 2 ± 2 1 ± 2

Miss 0.3 ± 1 0.4 ± 1 0.6 ± 1 0.2 ± 0 0.2 ± 0 0.3 ± 1

RT SWITCH 1001 ± 131 983 ± 196 928 ± 100 888 ± 176 879 ± 116 884 ± 167

RT NO-SWITCH 805 ± 115 817 ± 195 777 ± 136 741 ± 142 728 ± 125 715 ± 102

Switcheffect 196 ± 110 166 ± 130 151 ± 98 147 ± 86 151 ± 82 169 ± 99

ACC 97 ± 3 97 ± 2 98 ± 2 98 ± 2 96 ± 4 98 ± 1

INCOR 4 ± 3 3 ± 2 2 ± 2 2 ± 2 5 ± 4 2 ± 2

Miss 0.0 ± 0 0.3 ± 1 0.1 ± 0 0.0 ± 0 0.0 ± 0 0.1 ± 0
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Figure 3III: Mean values and standard errors (mean ± SE) for both conditions (EVA, INACT) and times 

of measurement (PRE, MID, and POST). a: Number-letter task: switch reaction times (RT SWITCH), no-

switch reaction times (RT NO-SWITCH), and accuracy (ACCNL). b: Eriksen Flanker task: incompatible 

reaction times (RT INCOM), compatible reaction times (RT COM), and accuracy (ACCFL). 
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DiscussionIII
 

This study investigated the effects of a simulated EVA underwater on the EFs switching 

and inhibition. ACC was significantly lower during EVA compared to INACT for both 

tasks, and especially during POST (i.e., after high intensity exercise during EVA). RT for 

switching showed improvements from PRE to POST. Our hypotheses, that (1) the first 

30 min of upper-body interval exercise will positively affect cognitive performance, 

while (2) subsequent 30 min of increased upper-body interval exercise intensity might 

wash out any positive effects elicited by the prior moderate intensity and will show 

either no or detrimental effects on executive functions were partially confirmed. (1) The 

known positive effects of physical exercise on RTs from the laboratory also occurred 

after the specific upper-body interval exercise during EVA compared to INACT, but for 

inhibition only. RTs requiring switching ability also showed general improvements for 

both conditions over time, but no difference between conditions. Surprisingly, task 

accuracy was significantly lower during EVA compared to INACT for both switching 

and inhibition. The strongest negative effects were found for POST, preceded by a total 

duration of 60 min and higher physical exercise intensity for EVA. (2) The prolonged 

exercise duration of 60 min did not wash out or deteriorate any positive effects for RTs 

of any task, as was expected, but caused a consistent improvement from PRE to POST 

during EVA. Accuracy of the switching task, on the opposite, deteriorated significantly 

from MID to POST. Thus, our hypothesis for a prolonged exercise duration's negative 

effects can only be confirmed for task ACC, but not for RT. It should be noted that the 

observed significant differences are in a range of approximately 50 to 100 ms for RT 

and 3 % for ACC. Given the relatively small decrease in accuracy, one might argue 

that this does not necessarily imply severe operational performance decrements. Yet, 

the risks exposed to during EVA in microgravity minimize the margin for error and 

require the consideration of even small effects that could accumulate to severe 

performance limitations.  

Although the effects of exercise, duration, and intensity are not fully separable in this 

study, our data might indicate fatigue effects for > 60 min exercise durations, as 

described by Brisswalter et al. (2002) and Moore at al. (2012). This was not applicable 

for RTs, but task accuracy stagnated between MID and POST for the Eriksen Flanker 

task and even significantly deteriorated for the Number-letter task (see figure 3). These 

effects might diminish efficiency and mission safety for exhaustive long-duration EVAs, 

where space travelers attend to the main task in alternation with a second task or the 
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frequent control of suit- and environmental parameters. When considering these 

several hours-long EVAs in microgravity, one might speculate that it comes to an 

increase in the negative effects on task accuracy that we already observed after 60 

min of simulation. Both the increased mental (e.g., mission-related) and physical stress 

(e.g., exhaustion, nutritional status, hydration, pain from wearing the spacesuit) should 

be taken into account for longer-duration EVAs.   

Moderate exercise intensity, which is usually known to be most beneficial for EF, 

showed only non-significant positive effects for the RTs of the Eriksen Flanker task. 

The Number-letter task showed significant RT improvements over time for both 

conditions. These could be considered as practice effects, although cognitive tasks 

were extensively practiced before participation. In real operations after perfect 

preparation, no training effects are to be assumed and the influences of exercise on 

cognition could become clearer. Opposed to that, ACCFL was significantly reduced 

after moderate exercise (MID) while ACCNL showed an improvement that stayed non-

significant.  

High exercise intensity is usually attributed to negative effects on EFs (Ando et al., 

2005; Chmura et al., 1994; Covassin et al., 2007; Davranche et al., 2009; Labelle et 

al., 2013; Wang et al., 2013), following the inverted-U-model. During high intensity EVA 

in our study, a deterioration did not occur for RTs, but for task accuracy. While ACCNL 

decreased, ACCFL showed a stagnation. After high intensity EVA, participants might 

have tried to maintain RTs to the detriment of ACC. Still, persistent beneficial effects 

could also arise from the applied high intensity intervals, opposed to continuous 

exercise (see figure 4). Hashimoto et al. (2018) investigated high intensity interval 

exercise of approximately the same duration (i.e., 30 min) and intensity as in this study, 

and reported beneficial effects on EF performance for inhibition. These positive effects 

were attributed to the increased formation of lactate and the accompanying beneficial 

effects on cerebral metabolism and EF performance. These beneficial effects from 

interval exercise might counteract the negative effects reported from continuous high 

intensity exercise. 
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Figure 4III: Figure shows exemplary data from one participant during the EVA condition. Heart rate (HR; 

dotted line) and ventilation (V̇E; gray line) are presented as a moving mean. Cognitive testing during 

PRE, MID, and POST is marked with grey areas. 

 

Still, inconsistency between the present data and existing knowledge from the 

laboratory might be explained by a variety of reasons: (I) Although the earlier study's 

from our group reported no negative effects of water submersion on the performance 

of the Eriksen Flanker task or the Number-letter task (Möller, Hoffmann, Dalecki, et al., 

2021; Steinberg & Doppelmayr, 2017), the unique setting of simulated EVA underwater 

might alter findings. Maintaining a neutrally buoyant, free-floating, and stable position 

requires high resources for stability and posture, that might be directed away from the 

prefrontal cortex (PFC) and reduce cognitive performance, as it was already described 

for the difference between cycling and running exercise (Bayot et al., 2018; Dietrich & 

Audiffren, 2011). Depending on the participants' emphasis on either speed (i.e., RT) 

or accuracy, one of the two could degrade. (II) A change in the emphasis on either fast 

RTs or accuracy is known as a speed-accuracy trade-off. This effect might occur 

throughout just one test or the whole study and was already described for microgravity 

(Bock et al., 2010) and even during cognitive testing underwater (Fowler et al., 1985; 

Sparrow et al., 2000). Although task instructions and familiarization emphasized a 

stable processing strategy before the first condition, physical and psychological stress 

might still trigger a willing or unwilling trade-off. This might be an explanation for the 

decrease in ACC with accompanying faster RTs, especially for the switching task. (III) 



 105 

The effects of physical exercise on EF performance are also dependent on the 

application of tests either during or following exercise (Pontifex et al., 2019). We 

investigated the effects of simulated EVA exercise on subsequent cognitive tasks. 

Future studies should also evaluate cognitive-motor tasks performed during exercise 

(e.g., involving locomotion or physical strain). (IV) Most findings on the exercise-

cognition interaction are based on ergometer cycling, with only a few studies 

addressing the differences of other exercise modalities on EF performance. 

Lambourne and Tomporowski (2010) reported negative effects of running exercise 

compared to cycling on EF performance and attributed these findings to higher 

metabolic energy costs and neural interference during running. Interestingly, Hill et al. 

(Hill et al., 2019) reproduced the known positive effects of moderate exercise intensity 

with both leg-cycling and arm-cycling. However, when exercise intensity was equally 

increased, RTs were impaired after leg-cycling but facilitated after upper-body arm-

cycling with no effects on ACC. Due to less recruited muscle mass, the authors 

reasoned that oxygen availability for cognitive processes might be higher after arm-

cycling. This might explain our observed positive influence of upper-body EVA exercise 

on RTs, even after a long duration (i.e., 60 min) and high exercise intensity. (V) 

Differences of simulated EVA compared to EVA in microgravity might influence 

findings: Submersion, contrary to microgravity, offers more visual and tactical cues and 

differentiates between head-up and head-down orientation. The neutrally buoyant 

position is continuously affected by lung volume and varying water depths, while 

movement and locomotion are affected by water drag. Given that our study was the 

first to explore any interactions between physical workload and cognitive functions in 

a simulated EVA underwater, the study comes with a couple of above-discussed 

limitations such as duration, simulation parameters, movement modality, equipment 

used, and no control conditions performed on land. Although it would be desirable to 

compare EF performance underwater to normative data (e.g., EF performance in 

dependence of age or gender), the wide variety of applied tests and procedures in past 

studies do not allow for standardized comparisons yet. Thus, more investigations of 

individual characteristics are needed to identify critical performance alterations in 

unique situations including high-performers such as space-travelers. Supplementary 

to our applied RPE scales, it would be interesting to get more information on the 

participants' mood and stress levels during future simulations using inventories like the 

NASA task load index or the Profile of Mood States (POMS; Lieberman et al., 2006). 
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Lastly, we should generally note that neuropsychological measures such as EF test 

procedures are susceptible to factors such as motivation, cognitive effort, learning 

effects, strategy, and individual characteristics (Calamia et al., 2012).  

We conclude that EF performance during simulated EVA is not only affected by well-

investigated factors like exercise intensity and duration, but also by the combination 

with specific upper-body movement, interval exercise, and environment-induced 

physiological (e.g., blood shift) and psychological factors (e.g., stress, neutral 

buoyancy). Although we observed overall positive effects on RT, the deteriorated ACC 

after a long duration and high exercise intensity needs further investigation. Therefore, 

we argue that further applied research is necessary to investigate the influence of 

unique and combined factors not only on EF but also on other behavioral 

performances. 
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AbstractIV 

Oxygen-enriched air is commonly used in sport SCUBA-diving and might affect 

ventilation and heart rate, but only little work exists for applied diving settings. We 

hypothesized that ventilation is decreased especially during strenuous underwater fin-

swimming when using oxygen-enriched air as breathing gas. Ten physically fit divers 

(age: 25 ± 4; 5 females; 67 ± 113 open-water dives) performed incremental underwater 

fin-swimming until exhaustion at 4 m water depth with either normal air or oxygen-

enriched air (40 % O2) in a double-blind, randomized within-subject design. Heart rate 

and ventilation were measured throughout the dive and maximum whole blood lactate 

samples were determined post-exercise. ANOVAs showed a significant effect for the 

factor breathing gas (F(1, 9) = 7.52; P = 0.023; ƞ2
p = 0.455) with a lower ventilation for 

oxygen-enriched air during fin-swimming velocities of 0.6 m·s-1 (P = 0.032) and 0.8 

m·s-1 (P = 0.037). Heart rate, lactate, and the time to exhaustion showed no significant 

differences. These findings indicate decreased ventilation by an elevated oxygen 

fraction in the breathing gas when fin-swimming in shallow-water submersion with high 

velocity (> 0.5 m·s-1). Applications are within involuntary underwater exercise or rescue 

scenarios for all dives with limited gas supply.  

KeywordsIV 

SCUBA Diving, Nitrox, Underwater Exercise, Hyperoxia   
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IntroductionIV 

Ventilation (V̇E) is a critical factor for the duration and safety of a dive and might be 

affected by the inspiratory fraction of oxygen (FIO2) in the breathing gas. This has 

already been reported in land-based studies for rest and exercise (Andersson et al., 

2002; Dejours, 1962; Forster et al., 2012; Ulrich et al., 2017), but only little work exists 

for the context of sport-diving with SCUBA (self-contained underwater breathing 

apparatus) (Fraser et al., 2011; Peacher et al., 2010; Zenske et al., 2019), where 

breathing gases with an elevated oxygen content are commonly used (Brebeck. et al., 

2018) and the amount of gas consumed per breath increases with depth. Several 

diving-specific factors, like exertion during fin-swimming or physiological adaptions 

underwater might influence this interaction in an applied setting.  

Oxygen enriched air (EAN; i.e., inspiratory oxygen fraction (FIO2) above 21%) is the 

second most-used breathing gas besides air in sport diving, with the main purpose to 

replace nitrogen (N2) with oxygen (O2). When performing the same dive with EAN 

instead of air (AIR), N2 tissue saturation and decompression risks are reduced and no-

decompression dive-times prolonged (Brebeck. et al., 2018; Mitchell & Doolette, 2013). 

One detrimental effect of oxygen-enriched air is oxygen toxicity (i.e., inspiratory oxygen 

partial pressure (PIO2) > 140 kPa), which is known as a limiting factor for FIO2 in the 

mix and maximum depth during the dive (Brebeck. et al., 2018; Fock et al., 2013). The 

risk of nitrogen narcosis, which affects responsiveness, well-being, and cognitive 

performance under high PN2 (Balestra et al., 2012; Germonpré et al., 2017; Rocco et 

al., 2019; Steinberg & Doppelmayr, 2017), is reduced when diving with EAN. Thus, 

diving with EAN as a breathing gas has become extremely popular, especially if many 

repetitive dives are performed. 

