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Abstract 

Given that this dissertation is built up upon three sequential studies, the objectives, 

methods and results of the thesis are accordingly divided into three distinct subsections 

(a, b, and c), each corresponding to an individual study. 

Title:  

The effects of total sleep deprivation and ammonia inhalants on the cognitive and physical 

abilities of military personnel 

Objectives: 

a) Conducting a literature review to identify the current understanding on the topic 

and substantial gaps in the literature by investigating the impact of ammonia 

inhalations on cognitive and physical performance. 

b) Conducting a methodological study to examine lacking test-retest reliability of 

standard-issued static and dynamic military shooting protocols for comprehensive 

investigation of the of total sleep deprivation impact and ammonia inhalants on 

handgun shooting accuracy. 

c) Conducting a control trial study to investigate the effectiveness of ammonia 

inhalants in altering the impact of 36 hours of total sleep deprivation on battery of 

cognitive and physical performance tests relevant for military personnel. 

Methods: 

a) For the purpose of this literature review, a search of the following electronic 

databases by the author JM was performed: MEDLINE by PubMed, SCOPUS, 

Web of Science, and Google Scholar. Due to the paucity of research on the topic, 

search terms were quite broad and included a variety of terms including: 

ammonia, inhalation, performance, and smelling salts. Additionally, due to the 

lack of peer-reviewed articles, a manual search from the reference list of all 

retained articles was performed until April 2020. 

b) Twenty soldiers (22 ± 1.9 yrs; 81.7 ± 8.6 kg; 184.9 ± 5.9 cm) participated in two 

static and dynamic shooting protocols trials on three separate days to determine 

the between-day and same-day test-retest shooting accuracy reliability. The 

accuracy (total points scored) for each trial was recorded and analysed for 1) the 

reliability of each shooting protocol with two-way mixed effects intra-class 



correlation (ICC) with a coefficient of variation (CV) and the standard error of 

measurement (SEM) and 2) differences in shooting accuracy points scored 

between days and trials by two-way RM ANOVA. 

c) Eighteen male cadets (24.1 ± 3.0 yrs; 79.3 ± 8.3 kg) performed 5 identical testing 

sessions during 36 hours of total sleep deprivation (TSD) (after 0 [0], 12 [-12], 24 

[-24], and 36 [-36] hours of TSD), and after 8 [+8] hours of recovery sleep. During 

each testing session, the following assessments were conducted: Epworth 

sleepiness scale (ESS), simple reaction time (SRT), shooting accuracy (SA), rifle 

disassembling and reassembling (DAS), and countermovement jump height (JH). 

Heart rate (HR) was continuously monitored during the SA task, and a rating of 

perceived exertion (RPE) was obtained during the JH task. At each time point, 

tests were performed twice, either with AI or without AI (CON), in a 

counterbalanced order. 

Results:  

a) To date, there is a lack of evidence to support anecdotal claims of increased 

cognitive arousal and greater strength performance. However, there may be a 

short-term effect of ammonia inhalants on the cardiorespiratory system (possibly 

increasing breathing rate and heart rate approximately 15 to 30 seconds), but 

further research is needed to support these findings and to determine how the 

short-term cardiorespiratory effects may affect other physiological and 

performance measures. Lastly, although evidence does not indicate that ammonia 

inhalants are dangerous in healthy populations, sport and health professionals 

should be aware of the potential risks of AIs to prevent any unlikely, but possible, 

difficulties. 

b) The results indicated good between-day test-retest reliability of the average of two 

trials of both the static (ICC = 0.837 [0.659, 0.930], CV = 3.78%, SEM = 3.37) 

and dynamic (ICC = 0.806 [0.597, 0.917], CV = 4.73%, SEM = 3.73) protocols. 