A higher FIO2 and PIO2, respectively, in the lungs (i.e., due to a raised FIO2 in the 

breathing gas) results in a higher arterial oxygen partial pressure (PaO2) and slightly 

more O2 in the blood. In healthy subjects, this increases solely the concentration of 

physically dissolved O2, which is marginal compared to hemoglobin-bound O2. 

However, O2 delivery is a limiting factor for increased workload and especially for 

transitions in work rate, like during incremental exercise until exhaustion. In those 

scenarios, an increased O2 delivery (from an increase in PaO2) might be beneficial for 

O2 diffusion to the muscle and therefore delay the metabolic acidosis from lactate 

accumulation. This is in line with several studies reporting decreased lactate 
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accumulation during hyperoxic exercise on the bicycle (Fagraeus et al., 1973; 

Linnarsson et al., 1974; Noakes et al., 2001; Stellingwerff et al., 2006; Welch et al., 

1974; Wilson et al., 1975). Furthermore, the over-proportional increase in V̇E, among 

other things as a result of metabolic acidosis, might be postponed. This can explain 

higher peak workloads or longer submaximal exercise times (Amann et al., 2006; 

Hughson & Kowalchuk, 1995; Linnarsson et al., 1974; Noakes et al., 2001; Schaeffer 

et al., 2017). Also, a lower perceived exertion was stated for hyperoxic exercise (Allen 

& Pandolf, 1977; Peeling & Andersson, 2011). 

Peripheral arterial chemoreceptors, like in the carotid bodies, regulate V̇E by monitoring 

PO2, PCO2, and pH. Whereas hypoxemia leads to an increase of V̇E during rest, 

hyperoxia (i.e., higher PaO2) attenuates the sensitivity of those receptors (Dejours, 

1962; Forster et al., 2012; Plet et al., 1992). Furthermore, a lower heart rate (HR) was 

observed in hyperoxia during rest (Bak et al., 2007; Gole et al., 2011) as a result of 

enhanced vascular resistance and during exercise (Ulrich et al., 2017), where a 

reduced sympathetic activation was suspected as the modulating factor at steady-state 

exercise intensities. 

In submersion studies with moderate exercise on a bicycle ergometer, a lower V̇E was 

observed at depth (470 kPa ambient pressure) with a PIO2 of 21 kPa (Peacher et al., 

2010), which suggests the sole influence of submersion, and under hyperoxia (175 

kPa PIO2) (Fraser et al., 2011; Peacher et al., 2010). These studies observed no effects 

on V̇E between 70 kPa and 130 kPa PIO2, which might be attributed to the 

counteracting effects of breathing gas density at depth. However, most findings so far 

are from cycle ergometer experiments in the laboratory or a pressure chamber and did 

not consider specific sport-diving aspects like exercise modality (i.e., fin-swimming vs. 

cycling), the body-position in the water (i.e., upright vs. supine), or immersion with 

potential influences on physiological reactions such as metabolism, blood shift, and 

breathing resistance. In combination with an increased FIO2 in the breathing gas (i.e., 

56 kPa at 4 m water depth), exercise modality might affect O2 consumption and whole 

blood lactate production, at least in transient phases, and therefore the respiratory 

drive. In turn, factors like V̇E, HR, perceived exertion, and time to exhaustion (TTE) 

might be affected in an applied context during incremental exercise. Therefore, former 

findings need verification in an applied field setting for sport diving. 



 111 

In this study, we investigated the effects of either AIR (21% O2) or EAN (40% O2) as 

breathing gas on V̇E, HR, lactate concentration [Lac-], and TTE during underwater 

incremental fin-swimming. We hypothesized, that V̇E and HR are lowered for EAN at 

given fin-swimming speeds. Additionally, lower [Lac-] after exhaustive underwater fin-

swimming was expected. 

Materials and MethodsIV 

Participants 

An a priori sample size calculation (G*Power 3.1.9.2) demanded a total sample size of 

10 participants to obtain an effect size f = 0.5 and power of 1-β = 0.80 with a mixed 

design and a significance level of α < 0.05. Eleven healthy, young, and physically fit 

sport students participated in the study (see table 1). One female participant did not 

complete the velocity of 0.8 m·s-1 for both conditions and was excluded from the 

analysis (N = 10; 25 ± 4 years (mean ± SD); 5 females). Each participant performed 

two test conditions with incremental underwater fin-swimming until exhaustion, 

breathing either AIR or EAN. All tests were conducted in an indoor pool (20 x 20 x 5 

meters) in approximately 4 m water depth. A valid medical examination for diving and 

diving experience of five or more open-water dives was mandatory for participation. All 

divers were informed about the purpose and design of the study and signed an 

informed consent form before participation. Termination of participation was possible 

at all times without reasoning. An ethics committee, following the declaration of 

Helsinki, approved the study (Harriss et al., 2019).  

Table 1IV: Table shows individual values, mean values, and standard deviation for the number of open-

water dives, overall and specific fin-swimming self-stated fitness level, and weekly training hours for all 

participants (N = 10). 

 

Age 

[years] 

Weight  

[kg] 

Height  

[cm] 

Open- 

water dives 

physical training 

 [h per week] 

overall 

fitness level 

[self-stated] 

fin-swimming 

fitness level 

[self-stated] 

23 67 175 72 12 good good 

25 78 173 12 10 medium medium 

24 70 170 35 3 medium medium 

23 82 185 25 3 good good 

22 61 168 25 1 medium medium 

21 68 180 14 6 good good 

22 55 167 400 10 good good 

23 78 177 65 10 good good 

27 82 176 5 5 good medium 

36 72 178 14 2 medium bad 

25 71 175 67 6     

4 8 5 113 4     
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Study Design 

All participants performed two test conditions in a crossover, randomized and double-

blind design with a mandatory interval of 2-7 days to ensure full physical recovery. 

Neither the test conductor nor the participants knew which gas was used in which test. 

Only the study supervisor knew the organization of test conditions and gas logistics. In 

one condition, the breathing gas was normal air (AIR), and in the other oxygen-

enriched air (40% O2, enriched air Nitrox: EAN). Test conditions differed solely by the 

breathing gas (AIR, EAN). The diving gear was provided and consisted of a 3 mm 

wetsuit, a 10 L steel tank, a commercially available buoyancy control device (BCD), a 

breathing regulator, mask, and fins.  

The fit2dive-test’s underwater exercise parcours (Steinberg, Dräger, Steegmanns, 

Dalecki, & Röschmann, 2011) was utilized for incremental fin-swimming. The test was 

developed to enable specific exercise testing for sport divers, taking into account 

specific locomotion, equipment-induced water drag, and fin-swimming technique. The 

parcours consisted of a 50 m-long rope that was anchored to the bottom of the pool in 

the shape of a hexagon. Checkpoints were marked with a buoy to allow for self-

controlled fin-swimming velocity with a marching-table and stopwatch. After a 

mandatory round of slow fin-swimming for familiarization, participants then started 

swimming under the supervision of the test conductor. Fin-swimming velocity was 

increased in 150 s-long steps of 0.4 m·s-1, 0.6 m·s-1
, 0.8 m·s-1

, and 1.0 m·s-1. The test 

ended if two consecutive checkpoints could not be reached according to the marching 

chart. Participants then surfaced together with the test conductor and stated their rating 

of perceived exertion (RPE) on a scale ranging from “very light” (6) to “full exertion” 

(20) (Borg, 1982). 

Measurements 

Process during incremental exercise was tracked by the test conductor. The maximum 

time to exhaustion was noted for every participant and condition. HR and tank pressure 

was recorded with a heartrate-belt and pressure transmitter, respectively. Recordings 

were every 4 s and stored on the dive computer for later analysis. Before the start of 

physical exercise, a 3 min HR-baseline measurement was recorded in the supine 

position at 5 m water depth.  

Whole blood [Lac-] was determined from ear lobe blood samples once before 

submersion (i.e., after 30 min of rest; baseline) and five times with one-minute intervals 
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after exercise, the first sample taken immediately after the termination of exercise and 

surfacing with the participants (i.e., approx. 15 s after exercise). . The maximum lactate 

concentration [Lac-]max was determined as the highest value out of the five samples 

taken after exercise. The samples were stored cooled and analyzed the same day in 

the laboratory. 

Data processing  

V̇E was calculated for ambient pressure using tank-pressure and depth recordings from 

the diving computer. In our formula, V̇E [L·min-1] is the amount of gas consumed per 

minute, ∆𝑃𝑡𝑎𝑛𝑘 [kPa] is the difference in tank pressure throughout 40 s, 𝑉𝑡𝑎𝑛𝑘 [L] is the 

volume of the tank, and Pdepth [kpa] is the mean of depth reading (recorded every 4 s) 

throughout 40 s multiplied by 10 kPa + 100 kPa. Means for V̇E and HR were determined 

during the last 20 s of every velocity. 

V̇E = ∆𝑃𝑡𝑎𝑛𝑘 × 𝑉𝑡𝑎𝑛𝑘 × 𝑃𝑑𝑒𝑝𝑡ℎ
-1

 

The second ventilatory threshold (VT2) was estimated for both conditions by three 

experienced evaluators as the point of over-proportional increase of V̇E in relation to 

HR (see Figure 1), marking rapid lactate increase and hyperventilation (Bischoff & 

Duffin, 1995). VT2 was utilized to gain information on the participants' metabolism 

during exercise, as we could not perform spiroergometric measurements or take 

lactate samples underwater.  
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Figure 1IV: Data shows the determination of the ventilatory threshold at the disproportional increase of 

Ventilation (V̇E) in ratio to heart rate (HR). Example of one subject. 

 

Table 2 shows means and standard deviations for V̇E, HR, and time at VT2 for the 

three independent estimations. Figures show means and 95% Confidence intervals. 

Mean values for V̇E and HR throughout the exercise were calculated over the last 20 s 

at rest and for every fin-swimming velocity.  

Statistics 

Using SPSS statistics 25 (IBM, USA), all variables were checked for a violation of 

normal distribution using the Shapiro-Wilks test. Alpha was set to 0.05. Two-way 

ANOVAs with repeated measures on the factors gas (AIR, EAN) and velocity (Rest, 

0.4 m·s-1, 0.6 m·s-1
, and 0.8 m·s-1) were calculated for HR, V̇E and [Lac-]. Multiple mean 

value comparisons according to Bonferroni and one-tailed pairwise comparisons were 

used to investigate significant results. The correlation between [Lac-]max and TTE was 

investigated using the correlation coefficient from Spearman. For main-effects, effect-

sizes were estimated using partial eta squared (ƞ2
p), where values = 0.01 indicate a 

small effect, values = 0.06 a medium effect and values = 0.14 a large effect. For post-

hoc comparisons, Cohen’s d was computed as the quotient from the difference 

between two means and the mean standard deviation, where values between 0.2 and 

0.5 indicate a small effect, values between 0.5 and 0.8 a medium effect and values > 

0.8 a large effect (Cohen, 1988).  
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ResultsIV 

The analysis of V̇E produced significant main effects for the factor gas (F(1, 9) = 7.52; 

P = 0.023; ƞ2
p = 0.455) and velocity (F(1.25, 11.21) = 39.59; P < 0.001; ƞ2

p = 0.815). 

An interaction effect for gas*velocity could not be found (F(1.51, 13.52) = 2.52; P = 

0.126; ƞ2
p = 0.220). Post-hoc, values for EAN were significantly lower compared to AIR 

during the velocities of 0.6 m·s-1 (P = 0.032; d = 1.02) and 0.8 m·s-1 (P = 0.037; d = 

0.47). Participants reached VT2 at a similar time during exercise (AIR, EAN) with no 

significant differences for HR and V̇E (see figure 2 and table 1). 

 

Figure 2IV: The X-axis depicts rest and the velocities 0.4, 0.6, and 0.8 m·s-1. Means and 95% confidence 

intervals are shown for heart rate (upper two graphs) and ventilation (V̇E, lower two graphs) for the 

conditions normal air (AIR) and oxygen-enriched air (EAN). *P <  0.05 for comparisons of breathing 

gases (AIR vs. EAN). 

 

HR showed a significant main effect for velocity (F(1.75, 15.74) = 154.27; P < 0.001; 

ƞ2
p = 0.945), but not for gas (F(1,9) = 0.691; P = 0.427; ƞ2

p = 0.071) or gas*velocity 

(F(1.58,14.18) = 0.453; P = 0.599; ƞ2
p = 0.048). [Lac-] did not show any significant 

variations between EAN and AIR (F(1, 9) = 0.16; P = 0.699; ƞ2
p = 0.017, see figure 3). 

No difference for TTE or RPE during exercise was found between conditions (F(1, 9) 

= 0.037; P = 0.852; ƞ2
p = 0.004, see table 2). 
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Figure 3IV: Means and 95% confidence intervals for samples of whole blood lactate concentrations [Lac-

] from the earlobe. Samples were taken once before exercise (Rest) and every minute for five times 

directly following incremental exercise (Post + x min). 

 

For AIR, Spearman correlation coefficient showed a significant correlation for [Lac-] 

and TTE (rs = 0.638; P = 0.047). A correlation with EAN showed no significant effects 

(rs = 0.329; P = 0.353).  
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Table 2IV: Mean values for ventilation (V̇E [L]) and heart rate (HR [min-1]) were calculated for the last 20 

seconds of every velocity (Rest, 0.4, 0.6, and 0.8 m·s-1). The maximum whole blood lactate [Lac-]max 

[mmol·L-1] was the highest lactate sample taken after incremental exercise. The maximum time to 

exhaustion (TTE) was the time accomplished during incremental exercise. The rating of perceived 

exertion (RPE) was stated directly after exercise. HR, V̇E, and time for ventilatory threshold (VT2) were 

estimated by three experienced evaluators. Table shows means ± standard deviation. *P < 0.05 for 

comparisons of breathing gases (AIR vs. EAN). 