Additionally, there was moderate between-day test-retest reliability of a single 

trial for static (ICC = 0.703 [0.383, 0.872], CV = 3.47%, SEM = 3.11) and 

dynamic (ICC = 0.585 [0.219, 0.810], CV = 4.17%, SEM = 3.30) protocols, and 

moderate same-day test-retest reliability for static (ICC = 0.510 [0.248, 0.741], 

CV = 2.57%, SEM = 2.31) and dynamic (ICC = 0.510 [0.243, 0.742],  

CV = 4.30%, SEM = 3.39) protocols across the last two trials. 



c) There was no condition  time interaction in any test, but there was faster SRT 

(1.6%; p = 0.007) without increasing the number of errors, higher JH (1.5%;  

p = 0.005), lower RPE (9.4%; p < 0.001), and higher HR (5.0%; p < 0.001) after 

using AI compared to CON regardless of TSD. However, neither SA nor DAS 

were affected by AI or TSD (p > 0.05). Independent of AI, the SRT was slower 

(3.2-9.3%; p < 0.001) in the mornings (-24, +8) than in the evening (-12), JH was 

higher (3.0-4.7%, p < 0.001) in the evenings (-12, -36) than in the mornings  

(0, -24, +8), and RPE was higher (20.0-40.1%; p < 0.001) in the sleep-deprived 

morning (-24) than all other timepoints (0, -12, -36, +8). Furthermore, higher ESS 

(59.5-193.4%; p < 0.001) was reported at -24 and -36 than the rest of the 

timepoints (0, -12, and + 8). 

Conclusion: 

The literature review unveiled a notable gap in understanding the impact of ammonia 

inhalations on cognitive and physical performance, noting potential short-term effects on 

the cardiorespiratory system. A subsequent study on laser-based shooting simulations for 

military personnel demonstrated moderate to good reliability in static and dynamic 

protocols, potentially paving the way for more efficient, cost-effective and reliable testing 

and training methods. The final study highlighted that while total sleep deprivation 

negatively affects cognitive and physical performance, the application of ammonia 

inhalants can offer short-term improvements in reaction time, jump height, heart rate and 

reduced perceived exertion, irrespective of total sleep deprivation status. On the other 

hand, it did not affect shooting accuracy or rifle assembly and disassembly skills. These 

findings may present ammonia inhalants usage as a potential ergogenic aid in specific 

military situations. In conclusion, the combined results provide new insights into the 

potential impacts of ammonia inhalants and total sleep deprivation on cognitive and 

physical performance and underline the need for additional research to ascertain their 

efficacy and safety in broader military contexts. 

Keywords: Ergogenic aids, Smelling salts, Firearm, Army, Sleep Loss 

  



Abstrakt (in the Czech language) 

Vzhledem k tomu, že je tato disertační práce postavena na třech na sebe navazujících 

studiích, jsou cíle, metody, a výsledky práce rozděleny do tří samostatných podkapitol  

(a, b a c), z nichž každá odpovídá jedné studii. 

Název: 

Vliv spánkové deprivace a uhličitanu amonného na psychické a fyzické vlastnosti členů 

ozbrojených složek 

Cíle: 

a) Vypracování přehledu literatury s cílem zaplnit podstatnou mezeru v literatuře 

zabývající se zkoumáním vlivu inhalace uhličitanu amonného na kognitivní a 

fyzickou výkonnost, a tím přispět k současným znalostem a porozumění tohoto 

tématu. 

b) Vypracování studie s cílem prozkoumat chybějící test-retest reliabilitu 

standardních statických a dynamických vojenských střeleckých protokolů pro 

komplexní zkoumání vlivu celkové spánkové deprivace a inhalace uhličitanu 

amonného na přesnost střelby z ručních zbraní. 

c) Vypracování kontrolní studie zaměřené na zkoumání účinnosti inhalace 

uhličitanu amonného na dopady 36hodinové celkové spánkové deprivace na 

baterii kognitivních a fyzických výkonnostních testů relevantních pro vojenský 

personál. 

Metody: 

a) Pro účely tohoto přehledu literatury byla provedena rešerše v následujících 

elektronických databázích: MEDLINE (PubMed), SCOPUS, Web of Science a 

Google Scholar. Vzhledem k nedostatečnému počtu výzkumů na toto téma byly 

vyhledávací termíny poměrně široké a zahrnovaly řadu pojmů včetně: amoniak, 

inhalace, výkon a čichací sůl. Kromě toho bylo vzhledem k nedostatku 

recenzovaných článků provedeno ruční vyhledávání ze seznamu literatury všech 

získaných článků do dubna 2020. 

b) Dvacet vojáků (22 ± 1,9 let; 81,7 ± 8,6 kg; 184,9 ± 5,9 cm) se ve třech různých 

dnech zúčastnilo dvou testů statických a dynamických střeleckých protokolů, za 

účelem zjištění reliability přesnosti střelby mezi jednotlivými dny a v rámci 



jednoho dne. Přesnost (celkový počet dosažených bodů) pro každý pokus byla 

zaznamenána a analyzována pro 1) reliabilitu každého střeleckého protokolu 

pomocí koeficientu vnitrotřídní korelace (ICC) s variačním koeficientem (CV) a 

standardní chybou měření (SEM) a 2) rozdíly v počtu dosažených bodů přesnosti 

střelby mezi dny a pokusy pomocí dvoucestné RM ANOVA. 

c) Osmnáct kadetů (24,1 ± 3,0 let; 79,3 ± 8,3 kg) provedlo 5 identických testů během 

36 hodin celkové spánkové deprivace (TSD) (po 0 [0], 12 [-12], 24 [-24] a 36  

[-36] hodinách TSD) a po 8 [+8] hodinách regeneračního spánku. Během každého 

testování byly provedeny následující testy: Epworthská škála spavosti (ESS), 

jednoduchý reakční čas (SRT), přesnost střelby (SA), rozložení a opětovné 

složení pušky (DAS) a výška výskoku (JH). Během testu SA byla průběžně 

monitorována srdeční frekvence (HR) a během testu JH bylo zjišťováno 

hodnocení vnímané námahy (RPE). V každém časovém bodě byly testy 

provedeny dvakrát, a to po použití uhličitanu amonného (AI), nebo bez použití AI 

(CON), v randomizovaném pořadí. 

Výsledky: 

a) Dosud chybí důkazy, které by potvrzovaly tvrzení o zvýšeném kognitivním 

nabuzení a zlepšeném silovém výkonu. Může však existovat krátkodobý účinek 

po inhalaci uhličitanu amonném na kardiorespirační systém (zvýšení dechové 

frekvence a srdeční frekvence přibližně na 15 až 30 sekund), ale je zapotřebí 

dalšího výzkumu, který by tato zjištění potvrdil a určil, jak mohou krátkodobé 

kardiorespirační účinky ovlivnit další fyziologické a výkonnostní ukazatele. 

Závěrem, ačkoli důkazy nenaznačují, že by inhalace uhličitanu amonného byla u 

zdravé populace nebezpečná, měli by si sportovní a zdravotničtí odborníci být 

vědomi možných rizik, aby předešli případným nepravděpodobným, ale možným 

obtížím. 

b) Výsledky ukázaly dobrou reliabilitu testů mezi jednotlivými dny u průměru dvou 

pokusů statického (ICC = 0,837 [0,659, 0,930], CV = 3,78 %, SEM = 3,37) i 

dynamického (ICC = 0,806 [0,597, 0,917], CV = 4,73 %, SEM = 3,73) protokolu. 

Kromě toho byla zjištěna střední reliabilita mezi jednotlivými dny testování u 

statického (ICC = 0,703 [0,383, 0,872], CV = 3,47 %, SEM = 3,11) a 

dynamického (ICC = 0,585 [0,219, 0,810], CV = 4,17 %, SEM = 3,30) protokolu 

a střední reliabilita stejného dne při opakovaném testování u statických  



(ICC = 0,510 [0,248, 0,741], CV = 2,57 %, SEM = 2,31) a dynamických  

(ICC = 0,510 [0,243, 0,742], CV = 4,30 %, SEM = 3,39) protokolů v posledních 

dvou pokusech. 