 

  

  variable EAN [40% O2] AIR [21% O2] 

Rest 

[Lac-] [mmol·L-1] 1.31 ± 0.5 1.43 ± 0.6 

HR [bpm] 96 ± 12 96 ± 13 

V̇E [L·min-1] 17 ± 7 18 ± 6 

0.4 [m·s-1] 
HR [bpm] 111 ± 8 108 ± 14 

V̇E [L·min-1] 22 ± 4 22 ± 6 

0.6 [m·s-1] 
HR [bpm] 145 ± 14 140 ± 19 

V̇E * [L·min-1] 35 ± 7 44 ± 12 

0.8 [m·s-1] 
HR [bpm] 171 ± 10 170 ± 14 

V̇E * [L·min-1] 63 ± 26 74 ± 25 

VT2 

HR [bpm] 149 ± 19 153 ± 13 

V̇E [L·min-1] 34 ± 10 38 ± 10 

Time [s] 327 ± 74 344 ± 83 

Max 

RPE [a.u.] 16 ± 2 15.9 ± 1.7 

TTE [s] 480 ± 62 480 ± 71 

[Lac-]max [mmol·L-1] 6.9 ± 1.2 7.1 ± 1.4 
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DiscussionIV 

Our results show a significantly lower V̇E with EAN for the fin-swimming velocities of 

0.6 m·s-1 and 0.8 m·s-1 in shallow underwater settings compared to AIR. Surprisingly, 

[Lac-]max after exercise did not show any significant differences between AIR and EAN. 

We observed no differences or correlations for HR, TTE, or the ventilatory threshold. 

Thus, it can be speculated why the effect of a lower V̇E only shows for high velocities. 

In normobaric conditions, hemoglobin in arterial blood is typically saturated for 97% or 

higher. Whereas increased PO2 has no relevant effects on hemoglobin saturation, the 

concentration of physically dissolved oxygen increases linearly according to the 

ambient pressure (Henry’s law) (Bosco et al., 2018). For normobaric conditions, the 

dissolved O2 concentration for an alveolar PO2 of 15 kilopascal (kPa) can be 

approximated to 3 mL·L-1 for AIR and 6.8 mL·L-1 for EAN (i.e., 34 kPa alveolar PO2), 

respectively, when assuming a physical solubility for O2 of 0.2 mL (L·kPa)-1 (Zander, 

1981). The inspiratory PIO2 for EAN in the present study results in more than two times 

of physically dissolved O2 in the arterial blood [O2 art] when compared to AIR (see table 

3). At 25 m, which is a common water depth in sport diving, breathing EAN leads to an 

O2 art of 26.8 mL·L-1. 

Table 3IV: Relation of inspiratory and alveolar oxygen partial pressure (PO2 [kPa]) and the related arterial 

O2 concentration [O2art] for AIR (21% O2) and EAN (40% O2) as breathing gases. Data were calculated 

for normobaric (100 kPa) and hyperbaric (140 kPa and 350 kPa, respectively) underwater conditions. 

 

We assume that during rest and low velocities (i.e., 0.4 m·s-1), the muscles’ oxygen 

demand is sufficiently covered. With increasing exercise intensity, the delay of 

cardiovascular adaptations to the working muscles increased O2-demand then creates 

    EAN [40% O2] AIR [21% O2] 

    PO2 [kPa] [O2art][mL·L-1] PO2 [kPa] [O2art][mL·L-1] 

normobaric 

[100 kPa] 

inspiratory 40   21.0   

alveolar 34 6.8 15.0 3.0 

hyperbaric 

[underwater] 

[140 kPa] 

inspiratory 56   29.4   

alveolar 50 10.0 23.4 4.7 

hyperbaric 

[underwater] 

[350 kPa] 

inspiratory 140   73.5   

alveolar 134 26.8 67.5 13.5 

 



 119 

a local oxygen deficit (Mallette et al., 2018; Sperlich et al., 2013). An increased O2 

supply and the accompanying greater amount of oxygen in the blood increase oxygen 

uptake (V̇O2), and could enhance the diffusion of oxygen to the muscle (Stellingwerff 

et al., 2006). As a result, additional glycogen oxidation could attenuate the 

accumulation of lactate and respiratory acidosis (Mallette et al., 2018; Plet et al., 1992; 

Ulrich et al., 2017). Hyperoxia (e.g. hyperbaric conditions underwater) might reduce 

the amount of metabolic anaerobic glycolysis at least during transient phases after 

increased exercise intensity (Prieur et al., 2002), thus reducing lactate production and 

maintaining a higher ph-value with a slower increase in V̇E from an alleviated 

respiratory drive (Plet et al., 1992; Prieur et al., 2002). This seems especially relevant 

with a decreased oxygen deficit during work rate transitions and high intensity exercise 

(Linnarsson et al., 1974; Prieur et al., 2002; Sperlich et al., 2013), where the 

acceleration of V̇O2 kinetics must be assumed (Macdonald et al., 1997; Prieur et al., 

2002). These metabolic adaptions and their influence on VT2 could be backed up in 

future studies involving spirometric measurements.  

It should be noted that other studies reported decreases in V̇E during hyperoxic 

exercise accompanied by a decrease in blood lactate (Byrnes et al., 1984; Hogan et 

al., 1983; Kane, 2014; Stellingwerff et al., 2006), which is inconsistent with our data 

(see (Mallette et al., 2018) for a review). Differences in [Lac-] might become clearer 

with measurements conducted during exercise, which was not possible in this 

experimental setup. In this study, maximum values measured after exercise might not 

reflect the metabolic state during exercise. Some authors also emphasized the 

relevance of individual physical fitness and exercise intensity (Stellingwerff et al., 2006) 

as well as recruited muscle mass (Cardinale & Ekblom, 2018) on lactate production 

during hyperoxic exercise. In line with our findings, Pederson et al. reported only non-

significantly lower [Lac-] during submaximal exercise involving small muscle groups 

(Pedersen et al., 1999). Although these differences between underwater fin-swimming 

and modalities like running and cycling might explain our findings, new technologies 

for continuous underwater lactate measurements should be employed in future 

studies. 

TTE and RPE, which did not differ between conditions in our study, most likely depend 

on exercise modality (i.e., running vs. cycling), the applied exercise test (i.e., time trials, 

constant work rate, incremental exercise), exercise duration, and FIO2 (Mallette et al., 

2018). Some studies reported a prolonged TTE and RPE in hyperoxic settings (Amann 
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et al., 2006; Linossier et al., 2000; Mallette et al., 2018; Ulrich et al., 2017), whereas 

Peeling et al. observed influences on RPE only with FIO2 > 100 kPa (Peeling & 

Andersson, 2011). In the present study, work rate stages during incremental exercise 

were defined by velocity rather than power. In contrast to exercise in the laboratory, 

water-resistance underwater increases exponentially with velocity, thus making an 

increase in work rate more difficult, especially during high intensity exercise. The 

absence of a prolonged TTE was likely dependent on the individual fin-swimming 

efficiency and leg strength, for whose reasons individual physical exhaustion was not 

reached in every test. Future studies should investigate these effects for different water 

depths, PO2, and prolonged constant work rates.  

ConclusionsIV 

Our results reveal a significantly lower V̇E for high-intensity fin swimming (i.e., ≥ 0.6 

m·s-1) in shallow water in hyperoxia (PIO2 = 56 kPa) compared to normal air. No effects 

were observed for [Lac-]max, TTE, and RPE. Hyperoxic gases like EAN40 (= 40% O2) 

are frequently used by sport divers and gas consumption plays a major role in planning 

and executing dives with a limited gas supply. During a dive at 20 m water depth, our 

results would suggest 270 L less gas consumed for 10 min of fin-swimming at 0.6 m s-

1, when using EAN instead of normal air (i.e., 27 bar or ~ 400 psi less in a 10 L dive 

tank). This velocity can be considered reasonable when swimming against a current. 

Although exercise intensity, -modality, ambient pressure (i.e., increased PIO2 at depth), 

and accompanying increased breathing gas density must be considered as modulating 

factors, the use of hyperoxic gases in sport diving could lower V̇E in shallow water 

contexts and therefore increase the duration or safety of the dive with higher gas 

reserves.   
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AbstractV 

Time efficiency is crucial when teaching SCUBA-diving with limited practice time. 

Safety skills must be learned with sufficient quality and still be mastered after long 

breaks and in critical situations. We hypothesized a rule-directed learning approach 

(RL), which provides the learners with information on the best way to perform a skill, 

to show good initial results but less stability over time. Discovery learning (DL), which 

enables learners to experience more variability and to find individual solutions, might 

support greater stability over time and higher robustness to stress and fatigue.  

25 beginners (age:22.5±2.7; 5 females) were randomly assigned to RL (N=13) or DL 

(N=12) and received the same general criteria for successful deployment of a surface 

marker buoy. Only RL got additional visual presentation and explicit instructions. Six 

acquisition trials were conducted. Three evaluation trials were performed, video-

recorded, and independently rated for water-position/trim, time, and safety-aspects 

(Pre). Another three rated trials were performed after 45 (±5) days without further 

practice (Retention). 

Safety performance was rated higher for RL both during Pre (P<0.001) and Retention 

(P<0.001), but RL took significantly more time during Pre (P<0.001) and Retention 

(P<0.001) and reported a significantly higher perceived performance quality during 

Retention (P=0.014) compared to DL. Trim performance improved for RL and 

deteriorated for DL from Pre to Retention.  

Performance quality in unique aspects of the new skill seems to benefit more from 

explicit instructions with a detriment for speed. The suspected higher learning for DL 

and robust performance in the Retention test could not be observed. 
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HighlightsV 

• The methods of rule-directed and discovery learning were investigated in an 

applied underwater setting for the complex movement-skill sequence of surface-

marker-buoy deployment 

• Rule-directed learners showed better performance for safety-related aspects of 

the skill with a detriment for overall speed 

• Performance of fundamental aspects like buoyancy and trim control deterio-

rated from Pre to Retention (+45 days) for the discovery-learning group but im-

proved for the rule-directed group 

KeywordsV 

SCUBA-diving, Didactics, Education, implicit-learning, explicit-learning 
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IntroductionV 

Learning new skills in recreational SCUBA-diving is relevant for certification and overall 

safety in the unique underwater environment. Teaching in the context of recreational 

diving is especially challenging: Practicing skills underwater requires the attendance of 

a diving instructor, specialized SCUBA equipment, access to open or confined water, 

and is further limited by gas supply, water temperature, and overall logistics, including 

costs. When beginners learn to dive, the time available for practice is often severely 

limited (i.e., minimum requirements are five dives at 20 min each, which are only in 

part used for learning skills, CMAS, 2022). Another problem is the long periods 

between learning safety-relevant movement skills in a course and the later application 

without an instructor in open water dives when movement skill performance might have 

decreased. This is especially true when a beginner's certificate (e.g., according to 

standards such as EN ISO 24801-02, which describes contents for the lifetime-valid 

"open water diver" or "CMAS*") is achieved locally in preparation for future diving trips 

abroad (e.g., during a holiday). Therefore, it is necessary to teach skills with regard to 

time efficiency, quality, and consistency over longer periods and explore the possible 

benefits of different didactic methods to ensure sufficient performance and prevent 

accidents (Denoble, 2019). Standard practice in SCUBA-diving courses is a very 

structured, standardized, and rule-directed approach. So far, only very little work exists 

on different teaching methods for this specific sport (see limitations for the role of trait-

anxiety on overall performance (Morgan et al., 2004; Steinberg & Doppelmayr, 2015; 

F.-H. Tsai et al., 2020). 

Common explicit and rule-directed methods in sports education have been extended 

with more implicit approaches over the last decades (Maxwell et al., 2000; van Duijn 

et al., 2020; Wulf, 2013). Explicit instructions, which are essential during rule-directed 

learning, are known for fast increases in performance but high dependence on the 

learners working memory capacity (Kleynen et al., 2014). Learning complex movement 

sequences such as diving skills (e.g., dance routines (Cortese & Rossi-Arnaud, 2010)) 

post even higher demands on working memory capacity, thus making explicit teaching 

approaches disadvantageous for individuals with low (Buszard et al., 2017) or even 

compromised working memory capacity (Steenbergen et al., 2010). In addition, 

performance might deteriorate after longer breaks when being highly reliant on working 

memory. Because working memory capacity is rarely assessed and heterogeneously 

developed in the general population, it might be a modulating factor for learning 
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outcome (Kal et al., 2018). Explicit instructions are prominent in sport-specific learning 

settings and can positively impact performance after the initial acquisition, but the 

results might be less stable over time or in transfer and dual-task scenarios (Kal et al., 

2018; Lam et al., 2009). Explicit verbal instructions paralleling the learning process 

might be beneficial for many sports but restricted during underwater scenarios with 

limited communication.  

Alternative approaches might both extend the repertoire for diving instructors (i.e., and 

thus respond to their individual preferences) and positively influence learning outcome 

and movement skill performance in the unique underwater environment. Good results 

have been reported for the implicit method of analogy learning, although performance 

seems to depend on verbal preference (van Duijn et al., 2020), and for different 

variations of discovery learning (Raab et al., 2009; M. Reid et al., 2007). The latter is 

often described as making repeated attempts to perform a specific skill based on a 

working hypothesis (i.e., an intended goal) and modifying the technique based on 

interim results (Vereijken & Whiting, 1990). The higher degree of flexibility was 

described to allow learners to experience more variability of task solutions (Davids, 

2004), which might be beneficial for the application of skills within highly variable 

underwater contexts. Both guided (i.e., information on the goal of the learning process) 

and unguided discovery learning seem to enhance movement skill performance when 

compared to rule-directed methods (Jackson & Farrow, 2005; Smeeton et al., 2005), 

although early acquisition (i.e., beginners) might benefit from some degree of guidance 

(Mayer, 2004). It was shown that, compared to rule-directed learning, declarative 

knowledge was reduced in guided discovery learning (Jackson & Farrow, 2005), which 

might be beneficial for complex sequences of movement-skills and learners with a 

reduced working memory capacity (Raab et al., 2009; Steenbergen et al., 2010). 