c) V žádném z testů nebyla zjištěna interakce mezi podmínkami a časem, ale po 

použití AI došlo k rychlejšímu SRT (1,6 %; p = 0,007) bez zvýšení počtu chyb, 

vyšší JH (1,5 %; p = 0,005), nižšímu RPE (9,4 %; p < 0,001) a vyššímu HR  

(5,0 %; p < 0,001) ve srovnání s CON bez ohledu na TSD. SA ani DAS však 

nebyly ovlivněny AI ani TSD (p > 0,05). Nezávisle na AI byla SRT pomalejší 

(3,2-9,3 %; p < 0,001) ráno (-24, +8) než večer (-12), JH byla vyšší (3,0-4,7 %,  

p < 0. 001) večer (-12, -36) než ráno (0, -24, +8) a RPE byla vyšší (20,0-40,1 %; 

p < 0,001) ráno (-24) při nedostatku spánku než ve všech ostatních časových 

bodech (0, -12, -36, +8). Dále byla zaznamenána vyšší ESS (59,5-193,4 %;  

p < 0,001) v -24 a -36 než v ostatních časových bodech (0, -12 a +8). 

Závěr: 

Přehled literatury odhalil výraznou mezeru v pochopení dopadu používání uhličitanu 

amonného na kognitivní a fyzickou výkonnost a upozornil na možné krátkodobé účinky 

na kardiorespirační systém. Následná studie zabývající se zjištěním chybějící reliability 

střeleckých protokolů pro vojenský personál pomocí laserové pistole prokázala střední až 

dobrou reliabilitu statických a dynamických protokolů, což potenciálně otevírá cestu k 

účinnějším, méně finančně náročným, a spolehlivějším metodám testování a výcviku 

střelby. Závěrečná studie zdůraznila, že zatímco celková spánková deprivace negativně 

ovlivňuje kognitivní a fyzickou výkonnost, aplikace uhličitanu amonného může 

nabídnout krátkodobé zlepšení reakční doby, výšky skoku, srdeční frekvence a snížení 

vnímané námahy bez ohledu na celkový stav spánkové deprivace. Na druhou stranu 

přesnost střelby ani celkový čas při rozkládání a skládání pušky nebyly uhličitanem 

amonným ovlivněny. Tato zjištění mohou prezentovat užívání uhličitanu amonného jako 

potenciální ergogenní pomůcku ve specifických vojenských situacích. Závěrem lze říci, 

že kombinované výsledky poskytují nové poznatky o potenciálních dopadech používání 

uhličitanu amonného a celkové spánkové deprivace na kognitivní a fyzickou výkonnost 

a zdůrazňují potřebu dalšího výzkumu, který by zjistil jejich další potencionální účinnost 

a bezpečnost v širším vojenském kontextu. 

Klíčová slova: Ergogenní látky, Čichací sůl, Střelná zbraň, Armáda, Ztráta spánku 
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1. Introduction 

Recent warfare events necessitated an institutional evolution in the way military 

leaders look at the soldiers' health as an essential part of performance and readiness. 

Throughout the past years, the Ministry of Defense & Armed Forces of the Czech 

Republic has demonstrated a heightened interest in service members' physical and mental 

preparedness (Bugala, 2020). This is mainly apparent in the joint efforts between 

command and healthcare workers, who work together to improve the well-being habits 

of service members in all environments, from training to operations and combat. Placing 

emphasis on nutrition, correctly chosen physical activity, mental resilience training, 

fatigue management, sleep hygiene etc., seeks to mitigate the potentially harmful side 

effects of maintaining a persistently ready force across the entire defense establishment. 

However, sleep is often an overlooked component (Good et al., 2020). 

Sleep is a crucial yet frequently undervalued biological process that is widely 

recognized as critical for military personnel's health and combat readiness (Thompson et 

al., 2017). However, self-reported data suggests that military personnel obtain less sleep 

than the recommended 7.5 to 8.5 hours per day (Meadows et al., 2018; Van Dongen et 

al., 2003; Wehr et al., 1993), potentially affecting their ability to perform military duties 

effectively (Heaton et al., 2014). In addition, military personnel often face situations 

where they are required to perform continuous tasks for up to 24 hours, such as overnight 

duty, prolonged operations, or direct ground combat (Reynolds & Banks, 2010). Under 

such operational circumstances, soldiers may experience total sleep deprivation, a lack of 

sleep that surpasses 24 hours (Reynolds & Banks, 2010). 