While many studies consider discovery learning to be mostly explicit based on the 

build-up of declarative knowledge during hypothesis-testing (L. Hardy et al., 1996; Liao 

& Masters, 2001; Masters, 1992), others described the method or aspects (i.e., 

perceptual discovery learning (Raab et al., 2009)) as implicit (Berry & Broadbent, 1988; 

M. Reid et al., 2007). Many authors agree that a dichotomous distinction is not possible 

in applied sports settings, and both implicit and explicit aspects are present during 

discovery learning (Magill, 1998; Reber, 1997; A. Mark Williams et al., 2002). Possible 

implicit shares during discovery learning might imply additional benefits for teaching 

SCUBA-diving, as rather implicitly learned movement-skills become more automated, 
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are less reliant on explicit knowledge, and therefore more robust over time, and are 

executed more consistently in highly demanding scenarios and environments (Kal et 

al., 2013; Kal et al., 2018; Masters, 1992; Masters et al., 2008; Raab et al., 2009; Wulf 

et al., 2001). More stable and consistent performance over time could be considered 

a higher learning outcome and be more important than the initial performance directly 

following acquisition, especially in the unique context of SCUBA-diving education. 

Considering the challenging and complex underwater environment, implicitly learned 

diving skills might be executed with a high-performance level even after long periods 

without practice (e.g., between the initial learning phase and a diving holiday) and 

especially during highly demanding situations (e.g., during emergencies). It should also 

be noted that diving skills could be considered as dual-task scenarios because the 

execution of the main movement-skill is always paralleled by the constant monitoring 

and adjustment of water position, trim, and buoyancy, which might alter previous 

findings. Improved performance of movement skills after implicit compared to explicit 

learning, possibly due to automation (Kal et al., 2018), may be even more marked in 

dual-task scenarios (Abernethy, 1988). 

On a side-note, providing instructions for learners either to supply information on the 

objective of the learning process (i.e., discovery learning) or to provide explicit 

instructions for the acquisition phase (explicit rule-directed learning) might result in a 

different setting of emphasis on various parts of the movement skill: Beneficial effects 

have been reported for performance and for learning (i.e., more permanent changes) 

when advice and cues are focused externally (i.e., on the effect of the movement), like 

it is common in discovery-based learning, rather than internally (Bacelar et al., 2022; 

Singh & Wulf, 2021) (i.e., on specific body movements; see Wulf et al. for a review 

(Wulf, 2013)). Because focus setting might impact the results of our main research 

question, we integrated a short questionnaire to investigate the extent to which 

participants focused on several aspects of the skill. We assumed rule-instructed 

learners to have focused more internally and to a higher extent on single items of the 

movement skill. 

A wide variety also exists in studies investigating the time-span between the initial 

learning phase and the retention test (i.e., between a few hours and up to 7 days), but 

> 24 hours are generally considered beneficial for movement performance (Lohse et 

al., 2014). However, this time span might vary and should be considered longer in 

sports diving, thus altering results.  
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Teaching movement skills in SCUBA diving demands adapted methods that consider 

the restricted possibility for verbal cues, a demanding environment with possible dual-

tasks, such as monitoring depth and trim, the limited time for practice, and possibly 

long retention times between learning and application in autonomous open-water 

scenarios. Discovery learning might be an alternative method with a variety of 

beneficial effects that have not yet been applied in the underwater context. Therefore, 

rule-directed learning (RL) and discovery learning (DL) were investigated concerning 

movement-skill performance for several diving-specific aspects, both after an initial 

learning phase and after approximately six weeks without further practice. We 

hypothesized that when teaching a safety-related movement skill, like the complex 

deployment of a surface marker buoy (SMB), (I) the rule-directed learning group (RL) 

would initially achieve similar movement performance compared to the discovery-

learning group (DL); however, (II) that the learning-outcome might be higher for DL, 

thus resulting in more stable performance over time and a lower deterioration after 

longer breaks, when compared to RL.  

MethodsV 

Participants  

An a priori sample size calculation (G*Power 3.1.9.2) demanded a total sample size of 

24 participants to obtain a moderate effect size f = 0.4 and power of 1-β = 0.95 with a 

mixed design and a significance level of α < 0.05. This effect size was considered 

appropriate to reveal effects with practical relevance. In total, 28 healthy and medically 

fit diving beginners were recruited for the study; however, only 25 completed both tests 

and, thus, were included in the analysis (age: 22.5 years (2.7); 5 females). This group 

should be considered highly homogeneous in fitness, as all participants were active 

sport students, approximately the same age, and had very similar SCUBA-diving 

experience in the pool. All participants in this randomized study performed two dives, 

each with a time interval of 45 ± 5 days. Inclusion criteria were a completed university's 

indoor diving course (i.e., one term length) and no further open-water diving 

experience. Participants received information about the purpose and procedure of the 

study and gave written consent before involvement. The study was approved by the 

university's ethics committee, following the Declaration of Helsinki rules.  

Materials 
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The diving equipment consisted of a 12-liter (L) steel tank, a buoyancy control device 

(BCD), a breathing regulator, fins, a personal mask, and no wetsuit. All conditions were 

conducted in the swimming facilities of the German Sport University Cologne (20 x 20 

x 5 meter (m)) with a constant water temperature of 28° C. For practice trials, 

participants were not restricted to any part of the pool. Video-recorded test trials were 

performed starting above a marker on the pool bottom and recorded by frontal and 

lateral cameras (approx. area: 6 x 6 x 6 m). The SMB (140cm x 15cm) had an open 

bottom without any sealings or valves and was pre-attached to 15 m of line on a 

standard reel. The complete SMB kit consisted of the buoy and reel which were 

connected with a double-ender carabiner.  

Experimental Conditions  

SMB deployment must be considered an important skill that requires a complex 

sequence of movements. Because of its role for SCUBA-diving safety, it recently 

became a mandatory skill within the beginners' certification in Germany (German 

Divers License-1 / CMAS-1), thus making the topic very relevant for beginners' 

education. During the first test, each participant received a short introduction about the 

relevance of SMB deployment in sports diving. Pilot-testing showed this goal-directed 

information to be necessary, as most participants had no prior knowledge about the 

equipment or its purpose (i.e., opposed to sports that are more medially present). 

These constraints towards a prescribed goal might be considered as guidance during 

discovery learning, although no further information was offered during the learning 

process.  

In addition, all participants received the criteria used for later evaluation by experts. 

These criteria included a horizontal and stable position in the water (i.e., positioning 

and trim), no risk of entanglement, and a fully-inflated and upright buoy on the surface 

(i.e., safety). Concerning all those criteria, the movement performance was to be 

conducted as swiftly as possible (i.e., time). These general criteria supported an 

external focus on desired effects but provided no information on how to achieve good 

movement-skill performance (see table 1 for a summary of all criteria). The information 

above was provided to all participants in a standardized video without any visual 

presentation of the skill or clues for successful practice.  

Only then were participants randomly assigned to either the discovery-learning group 

(DL; N=12) or the pre-practice information, rule-directed-learning group (RL; N=13). All 
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participants were asked to refrain from communication with one another, and no 

parallel testing was conducted. 

Before entering the water, the RL group watched an additional tutorial video including 

visual instructions, explicit guidance, and cues: general tips (e.g., take breaks to check 

your buoyancy and position; use visual references) and specific solutions for segments 

of the performed movement-skill were provided (e.g., how to: hold the buoy, spool, and 

regulator; best inflate a buoy using a regulator; roll up the spool; ensure and check a 

fully-inflated and upright buoy). These specific instructions can be considered to evoke 

an internal focus of attention (Wulf, 2013). RL should follow these instructions while 

DL received no additional information (see table 1 for details).  

Table 1V: Left: General criteria were provided by video for both the rule-directed (RL) and discovery-

learning group (DL). Right: Additional instructions and cues on the movement skill were provided with 

an additional video for RL only. 

 

 

Acquisition: After submerging with a safety diver and 5 minutes (min) of underwater 

familiarization, participants performed six practice trials with the SMB. Total practice 

time was approximately 15 minutes.  After each trial, the safety diver took over the 

deployed buoy and provided a new, originally assembled kit. Note: Acquisition was 

conducted before the Pre-test because the movement skill was entirely new to all 

participants. Thus, an initial baseline test was not possible without any explanatory 

information (see above). Pre-test: At a pre-arranged signal, the participant moved into 

position for three consecutive video-recorded trials. During the interval between the 

Pre- and Retention-test (45 ± 5 days), participants were asked to refrain from any 

practical (i.e., diving) or mental (i.e., watching videos or instructions about the skill) 

training. Retention: Participants received no further information or training but 

conducted 5 min of mandatory underwater familiarization (i.e., without the SMB). Then, 

three consecutive trials were performed and video-recorded.  
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Figure 1V: The underwater setup consisted of a marked area on the bottom of the pool as an orientation 

for the participants’ positioning for performing the movement skill and both frontal and lateral cameras. 

The time-course of the study for the rule-directed (RL) and discovery-learning group (DL) is shown in 

the lower section of the figure. 

 

Video recording and evaluation 

All test trials were recorded with an underwater camera both from a frontal and lateral 

position simultaneously. Three experienced experts rated the participants' 

performance on a scale from 1 (poor) to 5 (excellent). All experts were external SCUBA 

dive instructors ISO 24802-2 or higher and not involved within planning or conduction 

of the study. Performance was evaluated for eight sub-criteria to the main criteria 

positioning and trim, safety, and time. Overall scores for these main criteria were then 

calculated as summated values from the sub-criteria (see table 3 in the results section). 

Each expert rated all test trials from all participants in a randomized order, using both 

frontal and lateral video material. Inter-rater reliability (IRR) was assessed using a two-

way mixed, consistency, average-measures intra-class correlation (ICC) (McGraw & 

Wong, 1996). The degree that experts assessed provided consistency in their ratings 

of criteria across all subjects. ICC cut-offs were determined following (Cicchetti, 1994), 

with poor ICC values being < .40, fair values between .40 and .59, good values 

between .60 and .74, and excellent for values > .75.   



 131 

Questionnaires 

Participants gave general information about their age, self-assessed general fitness 

level, and self-assessed level of expertise in sports-diving based on their prior 

beginners' training in the pool. Before every test, they stated their current mood from -

5 (very bad) to +5 (very good; C. J. Hardy & Rejeski, 1989) and their perceived level 

of activation (i.e., arousal) from 1 (low activation) to 6 (high activation; see table 2; 

Svebak & Murgatroyd, 1985), which has previously been applied in similar ways for 

diving studies(Morgan et al., 2004; Steinberg & Doppelmayr, 2015). After every test, 

participants self-assessed both their perceived movement-performance (1=poor to 

5=excellent) and their emphasis (i.e., focus) on a variety of sub-criteria to positioning 

and trim, safety, and time on a scale from 1 (not relevant) to 5 (very relevant). These 

criteria were the very same later rated by the evaluators and involved the body-

positioning in the water (i.e., head up, head down, neutral), vertical or horizontal 

movement, the amount of air in and the position of the buoy on the surface, the amount 

of slack in the reel line, safety issues of any kind (e.g., entanglement), and overall time 

(see table 3 in the results section). It was assumed that RL might focus on different 

items of the movement skill to a higher extent than DL, which might be interpreted as 

a more internal focus and point towards a higher amount of declarative knowledge.  

Table 2V: Participants stated their self-assed general fitness level (i.e., in hours per week of physical 

training) and diving-specific expertise level (i.e., with respect to the content of their beginners diving 

course). Activation and mood scores were assessed before each test. All data is shown as mean ± 

standard deviation for all participants and separate for the rule-directed (RL) and discovery-learning 

group (DL). 
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Data processing and statistics 

Resulting ICCs from the experts' ratings were all fair (three aspects) or higher, 

indicating a high degree of agreement and suggesting that criteria were rated similarly 

across experts (see table 3 in the results section). The high ICCs suggest that a 

minimal amount of measurement error was introduced by the independent experts. 

Therefore, statistical analysis is not substantially biased. Ratings were therefore 

deemed to be suitable for use in the hypothesis tests of the present study. 

For all evaluated criteria, medians (MED) with 25 % and 75 % quartiles were calculated 

over the three recorded trials and the three independent scores by the evaluators. 

Since ordinal data were analyzed, only non-parametric test procedures were applied. 

Calculating Mann-Whitney-U-tests, performance ratings were analyzed for group 

differences within each test day. In addition, the differences in ratings between Pre and 

Retention values were analyzed concerning the within-subject factor group (i.e., DL, 

RL). Spearman bivariate correlations were computed for the effects of mood, 

activation, fitness level, and diving-specific fitness on the evaluated criteria and self-

reported emphasis (see table 3). The alpha level was set to 0.05. Effect sizes for 

significant results were then stated as r, where r > 0.1 indicates a small effect, r > 0.3 

indicates a medium effect, and r > 0.5 indicates a large effect (Fritz et al., 2012).   
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ResultsV 

Overall safety performance was higher for RL compared to DL both during Pre (P < 

0.001, r = 0.79) and Retention (P < 0.001, r = 0.84), but participants from the RL group 

needed significantly more time to complete the skill both during Pre (P < 0.001, r = 

0.75) and Retention (P < 0.001, r = 0.74). Nevertheless, RL reported a significantly 

higher perceived quality of execution during Retention (P = 0.014, r = 0.54) compared 

to DL. No significant differences emerged for the factor trim (Pre: P = 0.849, Retention: 

P = 0.191). 