Based on previous research, total sleep deprivation has been found to decrease 

blood flow velocity in the middle cerebral artery, which can lead to various cognitive and 

behavioral impairments, including fatigue, sustained attention, and reaction time (Csipo 

et al., 2021). Manual dexterity, a critical component of tasks such as shooting and firearms 

handling, has also been shown to be negatively impacted by total sleep deprivation 

(Dąbrowski et al., 2012; Hirkani & Yogi, 2017; Tharion et al., 2003). Furthermore, total 

sleep deprivation not only impairs cognitive functioning and perceptual-motor skills but 

also diminishes short-term, high-intensity exercise output (Dąbrowski et al., 2012; Skein 

et al., 2010; Souissi et al., 2013; Tomczak, 2015). 
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As we consider the broad problematic of total sleep deprivation, it is required to 

shift our focus back to specific groups where the effect of insufficient rest may be more 

acute. Military personnel are a unique, urgent, and understudied group to investigate, as 

total sleep deprivation and insufficient rest are operationally critical (Good et al., 2020; 

United States, Department of Defense, 2021). 

Given that soldiers frequently engage in high-intensity, short-term movements and 

rely heavily on their ability to react swiftly, handle weapons, and shoot accurately, any 

decline in these performance areas, a potential consequence of sleep deprivation, may 

negatively impact their survival and combat effectiveness (Friedl et al., 2015; Good et al., 

2020). As the potential risks and high-stakes nature of military service make impaired 

sleep a significant concern, understanding its detrimental effects on both cognitive and 

physical functioning is crucial (Harman et al., 2008). 

As such, ergogenic aids, which may mitigate the adverse effects of sleep 

deprivation by promoting cognitive and physical performance, are of high interest to the 

military (Harman et al., 2008). For instance, caffeine, one of the most widely used 

ergogenic aids, has been found to help sustain cognitive functioning and enhance physical 

performance during total sleep deprivation at moderate doses (Crawford et al., 2017; 

McLellan et al., 2016). However, caffeine cannot replace regular sleep, and excessive 

consumption can disrupt regular sleep habits (Chaput et al., 2020; Good et al., 2020; 

Wesensten et al., 2011). Furthermore, while the effects of caffeine may last for several 

hours, its onset is typically observed within a few tens of minutes post-consumption, 

reflecting the required digestion time (Graham, 2001). Consequently, its utility for 

immediate performance enhancement might be limited. Hence, ergogenic aids 

characterized by a more rapid onset of action may prove more advantageous in the 

circumstances demanding immediate soldier arousal for physical or cognitive 

performance. 

An example of fast-acting ergogenic aids is ammonia inhalants, which are 

traditionally used as a fast-acting "pre-workout stimulant", whereby users hope for rapid 

improvements in vigilance and short-term high-intensity physical performance 

(McCrory, 2006). The putative effect of arousal via ammonia inhalants inhalation is 

believed to be caused by irritation of the respiratory passages that may subsequently 

trigger the adrenergic receptors in peripheral tissue, resulting in the release of 
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norepinephrine, causing an increase in cardiac output, respiratory rate and an increase in 

blood flow velocity in the middle cerebral artery (Perry et al., 2016). 

Although there is no evidence suggesting that ammonia inhalants usage affects 

maximal muscular strength or endurance, some studies indicate that it enhances alertness, 

laboratory-tested explosive strength during isometric muscle actions, and repeated 

anaerobic power performance when athletes are already fatigued (Campbell et al., 2022; 

R. R. Rogers et al., 2022; Secrest et al., 2015). Moreover, a short-term increases in heart 

rate, breath rate (Campbell et al., 2022; Perry et al., 2016), and blood flow velocity of the 

middle cerebral artery (Perry et al., 2016) has been observed after inhaling ammonia 

inhalants. However, no effects have been observed in real-world movements and tasks 

such as jump height or sprint time (Malecek & Tufano, 2021). To conclude, despite their 

widespread use among some athletes, the literature lacks evidence on the effects of 

ammonia inhalants usage on cognitive and physical performance. Furthermore, no prior 

research appears to have investigated the effects of these inhalants on sleep-deprived 

individuals. 

Therefore, this dissertation thesis focuses on examining the effectiveness of using 

ammonia inhalants in countering the effects of total sleep deprivation on cognitive and 

physical performance tests relevant to military personnel, whereas the main objectives of 

this dissertation are: 

• Conducting a literature review to identify the current understanding on the topic 

and substantial gaps in the literature by investigating the impact of ammonia 

inhalations on cognitive and physical performance. 