The analysis over time between Pre and Retention revealed significant differences 

between groups for positioning and trim (P = 0.034, r = 0.4) and its sub-criteria. Trim 

performance for DL deteriorated from Pre to Retention, while trim performance for RL 

improved (see table 3 and figure 2).  

The self-reported emphasis on specific aspects of the movement differed between 

groups during Pre for vertical movement (P = 0.046; r = 0.41; higher emphasis for RL) 

and SMB inflation (P = 0.008; r = 0.53, higher emphasis for DL), and during Retention 

for SMB inflation (P = 0.060; r = 0.40, higher emphasis for DL) and an upright SMB (P 

= 0.046; r = 0.42, higher emphasis for RL). 

Table 3V: Pre and Retention data is depicted as ratings from the experts (upper part) and self-reported 

focus assessed by the participants after each test (lower part) as medians (MED) with 25 % and 75 % 

quartiles for the criteria position/trim, safety, time, and their sub-criteria. The perceived quality of the 

movement skill was rated by participants only. Rows are arranged to show data as medians for all 

participants (ALL) and assigned to the rule-directed (RL) and discovery-learning group (DL). Intra-class 

correlation (ICC) is stated for all values assessed via video by the experts. Significant differences 

between RL and DL are marked with *. Differences in movement performance between groups from Pre 

to Retention are marked with ³. Significant positive correlations of values with participants' self-reported 

general fitness level (¹) and diving-specific expertise level (²) are also marked.to Retention are marked 

with ³. Significant positive correlations of values with participants' self-reported general fitness level (¹) 

and diving-specific expertise level (²) are also marked. 
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During Pre, the participants self-reported general fitness level correlated positively with 

their performance in the sub-criteria trim (P = 0.023, r = 0.44) and vertical movement 

(P = 0.021, r = 0.46) of positioning & trim. During Retention, this correlation remained 

for vertical movement (P = 0.050, r = 0.40). The self-reported diving-specific expertise 

level positively correlated with perceived quality of movement performance. 

Concerning group differences, a correlation between the self-reported fitness level and 

the main criteria safety emerged during Pre (P = 0.026, r = 0.60) and Retention (P = 

0.050, r = 0.54) for RL only (see table 3 and figure 2). The self-stated mood and 

activation levels did not correlate with overall performance in the movement skill or 

group assignment.  

 

Figure 2V: The main criteria trim, safety, time, as well as the self-reported perceived quality of movement 

execution are depicted as medians (MED) with 25% and 75% quartiles for Pre and retention and the 

rule-directed (RL) and discovery-learning group (DL). Horizontal line: Median; X: Mean value; Dots: 

Individual values. Significant differences between groups or over time (i.e. from Pre to Retention) are 

marked with *. 
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DiscussionV 

Our results showed that the rule-directed learning group (RL), in comparison to the 

discovery-learning group (DL), achieved significantly better ratings for safety 

performance during both Pre and Retention. Still, RL took more time to complete the 

movement skill during both tests. From Pre to Retention, changes in trim performance 

were significantly different between groups with improvements for RL, but 

deteriorations for DL. On this basis, our hypotheses are only partly confirmed. It can 

be assumed that (I) rule-directed teaching results in initially better performance 

compared to discovery-learning, at least concerning safety aspects. (II) The 

assumption that the possibly more implicit method of discovery learning results in a 

more stable performance over time must be rejected.  

Rule-directed teaching showed overall beneficial effects for safety performance which 

might be attributed to several aspects: While positioning and trim can be considered 

as basic skills in diving (i.e., and have been practiced in the beginners' indoor course), 

specific safety-related aspects, like the handling of the SMB, the danger of 

entanglement, and the amount of air in and the orientation of the SMB on the surface 

were new to all participants. Therefore, it can be speculated that performance in these 

new movements profited by explicit instructions with advantages over discovery 

learning, at least within the available time for practice. Nevertheless, longer practice 

times are reported to be beneficial for DL and might alter these results (Maxwell et al., 

2000). In addition, it can be speculated that DL took longer to find the best-working 

solution to perform the skill, as no feedback on potential errors was received (Masters 

et al., 2008). Long-term effects of the different teaching methods, which can be 

interpreted as learning outcome, showed group differences for trim performance only 

with an increase for RL and a decrease for DL. In line with that, participants of RL 

reported a significantly higher perceived quality of their movement-skill performance 

compared to DL in the retention test (i.e., they were more satisfied with their 

performance). It might be that these participants were already more familiar with the 

basic aspects of positioning and trim from their beginners' course, thus enabling 

positive embodied feedback processes for these aspects (Bacelar et al., 2022), 

although this is not backed-up by data. This might be true for RL only because DL was 

more engaged with improving the performance of the new movement-skill, due to their 

lack of additional explicit instructions. This diversion of resources might also explain 

the decrease of trim performance for DL opposed to RL. Although the implicit and 
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explicit shares for discovery learning could not be determined within this study, we 

suspected a higher amount in line of possible automation for DL and resulting higher 

robustness when repeating the movement in the retention test. This was already 

reported for highly demanding (Masters, 1992; Mullen et al., 2007) and dual-task 

scenarios (Abernethy, 1988; Liao & Masters, 2001), although opposing results have 

also been reported with better decision-making in highly complex situations during a 

basketball-shooting task (Raab, 2003). 

A positive correlation was found between the self-reported general fitness of RL with 

safety performance which could be carefully interpreted in such a way that those who 

practice sports ambitiously in everyday scenarios have also been more ambitious 

when learning how to dive both in their beginners' diving course (i.e., which was 

mandatory for participation) and within this study. Therefore, they might have entered 

the study with higher initial performance and put more effort into improving learning 

outcome and performance.  

Wulf et al. reported positive effects on performance with external-focus instructions, 

like the general criteria provided for all participants, compared to the additional more 

internally-focused instructions for RL (Wulf, 2013). Although this might indicate 

improved movement-skill performance for DL, the absence could be explained by the 

mixture with the above-mentioned benefits of rule-directed learning or even general 

differences in working memory capacity between participants (Lam et al., 2009), which, 

however, were not systematically investigated in this study. Differences between 

groups in their emphasis on aspects of the movement skill could only be observed for 

some variables: DL focused more on the safety aspect of SMB inflation both during 

Pre and Retention when compared to RL, while RL was focused more on vertical 

movement during Pre and an upright SMB during Retention. SMB inflation, which 

received a higher emphasis by DL, might be linked to an external focus (i.e., on the 

movement effect), while vertical movement (i.e., buoyancy) might be rather internal 

(i.e., focus on the body movement). This might suggest the effort of DL to develop 

efficient strategies to improve performance, while RL potentially remembered the 

instructions and followed step-by-step. However, while this supports better 

performance ratings for RL during Pre, it does not support differences during retention, 

where significant group differences emerged for potential externally focused safety-

aspects for both groups (i.e., RL focused more on an upright SMB, while DL focused 

more on SMB inflation).  
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ConclusionsV 

This study provides one of the first applied approaches to investigate the effects of 

different teaching methods on movement-skill performance in SCUBA-diving. New and 

complex movement-skills seem to benefit from explicit instructions, which resulted in 

better performance for safety-related aspects but to the detriment of speed. Long-term 

learning outcome was initially suspected to be higher for discovery learning, but only 

trim performance differed between groups during retention and was reduced for DL. 

More research is necessary to determine clear advantages concerning the long-term 

effects on movement skill performance. So far, the influences of environmental factors, 

implicit and explicit amounts during learning, and internal and external focus settings 

have been noted but require further investigation. Future studies might work on 

possible ways to communicate guidance or explicit instructions during the learning 

process (Mayer, 2004; Smeeton et al., 2005) in underwater settings and consider 

additional movement skills from SCUBA-diving to determine optimally and applied 

ways for didactics. 

LimitationsV 

This study investigated different teaching methods for movement-skills in an applied 

underwater setting and within the established standards in SCUBA-diving education 

(e.g., limited time, restricted underwater communication). On this basis, data analysis 

is affected by a number of limitations: (I) Movement-skills in diving are, in most cases, 

combinations of single movements paired with environmental stressors and 

accompanied by tasks like buoyancy and trim control. Thus, the distinction between 

different aspects of the movement-skill poses a challenge. Also, these skills require 

the provision of some general criteria to guide the acquisition for both groups. Most 

movement skills in diving have never before been seen by beginners because it is 

complicated to watch SCUBA-divers during their sport, and media presence is minor. 

However, future studies might conduct a Pre-test to assess general SCUBA-diving 

performance prior to teaching novel movement skills. Because RL is provided with 

mostly internally and DL with mostly externally focused instructions, these aspects are 

discussed for data interpretation, but should be considered explorative. (II) Both 

movement-skill performance and actual learning outcome are relevant for sports 

education, but learning outcome was only estimated from the stability of performance 

over time (i.e., Pre-Retention-comparison). (III) Rule-directed and discovery-learning 
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have varying amounts of explicit and implicit information, which complicates the clear 

distinction between those methods and the analysis of the application in complex 

movement-skill sequences (Berry & Broadbent, 1988; Liao & Masters, 2001; Reber, 

1997). (IV) While discovery-learning is often suspected to increase learning outcome 

and create a high degree of automation, this is mostly described for experts and only 

after extensive practice time. (V) In emergency situations, performance might be 

additionally affected by the level of trait-anxiety in beginners and panic behavior, which 

has been investigated by other studies (Morgan et al., 2004; Steinberg & Doppelmayr, 

2015; F.-H. Tsai et al., 2020). 
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 Discussion 

The publications within this cumulative dissertation addressed aerobic exercise 

performance and EFs of cognition control in unique environments. Moreover, the 

studies investigated the effects of different exercise intensities (i.e., moderate to high), 

specific exercise modalities (i.e., running, fin-swimming, upper-body exercise), and 

environmental factors (i.e., spaceflight analog isolation, underwater) on cognitive and 

physiological parameters. On this basis, different didactical methods were tested to 

strengthen movement skill performance in the applied environmental setting of 

SCUBA-diving.  

1st research question 

The hypotheses from the first research question, addressing aerobic exercise 

performance in unique environments, can be partially confirmed. (I) Isolation in a 

spaceflight analog did only descriptively reduce aerobic fitness. However, it must be 

noted that only nine days of isolation without countermeasure exercise could be 

investigated. (II) The expected detrimental effects of isolation and reduced activity 

were successfully compensated by the applied continuous and interval treadmill 

countermeasure exercise. HR kinetics were faster during the mission, but no effects 

were observed for V̇O2 kinetics, and values returned to baseline after the end of the 

mission. Descriptively, a slight trend in favor of interval exercise was observed. (III) For 

incremental fin-swimming underwater in hyperoxia, a lower V̇E could be observed 

during the high-intensity velocities of 0.6 and 0.8 m s-1 for a PIO2 of 56 kPa compared 

to 29.4 kPa. Surprisingly, no effects emerged in the form of a prolonged time to 

exhaustion or reduced HR and [Lac-] values.  

2nd research question 

The hypotheses from the second research question were directed at cognitive 

performance in unique environments. (I) No changes were observed for the EF 

inhibition during long-term isolation, which could be interpreted as robustness against 

possible detrimental effects of isolation. Another explanation is the successful 

countermeasure exercise training applied from the ninth day of the isolation period. (II) 

No differences emerged between resting measurements and the different steady-state 

exercise intensities during treadmill running in isolation. Although positive effects were 

expected, at least for moderate exercise intensity, these might have been countered 

by increased body movement or higher physiological and cognitive demands during 
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treadmill running. During underwater fin-swimming, significantly lower RTs were 

observed after moderate exercise intensity and descriptively after high intensity. 

However, in contrast to the isolation study, the cognitive tasks in the underwater study 

were applied directly after and not during exercise. No effects of exercise intensity were 

observed on the EF updating. (III) No differences were detected between land-based 

and underwater resting measurements. Although no control conditions with land-based 

exercise or inactivity underwater were conducted, it can be assumed that EFs are 

robust in the underwater environment. (IV) EFs were selectively altered after EVA-

specific exercise and cognitive-motor tasks in an underwater simulation: RTs for the 

EF inhibition were significantly lower after 30 min of moderate and subsequent 

additional 30 min of high intensity simulated EVA compared to inactivity underwater. 

Inhibition ACC deteriorated after moderate exercise intensity with no enhancing effects 

of high intensity exercise. RTs for the EF shifting showed no effects for RTs but a 

significantly deteriorated ACC after high intensity and the combined 60 min of exercise.  

3rd research question 

Comparing two different teaching methods on their effects on movement skill 

performance in SCUBA-diving showed equivocal results: (I) Adequate movement skill 

performance was achieved by both methods after the initial acquisition phase. (II) 

However, rule-directed learners performed better on the safety aspects of the skill with 

a higher time demand. This effect persisted in a retention test after 45 days without 

further practice. Over time, no superiority was observed for discovery learning towards 

a more stable movement skill performance. Aspects of trim performance even slightly 

deteriorated from acquisition to retention while they improved for rule-directed learners. 
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4.1 Key findings 

Study I 

Study I looked into the effects of long-term isolation during simulated terrestrial 

spaceflight on aerobic fitness and cognitive performance. A crossover design applied 

continuous and interval aerobic treadmill countermeasure exercise during the 4-month 

isolation period. During isolation, aerobic fitness was assessed pre, post, and every 4 

weeks by cardio-pulmonary measurements within an exercise test. Both continuous 

and interval exercise evoked faster HR kinetics during the mission, although this effect 

did not persist after the mission. Neither continuous nor interval training showed 

superiority. Descriptively, interval training evoked slightly better effects on HR kinetics. 

During the mission, peak and steady-state values for HR and [Lac-] were reduced. This 

might also indicate an improvement in aerobic fitness, as the participants performed 

the same exercise intensities with a lower HR. Surprisingly, the expected beneficial 

effects on V̇O2 kinetics could not be observed. In other experiments, V̇O2 kinetics were 

accelerated after four weeks of high-intensity endurance training (Corvino et al., 2019) 

and after three weeks of interval training (Raleigh et al., 2016). Positive effects on V̇O2 

kinetics were found after only six endurance sessions (Da Boit et al., 2014) or 12 

sessions of high intensity training (Alexandra M. Williams et al., 2013). Therefore, 

mission-related factors might explain the deviating results during isolation: The limited 

space resulting in restricted physical activity within the isolation module is considered 

a key factor for the detrimental effects on physical fitness, which was already observed 

in other isolation studies (Bennett et al., 1981; Koschate et al., 2021). During space 

missions, the degenerating effects of isolation are amplified by microgravity. 

Furthermore, the lower HR kinetics during isolation compared to pre and post-

measurements could be explained by reduced external stimuli, boredom, and 

increased parasympathetic system activity during isolation. The effects were observed 

during a 500-day simulated flight to Mars (Vigo et al., 2012; Vigo et al., 2013) and are 

supported by lower cortical brain activity in Antarctica missions (Çotuk et al., 2019). It 

can be assumed that the above-mentioned mission effects attenuated the beneficial 

effects on aerobic fitness from the applied countermeasure exercise. Compared to the 

terrestrial analog, the applied countermeasure might not compensate for the physical 

degeneration during more extended isolation in microgravity. Additional studies with 

prolonged isolation and different countermeasure exercise training are necessary to 

elucidate these effects.  
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The EF inhibition was assessed with a tablet computer and hand-held trigger buttons 

during running. Tasks were conducted during rest, three times during 3, 6, and 9 km s-

1 running, and during 3 km s-1 recovery after incremental exercise to exhaustion. Based 

on comparable intensities and durations in laboratory studies (Chang et al., 2012; 

Hashimoto et al., 2018; Moreau & Chou, 2019), positive effects on cognition were 

expected from moderate and high intensity exercise. During the isolation study, no 

changes between exercise intensities or throughout the time course of the mission 

were observed. However, positive effects from exercise might have been counteracted 

by neural interference or increased body movement for tasks conducted during 

exercise (Lambourne & Tomporowski, 2010). In addition, parallel running and 

processing of cognitive tasks create a dual-task setting known to disturb cognitive 

performance (Hsieh et al., 2021). These interference effects should be considered for 

challenging space missions like EVAs in microgravity when simultaneous cognitive and 

motor tasks are required. Surprisingly, EF performance was unchanged for a task 

during recovery after incremental exercise. For these settings, most studies reported 

beneficial effects from elevated [Lac-] concentrations (Moreau & Chou, 2019), 

increased serotonin levels (Cools et al., 2008; Zimmer, Stritt, et al., 2016), or increased 

BDNF efflux (Freitas et al., 2018; Knaepen et al., 2010). Still, the higher necessary 

sensory and motor resources during high intensity exercise might have continued to 

affect cognition directly following incremental running (Dietrich & Audiffren, 2011; 

Moreau & Chou, 2019).  

Over the time course of the mission, isolation and aerobic fitness must be discussed 

as modulators for resting measurements of inhibitory control without prior exercise. 

Aerobic fitness increased only slightly during the mission and was higher during pre 

and post. Beneficial effects like improved information processing (Chang et al., 2014) 

or increased neural functioning (Voss et al., 2016) might not be relevant within the 

small range of aerobic fitness alterations. No consensus exists on the effects of long-

term isolation on cognition, but some of the potential negative effects might have been 

counteracted by the applied countermeasure exercise training. Strangman et al. (2014) 

also suggested that participants might use more of their cognitive reserves in extreme 

environments to prevent a decline in cognitive performance. Utilizing reserves might 

be more demanding for the participants with no observable cognitive parameter 

changes. Lastly, the absence of differences might also be explained by the small 

possible number of applied stimuli for each session or the small sample size. However, 
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understanding cognitive performance during long-term isolation is essential for future 

space travel. Additional measures like cerebral oxygenation, BDNF levels, and self-

reported performance levels could be adopted for future studies.  

Study II 

Study II transferred the results from laboratory studies to an applied underwater setting 

in SCUBA-diving. It was investigated whether the observed positive effects of 

moderate and high-intensity exercise on EF performance would persist in the 

underwater environment and whether the sport-specific modality of fin-swimming 

would alter them. EF tasks for updating and inhibition were conducted before and after 

20 min of either moderate or high-intensity underwater fin-swimming and compared to 

20 min of inactivity during a land-based control. Results showed improvements for 

inhibitory control after moderate-intensity exercise compared to inactivity. No 

significant differences were observed after high-intensity exercise. In addition, 

updating performance proved robust in the underwater environment and was 

unaffected by exercise. These results align with studies reporting 20 min of moderate 

aerobic exercise as the optimum dosage for positive effects on EF performance 

(Chang et al., 2012; Chang et al., 2015; Hsieh et al., 2021). Longer exercise durations 

deteriorated updating performance but not inhibition (Hsieh et al., 2021). An additional 

explanation for the unchanged updating performance might be the time interval 

between exercise cessation and the start of the EF task, as the updating task was 

conducted after the inhibition task approximately 5 min post-exercise. It is widely 

assumed that the best effects for cognition result directly after exercise (McMorris & 

Hale, 2012; Wang et al., 2013), although a review by Hsieh et al. found facilitating 

effects up to 10 min post-exercise (Hsieh et al., 2021). Neurochemical substances like 

BDNF and catecholamine levels persist after exercise and support facilitating effects 

on cognition even after subsided physiological arousal (McMorris et al., 2009). This 

discrepancy remains with unchanged updating performance even after high-intensity 

exercise (Davranche et al., 2009; Hashimoto et al., 2018; Tsukamoto et al., 2016). 

While it was reported that facilitating BDNF levels might not be triggered by moderate-

intensity exercise (e.g., 20% below VT2; Rojas Vega et al., 2006), many studies 

reported an increasing rise after high-intensity exercise (Ferris et al., 2007; Griffin et 

al., 2011). Positive effects on cognition are especially reported for memory tasks 

(Winter et al., 2007). 
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Additional explanations might be provided by the modulating effects of the underwater 

environment or fin-swimming exercise. Experiments from our group observed negative 

effects of water submersion on inhibition but not on shifting or updating (Dalecki et al., 

2012; Steinberg & Doppelmayr, 2017). These studies might explain the non-significant 

effects of high-intensity exercise for inhibition but not for updating. The sample size 

consisted of young and active sports students who can be assumed to have above-

average physical fitness. Regular exercise training was described to improve not only 

physical but also cognitive function (Falck et al., 2019), resulting in better information 

processing, executive control (Chang et al., 2014), and neural functioning activation 

(Voss et al., 2016). In addition, ceiling effects with minor possible gains for high 

physical fitness have been reported for cognitive performance (Etnier et al., 2006). 

Differential effects have also been observed between different exercise modalities and 

their effects on cognition. Lambourne & Tomporowski (2010) observed better cognition 

results during bicycle exercise than treadmill running. However, cognitive tasks were 

applied after the cessation of fin-swimming in the present study. It can only be 

speculated that the different movement and amount of recruited muscle mass 

compared to other exercise modalities might have altered the exercise intensity and 

accompanying effects on cognition. Based on the available data, possible influences 

from the underwater environment did not overwrite the positive effects of exercise on 

cognition. The EFs inhibition and working memory could be affected selectively or by 

the different time intervals after cessation of exercise or the specific exercise modality. 

Additional studies might explore the modulating effects of submersion and exercise 

modality with land-based exercise control groups and alternative exercise modalities 

underwater. 

Study III 

Cognitive and motor tasks typical for EVA in space were simulated at 5 m water depth 

in the pool and compared to a submerged control without activity. Participants were 

neutrally buoyant and used their upper body for locomotion along handrails and 

structures of a simulated space station. The EVA condition included 30 min of 

moderate, followed by an additional 30 min of high-intensity physical exercise (i.e., 

locomotion, transport of objects) and cognitive-motor tasks (i.e., installation of objects, 

routing of cables). Cognitive tasks on the EFs shifting and inhibition were conducted 

underwater at rest (Pre), after moderate intensity (Mid), and after high-intensity and 

the cumulative 60 min of exercise (Post). The administered physical and cognitive-
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motor tasks resulted in physical demands similar to those reported from real EVA in 

space (Katuntsev et al., 2004; Stepanova et al., 2015), with 60 % HRmax for moderate 

and 69 % HRmax for high intensity in an interval-pattern. The two exercise intensities 

were conducted in direct succession, which should be considered for the interpretation 

of the post-test, which was preceded by 60 min of first moderate and then high-intensity 

exercise. It was hypothesized that EF performance might be affected by the specific 

modality of upper-body locomotion or the weightless environment. In addition, high 

intensity exercise was expected to wash out prior positive effects from moderate 

intensity.  

Moderate exercise intensity of cognitive and motor tasks during simulated EVA 

underwater showed positive effects for some parameters of EFs, but not for all. 

Reaction times for shifting were improved from Pre to Post for the exercise and 

inactivity condition, suggesting learning effects. However, compatible and incompatible 

RTs for inhibition were improved after 30 min of moderate-intensity and even after an 

additional 30 min of high-intensity exercise compared to inactivity. Shifting ACC was 

lower after moderate-intensity EVA compared to inactivity and even significantly 

deteriorated after the subsequent 30 min of high intensity. Inhibition ACC showed a 

comparable pattern, although significantly lower values were observed after high 

intensity only.  

Positive results of moderate interval exercise intensity on EF performance are in line 

with the literature (Chang et al., 2012; Pontifex et al., 2019) and might be explained by 

both arousal (Chang et al., 2012; Lambourne & Tomporowski, 2010) and increased 

catecholamine levels (McMorris, 2016a). High-intensity interval exercise, which 

preceded the post-test, might additionally increase BDNF levels (Ferris et al., 2007; 

Griffin et al., 2011) and [Lac-] concentrations (Hashimoto et al., 2018), which is 

generally associated with positive effects on all EFs (Moreau & Chou, 2019). While 

positive effects of exercise were evident for inhibition, shifting performance improved 

at the same rate as the inactivity control. Unfortunately, investigations on the EF 

shifting are underrepresented in current studies, complicating the interpretation of 

results (see Jurado & Rosselli, 2007; Moreau & Chou, 2019 for meta-analysis). 

However, shifting tasks were described as more difficult for participants, making them 

more vulnerable to disturbances during exercise and subject to learning effects (Hsieh 

et al., 2021). Future research might benefit from applying standardized parameters to 
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define successful task familiarization, which must be expected to take more time for 

shifting tasks.  

The slight negative effects of exercise on the ACC of shifting and inhibition were 

unexpected but should be considered relevant, as even small deteriorations in task 

performance might yield serious risks during EVA. Despite a possible speed-accuracy 

trade-off, which has been reported in both underwater studies (Fowler et al., 1985; 

Sparrow et al., 2000) and microgravity (Bock et al., 2010), the deviations of results 

from laboratory findings might be linked to the unique exercise modality. However, 

Moreau et al. (2019) reported no differences between exercise modalities and their 

effects on cognition. Hill et al. even found improved results for upper-body exercise 

(i.e., arm cycling; Hill et al., 2019). The latter study hypothesized a greater and 

beneficial O2-availability for cognition resulting from lower physiological demands. 

While this did not support the deteriorated ACC in the present study, additional factors 

like blood shift during submersion or higher necessary cognitive resources during 

locomotion were not yet investigated. It seems reasonable to assume that the higher 

sensory and motor resources described in general for high-intensity interval exercise 

were even more pronounced during the unique modality in the 3D underwater 

environment, thus, increasing the proposed negative effects on cognition (Davranche 

et al., 2009; Dietrich & Audiffren, 2011; Zimmer, Stritt, et al., 2016). In addition, our 

results for ACC are in line with the much-debated inverted-U hypothesis and possible 

detrimental effects of high intensity exercise (Ando et al., 2005; Covassin et al., 2007; 

Labelle et al., 2013; Wang et al., 2013). Research on EVA performance might benefit 

from an intensified investigation of EFs like shifting and a more extensive presentation 

of cognitive task parameters like accuracy, errors, or familiarization protocols.  

Study IV 

Study IV explored the modulators of elevated PIO2 on physical exercise performance 

in an applied underwater setting. Higher fO2 in the breathing gas is commonly used in 

SCUBA-diving to displace N2. In addition, ambient pressure at depth increases PIO2 

and creates hyperoxia even when breathing normal air. It is well documented that 

hyperoxia can decrease HR, V̇E, [Lac-], and prolong the time to exhaustion in laboratory 

settings. However, no systematic work exists on a relevant and practical application. 

Participants performed incremental underwater fin-swimming breathing either normal 

air (Air; PIO2: 29.4 kPa) or a mixture with 40% O2 (enriched air nitrox [EAN]; PIO2: 56 

kPa). Fin-swimming velocity was increased for 0.2 m s-1 every 3 min.   
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The results showed a significantly lower V̇E for EAN than Air during the high-intensity 

velocities of 0.6 and 0.8 m s-1, but no differences in HR, time to exhaustion, or post-

exercise [Lac-]. It was assumed that the higher arterial O2-concentration from physical 

solution, which plays a negligible role in normobaric contexts when breathing air, could 

enhance the diffusion of O2 to the muscle. In consequence, additional glycogen 

oxidation might have delayed the accumulation of [Lac-] and the resulting respiratory 

acidosis (Mallette et al., 2018; Plet et al., 1992; Ulrich et al., 2017). This is especially 

relevant during transient work rate intervals when the increased O2-demand is 

temporarily covered by anaerobic phosphorylation and anaerobic glycolysis. The O2-

deficit might be reduced by the increased O2-supply, resulting in accelerated V̇O2 

kinetics (Macdonald et al., 1997; Prieur et al., 2002). However, the predicted reductions 

in HR (Bak et al., 2007; Gole et al., 2011) and [Lac-] (Linnarsson et al., 1974; 

Stellingwerff et al., 2006; Welch et al., 1974) in hyperoxic settings from previous studies 

could not be observed in the present experiment. One possible reason might be the 

unique exercise modality of underwater fin-swimming, which differs from running and 

cycling exercises by the amount and type of recruited muscle. This theory might be 

supported by the findings of Pedersen et al. (1999), who reported no significant 

differences in [Lac-] for single leg knee extensions in hyperoxia. Other physiological 

adaptations, like the reduced blood flow during hyperoxia reported by Welch et al. 

(1977), might have acted as modulators but were not measured in the present study. 

[Lac-] was only measured after exercise cessation, and no measurements were 

conducted during exercise or following each work rate step, which should be 

incorporated in future studies. 

Moreover, the time to exhaustion was not different between normoxia and hyperoxia. 

However, longer times during exercise might have been prevented by the incremental 

exercise protocol, accompanied by the exponentially increasing water resistance and 

drag during underwater fin-swimming. While hyperoxia might have enabled a longer 

time to exhaustion during cycle exercise in the laboratory, the physical strain during 

incremental underwater fin-swimming increased significantly during high velocities, 

thus, provoking the cessation of exercise. Although RPE ratings were not different 

between hyperoxia and normoxia, this is in line with the findings of Peeling & 

Andersson (2011), who reported alterations in RPE only for a PIO2 of 100 kPa (Peeling 

& Andersson, 2011). These pressures were not applied in the present study, but their 

effects should be considered for SCUBA-diving, where pressures above 100 kPa PIO2 



 149 

are not uncommon. In addition, possible alterations in cerebral blood flow by hyperoxia 

might also affect cerebral oxygenation and cognition during high-intensity exercise 

(Dietrich & Audiffren, 2011; Ogoh & Ainslie, 2009). 

Different gas mixtures and longer-duration incremental or constant work rate exercise 

might be applied in future studies. Still, the present findings on V̇E have implications for 

the safe planning of dives with limited gas supply in SCUBA-diving. More work is 

necessary to understand the interactions between PIO2 and physiological adaptations 

during underwater exercise.  

Study V 

Previous studies laid out possible physical and cognitive performance alterations in the 

underwater environment. In addition, interaction effects between acute exercise and 

cognitive performance were described. Subsequently, movement skill performance in 

underwater sports should be investigated in applied settings to account for the unique 

environmental and sport-specific factors. Sufficient didactic methods should be 

investigated against the backdrop of limited practice time, reduced communication 

underwater, and the need to apply learned movement skills even after a time delay 

between initial learning and application in autonomous dives. Rule-directed teaching 

is the established method within the standardized diving certification courses. Rule-

directed learning is known to rely more on explicit processes with higher working 

memory demands and possible detrimental effects on the sustainability of the 

movement skill (Buszard et al., 2017; Steenbergen et al., 2010). In discovery learning, 

the higher degree of implicit processes and flexibility during acquisition (Davids, 2004) 

might benefit the automation of movement skills (Kal et al., 2013; Kal et al., 2018; Raab 

et al., 2009) and result in a more stable performance over time. Therefore, implicitly 

learned movement skills might become less reliant on working memory and more 

robust in high pressure or novel environments like underwater. 

Diving beginners learned the new and safety-relevant movement skill of SMB-

deployment in either a rule-directed or discovery learning approach. Whereas both 

groups received general criteria about the purpose of SMB-deployment, the rule-

directed group received additional specific cues and visualization on how to perform 

the skill best. After the acquisition (Pre) and following 45 days of Retention, 

performance was evaluated on sub-criteria to safety, positioning and trim, and overall 

time with video ratings. Rule-directed learning showed significantly better movement 
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skill performance during Pre and Retention tests when compared to discovery learning. 

In addition, significantly more time was necessary to complete the skill. Between Pre 

and Retention, group differences were observed for trim performance (i.e., the 

horizontal position in the water), with an improvement for rule-directed learning and a 

performance decrease for discovery learning. No systematic benefits for either method 

arose on the consistent movement skill performance over time. 

It must be suspected that the safety-relevant aspects of the movement skill benefitted 

from explicit instructions because they were new to all participants. Possibly, these 

instructions enabled rule-directed participants to optimize their performance for one 

specific solution, while the discovery learning group tested several approaches. 

Therefore, more practice time might be beneficial for discovery learners to evoke the 

suspected beneficial effects of implicit learning and flexibility during the learning 

process on performance. Future studies might investigate a mixed approach of guided 

discovery learning and include different movement skills from SCUBA-diving. 

Furthermore, stress and time pressure might simulate rescue scenarios.  
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4.2 Universal discussion 

Aerobic fitness and intact cognitive processing enable human performance for physical 

and cognitive-motor tasks. However, performance can be affected by various 

environmental factors, including physiological adaptations, altered conditions for 

movement and exercise, and environmental stressors. In most cases, working and 

acting in extreme environments implies high physical and cognitive demands, dynamic 

and novel surroundings, and a small margin for errors. Investigations in unique 

environmental conditions and analogs are necessary for an improved understanding 

of the limits of human performance and risk reduction in contexts away from everyday 

activity. 

Aerobic fitness corresponds to the physical strain and workload during everyday 

activity in normal gravity. However, physiological adaptations to additional exercise 

training can improve fitness, resulting in higher peak performance, faster adaptations 

to changing energetic demands, and increased reserves. Past studies demonstrated 

that aerobic endurance exercise training improves aerobic fitness (Drescher et al., 

2018; Litleskare et al., 2020) and accelerates V̇O2 and HR kinetics. Comparable 

positive effects were reported for both continuous (Phillips et al., 1995; Zoladz et al., 

2013) and interval exercise (Jacobs et al., 2013; Turnes, Aguiar, Cruz, Pereira, et al., 

2016; Turnes, Aguiar, Cruz, Santos, et al., 2016), although time efficiency and the 

greater variety during exercise might favor interval training.  

Oppositely, reductions in daily activity and exercise training or reduced physical strain 

by decreased gravity induce detrimental adaptations and decrease aerobic fitness. 

These deconditioning effects can occur from long-term bed-rest, medical quarantine, 

and spaceflight when the room for movement is restricted and the physical load 

decreased by microgravity. During space travel, these effects are countered by 

exercise training (Hackney et al., 2015; Hayes, 2015). Still, despite the applied 

countermeasure exercise, lower V̇O2 peak values, lower V̇O2 musc kinetics, and 

reductions in bone mineral density and muscle strength have been reported after 

sojourns in space (Demontis et al., 2017; Hoffmann et al., 2016b; A. D. Moore et al., 

2014). These reports suggest further training optimization, especially for extended 

space missions. Controlled investigations on countermeasure exercise training can be 

conducted in isolation studies that simulate long-duration space travel. These studies 

lack microgravity but imply environmental stressors like boredom, reduced external 
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stimuli, overall mission stress, and the decline in daily activity. Reductions in muscle 

strength were reported after 500 days of isolation (Gaffney et al., 2017). However, most 

exercise training programs improved aerobic fitness, possibly due to the absence of 

microgravity (Koschate et al., 2021). During the SIRIUS study, maximum values for HR 

and V̇O2 were reduced at the beginning of the isolation period but increased throughout 

the 120-day mission with countermeasure exercise training. Opposed to that, HR 

kinetics were slower during pre and post but accelerated during isolation following 

exercise training. It can be speculated that mission-related boredom, reduced external 

stimuli, and the artificial light inside the isolation module might have increased 

parasympathetic activity, which has also been reported in other isolation scenarios 

(Vigo et al., 2012; Vigo et al., 2013). These effects might explain lower HR values 

during isolation but not accelerated HR kinetics. However, high stress was also 

reported for Pre- and Post-measurements, which might have selectively affected the 

kinetics response. Despite the reported increases in V̇O2 kinetics both after continuous 

(Corvino et al., 2019) and interval exercise (Raleigh et al., 2016), the descriptive 

acceleration during the SIRIUS mission remained insignificant. It must be assumed 

that several environmental factors induced contradicting effects on aerobic fitness, and 

more measurements are necessary to elaborate on the underlying mechanisms. 

Overall, the participants' fitness improved during the isolation period, in line with the 

beforementioned studies. No clear advantage could be detected for interval or 

continuous exercise. It must be noted that the increase in aerobic fitness would be 

attenuated by the deconditioning effects during sojourns in microgravity and prolonged 

isolation periods. Long-term space travel and subsequent planetary landings require 

more knowledge for efficient exercise prescription to ensure safety and mission 

success in these scenarios.  

Aerobic fitness is also important for SCUBA-diving, where exercise performance is 

decreased by environmental factors, and dives are often performed with a limited gas 

supply. These factors are especially relevant for critical situations or rescue scenarios 

where additional exercise stress occurs. Hyperoxia is common when breathing air at 

depth or using elevated fO2 in the breathing gas. In laboratory studies, hyperoxic gases 

decreased HR and V̇E during exercise and prolonged the time to exhaustion (Peacher 

et al., 2010; Stellingwerff et al., 2006; Ulrich et al., 2017). Our results confirmed a 

reduction in V̇E, but no changes for HR, [Lac-], or exercise duration with 56 kPa PIO2 

(i.e., 40% O2 at 4 m depth) during underwater fin-swimming. However, these effects 
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were only evident during incremental exercise's high-intensity and transient intervals. 

It must be assumed that the increased physically dissolved O2 accelerated V̇O2 

kinetics, thus, enabling a better O2-diffusion to the muscle and a reduction in local O2-

deficits (Sperlich et al., 2013). While this effect might be minor during constant work 

rate, the higher O2-supply might have reduced anaerobic metabolic processes during 

transient cardiovascular adaptations, delaying acidosis and the ventilatory response. 

However, the equivocal results for some parameters compared to other studies 

suggest that this effect is mediated by unique aspects like exercise modality or 

environmentally-induced physiological adaptations. Interestingly, several links exist 

between physiological adaptations underwater and microgravity, and an elevated PIO2 

and limited gas supply also apply when working in pressurized spacesuits during 

EVAs. Therefore, more research might benefit both safety and performance for 

SCUBA-divers and space travelers. Future work should involve different exercise 

modes, like continuous and interval exercise, and specific modalities for locomotion 

and cognitive-motor tasks commonly applied in SCUBA-diving or during EVA in space. 

The dose-response relationship between PIO2 and physiological parameters might 

benefit exercise performance and increase ventilatory and cardiovascular reserves for 

unforeseen situations and challenges.  

Another critical component of human performance is intact cognitive control, enabling 

higher-level processes like goal formation, decision-making, and goal-directed 

behavior (Diamond, 2013; Jurado & Rosselli, 2007). These processes are essential for 

fast and accurate acting, especially in novel and dynamic environments (Friedman & 

Miyake, 2017; Schiebener et al., 2014). In addition, cognitive performance can be 

affected by environmental conditions and acute exercise (Moreau & Chou, 2019; Weng 

et al., 2015). Most studies report a positive effect of exercise on cognitive functions, 

although the influence of environmental factors and exercise-specific modulators is not 

yet fully understood. To better understand applied contexts, standardized cognitive 

tasks on the EFs inhibition, shifting, and updating were conducted during simulated 

spaceflight in isolation, simulated EVA underwater, and underwater fin-swimming in 

SCUBA-diving. The applied exercise modalities included treadmill running (i.e., 

countermeasure exercise for spaceflight), upper-body locomotion paired with 

cognitive-motor tasks in neutral buoyancy (i.e., simulating EVAs in microgravity), and 

underwater fin-swimming (i.e., the standard locomotion for SCUBA-diving). Exercise 

duration ranged from 5 to 60 min, and low to severe exercise intensity was applied. On 
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a tablet computer, cognitive tasks were processed by button-presses and applied both 

during (i.e., creating a dual-task scenario), directly after, and up to 5 min after exercise. 

Not all variants were used in every study.  

The isolation environment showed no effects on the EF inhibition, although only the 

first nine days of isolation were conducted without countermeasure exercise. In 

addition, only the resting measurements were unpreceded and unparalleled by 

exercise. Extended periods of isolation are known to cause psychological stress and a 

possible decline in cognitive performance (Jacubowski et al., 2015; Pagel & Choukèr, 

2016; Weber et al., 2019). However, most studies integrated exercise training that 

counteracted a possible cognitive decline (Abeln et al., 2015; Nasrini et al., 2020; 

Schneider et al., 2010), which was also the case in the 120-day SIRIUS mission. 

Countermeasure exercise was reported to improve mood and mental well-being (Abeln 

et al., 2015) and also aerobic fitness (Koschate et al., 2021), with beneficial effects on 

cognitive performance (Chang et al., 2014; Chapman et al., 2013; Voss et al., 2016). 

Strangman et al. (2014) reported no systematic detrimental effects of isolation on 

cognitive parameters but emphasized the high variability over subjects and the 

necessity of more data. In addition, it can be speculated that participants maintained 

cognitive performance under an increased effort and higher utilization of cognitive 

reserves, which would not be observed in the data. Non-significant slower RTs and 

slightly improved ACC were descriptively observed over the time-course of isolation, 

which might support the theory of increased effort or a slight speed-accuracy trade-off 

to maintain performance. From the present point of view, inhibitory control was robust 

during isolation combined with countermeasure exercise, possibly due to counteracting 

effects.  

Exercise intensity modulates EFs in laboratory studies, with the best performance 

improvements after moderate (Chang et al., 2015; Joyce et al., 2009) and high-

intensity exercise (Hashimoto et al., 2018; Moreau & Chou, 2019). In the isolation 

environment, cognitive tasks were conducted during treadmill running, creating a dual-

task environment with possible deficits for cognition (Lambourne & Tomporowski, 

2010). During isolation, no improvement for inhibitory control was observed from acute 

exercise, and no differences arose between exercise intensities. Potentially, neural 

interference, increased body movement, or competing physiological demands for 

motor tasks might have counteracted the expected positive effects of acute exercise 

on EFs (Dietrich & Audiffren, 2011; Moreau & Chou, 2019).  
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In shallow water submersion, the EF inhibition was investigated following acute 

exercise. RTs for inhibitory control improved significantly after 20 min of moderate-

intensity fin-swimming and at least descriptively after high intensity. These results 

correspond to 20 min being described as the optimum dosage for beneficial results 

(Chang et al., 2012), but not with the proposed benefits of high-intensity exercise. Many 

studies described increased [Lac-] concentrations (Hashimoto et al., 2018), serotonin 

concentrations (Zimmer, Stritt, et al., 2016), and BDNF levels (Freitas et al., 2018; 

Knaepen et al., 2010) after high-intensity exercise to facilitate cognitive performance. 

However, these positive effects might have been diminished by the specific exercise 

modality or environmental aspects, which could not be isolated in the present study. 

Underwater fin-swimming has not yet been systematically investigated and might differ 

from the effects induced by running and cycling. Furthermore, the EF updating was 

completely unaffected after moderate and high-intensity exercise. This stands in 

contradiction to Hsieh et al. (2021), who reported positive effects on updating for 

durations < 20min and detrimental effects only for durations > 20 min. In addition, high-

intensity exercise was explicitly mentioned to facilitate memory tasks (Winter et al., 

2007). It can only be speculated that the submersion's higher environmental demands 

or physiological adaptations might have influenced this interaction. Although slight 

deteriorations by water submersion without exercise were described for some 

parameters of cognition (Dalecki et al., 2013; Dalecki et al., 2021), no direct land-based 

comparison was conducted in the present study.  

During simulated EVA underwater, the unique upper-body exercise modality (i.e., 

locomotion by pulling along handrails), interval exercise pattern, and combination of 

cognitive and motor tasks posed additional potential influences on the exercise 

cognition interaction. Compared to an inactivity control, RTs for inhibitory control were 

significantly accelerated after 30 min of moderate-intensity (i.e., HR max: 106 ± 14 bpm; 

HR peak: 167 ± 29 bpm) and descriptively lower after subsequent 30 min of high-

intensity cognitive-motor tasks (i.e., HR max: 123 ± 16 bpm; HR peak: 186 ± 14 bpm). 

Moderate and high interval exercise intensities were also reported during real EVA in 

space (Katuntsev et al., 2009; Stepanova et al., 2015), and the beneficial effects on 

EFs RTs corresponded to the literature (Moreau & Chou, 2019; Pontifex et al., 2019) 

and to the assumption of an inverted-U relationship (Dietrich & Audiffren, 2011; 

McMorris, 2016a). In addition, ACC for inhibition was reduced after both moderate and 

high intensity with lower values than during inactivity. However, ACC for shifting 
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declined significantly after high intensity and the combined 60 min of exercise in 

correspondence to the often-described fatigue effects of long-duration exercise (i.e., 

high-intensity interval exercise > 25 min; Hsieh et al., 2021). Although facilitated 

cognition could have been possible from upper-body exercise and the lower amount of 

utilized muscle mass after high-intensity exercise (Hill et al., 2019), our results 

correspond more with decreased cerebral oxygenation and the hypofrontality-

hypothesis (Dietrich & Audiffren, 2011; Sudo et al., 2017). Another possible 

explanation might be an effort to maintain fast RTs to the detriment of ACC (i.e., a 

speed-accuracy trade-off).  

Teaching in the underwater environment implies restricted possibilities for 

communication, short practice times, and the necessity for a sustainable learning 

outcome. In addition, performance might be affected by the unique physical and 

cognitive demands in the underwater environment. Alternative teaching methods to the 

rule-directed approach established in SCUBA-diving could be useful for various 

reasons: (I) New methods would potentially expand the diving instructors’ repertoire 

and thus enable them to respond more to their own or the learners' individual 

preferences. (II) More implicit methods could reduce the reliance on the learners’ 

working memory (Buszard et al., 2017; Jackson & Farrow, 2005; Maxwell et al., 2003). 

Therefore, these methods might benefit learners with reduced working memory 

capacity or facilitate learning complex skills with many intermediary steps. (III) 

Reduced working memory demands and higher automation are attributed to enhanced 

sustainability over time and robustness in high-stress and dynamic situations 

(Abernethy, 1988; Mullen et al., 2007; Smeeton et al., 2005). These benefits might 

improve movement skill performance for an application after more extended periods 

without practice, as they are common after completing a diving course. Against this 

backdrop, a comparison between rule-directed learning and discovery learning on 

movement skill performance was performed in an applied SCUBA-diving setting.  

After the acquisition phase, both groups of learners presented the movement skill with 

comparable performance for trim and water positioning aspects. These aspects can 

be considered fundamental and should normally parallel the execution of a movement 

skill, thus, creating a dual-task situation. A decline in trim performance could occur 

from an overload due to the additional task. Performance remained relatively stable 

after 45 days in the Retention test, although slight improvements were observed for 



 157 

rule-directed learning and deteriorations for discovery learning. One explanation could 

be the prioritization of stable trim performance to the detriment of safety performance. 

This assumption is supported by a superior performance by the rule-directed group for 

safety aspects, both during Pre and Retention. The new movement skill's safety 

aspects were unique and included specific techniques to prevent entanglement and 

achieve a fully inflated and visible surface marker buoy. However, rule-directed 

learners needed significantly more time to complete the skill, which might be attributed 

to more declarative knowledge and step-by-step processing of the provided rules. 

It can be proposed that teaching the movement skill succeeded with both didactic 

methods, although overall performance was superior after rule-directed learning. 

Therefore, it must be suspected that the expected higher robustness and automation 

for implicitly learned skills did not come into effect. First, it could be assumed that 

discovery learners needed several attempts before finding their best-working solution 

and starting to practice. A prolonged acquisition time might significantly benefit 

movement skill performance in that group (Maxwell et al., 2000). While most teaching 

contexts in diving offer only minimal practice time, a prolonged acquisition might be 

realized in voluntary sports club contexts. Second, a sufficient degree of automation 

might only manifest after repeated learning sessions. The expected sustainability and 

robustness might not apply to diving beginners (Kal et al., 2018; Masters, 1992; Raab 

et al., 2009). Still, discovery learning might be helpful when applied for a longer time 

period. Third, discovery learning in beginners’ education might benefit from some 

degree of guidance (Mayer, 2004). In the present study, guidance only applied by 

communicating the general idea behind the movement skill. While communication is 

restricted underwater, short surface breaks could be used for feedback to prevent 

errors and guide the learning process (Masters et al., 2008). This might also prevent 

learners from hypothesis-testing, the build-up of declarative knowledge, and 

subsequent enhanced explicit processes (Liao & Masters, 2001).  

This first approach to the efficiency of different didactic methods emphasized the 

necessity of future studies and unique solutions for applied contexts. Additional 

promising methods like analogy learning (Lam et al., 2009; Liao & Masters, 2001; van 

Duijn et al., 2020) or adapted forms of guided-discovery learning (Mayer, 2004) should 

be investigated. Furthermore, simple and complex movement skills might be affected 

differently, and the beneficial role of an external focus should be considered for 

instructions (Singh & Wulf, 2021; Wulf, 2013).   
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4.3 Summary and conclusions 

Countermeasure exercise training improves aerobic fitness during simulated 

spaceflight in isolation. However, no superiority for continuous or interval exercise was 

observed. The potential negative effects of isolation, reduced external stimuli, 

increased parasympathetic activity, and lower daily activity might have been 

successfully counteracted. In underwater contexts, an elevated PIO2 decreased V̇E 

during transient work rate changes with potential implications for exercise during 

SCUBA-diving and EVAs in microgravity with a limited gas supply. More work is 

necessary to comprehend the underlying metabolic adaptations or potential 

environmental factors, as not all results corresponded to laboratory studies.  

Concerning cognitive performance, no changes were observed for the EF inhibition 

during long-term isolation or between different exercise modalities in isolation (i.e., 

note the dual-task situation). Due to the small sample size and variability between 

subjects, these results should be interpreted with caution. However, the successful 

implementation of cognitive tasks during exercise should be utilized in future studies 

to gain further knowledge to ensure the safety and efficiency of space missions. In 

underwater contexts, RTs for the EF inhibition were improved after moderate-intensity 

fin-swimming and moderate and high-intensity cognitive-motor tasks during simulated 

EVA. Inhibition ACC was reduced after exercise, and shifting ACC significantly 

deteriorated after high-intensity interval exercise (i.e., after accumulated 60 min of 

exercise). The EF updating was unaffected underwater and by exercise. Discrepancies 

to laboratory studies, especially concerning deteriorated task ACC, might be attributed 

to the underwater environment or specific exercise modalities. Although the absolute 

effects on RTs and ACC are minor, these results should be considered relevant for 

critical situations in underwater or spaceflight environments.  

Both rule-directed and discovery learning could be applied for teaching a complex 

movement skill in SCUBA-diving, and both methods resulted in sufficient task 

performance. However, rule-directed learning proved superior for novel and safety-

relevant aspects of the skill, resulting in higher performance. None of the expected 

benefits from implicit learning materialized for discovery learning and improved 

sustainability of performance over time could not be observed. Future work should 

attend to the didactic methods’ requirements (e.g., more practice time) and create 

individual solutions adapted to the framework conditions of the sport. 
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 Outlook for future research 

The investigation of countermeasure exercise training for future long-duration 

spaceflight remains a challenge, primarily due to the absence of microgravity and the 

limited sample sizes. However, the very controlled conditions during simulated 

spaceflight in isolation allow systematic investigations that might incorporate more 

diverse exercise training in the future. Depending on equipment availability in space, 

stretching and toning, strength exercise, and cooperative forms of exercise with a 

partner could expand the repertoire and prove effective. In addition, a variety of 

analogs (e.g., submersion, suspension, Bed-rest, virtual reality) should be utilized to 

mimic specific aspects of spaceflight and gain knowledge on their effects on 

performance. 

A high standardization and simplification of cognitive tasks enables good comparability 

between studies and helps isolate specific cognitive domains. More work is necessary 

to define an optimum dose-response ratio for combined exercise and cognition, which 

could be used to plan and execute complex missions with optimized performance. For 

some contexts, the relevance of elevated PIO2 on cognition should be noted. 

Furthermore, the transfer of results from very simplified tasks remains complicated for 

the complex and diverse cognitive demands occurring in sports and microgravity 

contexts. Consequently, more complex cognitive-motor tasks, common during 

SCUBA-diving and missions in microgravity, should be integrated with future research 

(e.g., see NASA's Fine Motor Skills and Cognition Test Batteries). These tasks could 

be applied in environmental analogs, although more qualitative and quantitative 

measures will be necessary to evaluate performance in these contexts. 

The necessity for future studies also applies to the impact of altered partial gas 

pressures in SCUBA-diving and their effects on human physiology and aerobic 

performance. Further investigations should be expanded by various gas mixtures, 

ambient pressures, and exercise protocols to develop a deeper understanding of 

physical performance in the underwater environment. Ultimately, performance in 

sports depends on high-quality education. Additional promising didactic methods 

should be investigated for various levels of diving experience and consider the various 

movement skills, differing by complexity and requirements. The development of 

adapted educational methods for the specific SCUBA-diving context could increase 

safety and performance.  
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 Limitations 

This cumulative dissertation investigated physical and cognitive performance in 

various complex and applied studies. Consequently, sample sizes were limited, which 

should be considered for the interpretation and drawing of conclusions. Individual 

differences in the level of fitness, expertise in movement technique, motivation, or 

mood have not been assessed in every study and might affect the results. Furthermore, 

the transfer of findings to the general population might be reduced, as most participants 

were active sports students with above-average fitness. In the context of simulated 

spaceflight in isolation, the participants went through an extensive selection process. 

Executive functions tasks are highly relevant for higher-level cognitive processes but 

susceptible to factors like effort, motivation, learning effects, strategy, and individual 

characteristics. Even with extensive familiarization, the influence of these factors or a 

possible speed-accuracy trade-off on the results cannot be rejected (Calamia et al., 

2012). Furthermore, the transfer of EF-performance to cognitive performance in 

applied sports contexts is limited.  

The investigation of didactics methods in SCUBA-diving is one of the first in the field 

and proposed a feasible approach for future work. Still, the specific implicit and explicit 

processes during discovery and rule-directed learning could not be assessed or 

distinguished apart in this study. Therefore, no definite conclusions should be drawn 

at this point, and more research is necessary to improve knowledge in this applied 

field.  
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