• Conducting a methodological study to examine lacking test-retest reliability of 

standard-issued static and dynamic military shooting protocols for comprehensive 

investigation of the of total sleep deprivation impact and ammonia inhalants on 

handgun shooting accuracy. 

• Conducting a control trial study to investigate the effectiveness of ammonia 

inhalants in altering the impact of 36 hours of total sleep deprivation on battery of 

cognitive and physical performance tests relevant to military personnel. 

This dissertation thesis comprises 9 chapters, with Chapter 1 serving as the 

fundamental introduction, providing a broad overview and aims of the dissertation thesis 

and establishing a foundation for the subsequent chapters. Chapter 2 reviews the current 
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knowledge on sleep, sleep deprivation, and related ergogenic aids, specifically focused 

on the military environment. This chapter aims to establish the theoretical foundation for 

the three studies that form the core of this dissertation thesis and which were published 

(or submitted) as three individual studies in peer-reviewed journals. 

To facilitate a cohesive presentation of the studies, the methods, results, and 

discussions for each study are presented in Chapters 4, 6 and 8. In addition, each of the 

three studies is briefly introduced (Chapter 3, 5 and 7) to link the chapters together and 

show how each study's findings contribute to one another. Lastly, Chapter 9 provides an 

overall summary of the entire dissertation thesis and my doctoral studies. 

Chapter 4 comprises the manuscript titled "Effects of Ammonia Inhalants in Humans: 

A Review of the Current Literature Regarding the Benefits, Risks, and Efficacy”, which 

was published in 2021 in the Strength and Conditioning Journal (IF = 2.490, Q3 in Sport 

Sciences). The manuscript thoroughly reviews the available literature on using ammonia 

inhalants in humans. The study specifically explores the potential benefits, risks, and 

efficacy associated with ammonia inhalant usage and provides a comprehensive overview 

of current knowledge on this topic (Malecek & Tufano, 2021). 

Chapter 6 includes the manuscript titled "Test-Retest Reliability of Two Different 

Laser-based Protocols to Assess Handgun Shooting Accuracy in Military Personnel", 

which was published in 2023 as a Letter to Editor in the BMJ Military Health journal  

(IF = 2.800, Q2 in Medicine, General & Internal). The manuscript highlights the 

importance of establishing the reliability of basic shooting protocols employed in research 

to assess the impact of various factors on shooting accuracy and presents original results 

of the reliability of selected static and dynamic shooting protocols performed using a 

laser-based handgun system (Malecek et al., 2023). 

In Chapter 8, the manuscript titled "Effects of 36 hours of sleep deprivation on 

military-related tasks: can ammonium inhalants maintain performance?" submitted in 

2023 and currently under review in the PLOS ONE journal (IF = 3.752, Q2 in 

Multidisciplinary), reports the potential impact of the use of ammonia inhalants on 

various measures, including simple reaction time, shooting accuracy, countermovement 

jump height, and rifle disassembly, and reassembly time, in military personnel subjected 

to total sleep deprivation of 36 hours, followed by a recovery sleep period of 8 hours. The 

outcomes of the manuscript indicate that implementing ammonia inhalants could 
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potentially have some practical implications in specific military scenarios, regardless of 

the duration of the total sleep deprivation. 

In conclusion, it is necessary to mention that this dissertation thesis was made possible 

through the generous support of the Charles University Grant Agency. The project 

received funding under grant number GAUK 986120. This invaluable backing not only 

enabled us to conduct rigorous research but also significantly contributed to our ability to 

explore and contribute new knowledge in this essential field. We are deeply grateful for 

this support and recognize its critical role in the success of our endeavor.  
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2. Theoretical background 

This chapter aims to introduce and review the general physiology of sleep and sleep 

deprivation with its potential subsequent physiological consequences. We are laying the 

groundwork by elucidating the concept of sleep, delving into its intricate architecture, and 

distinguishing between both the non-rapid eye movement and rapid eye movement sleep 

phases. These two states of sleep exhibit distinctive characteristics and functions integral 

to our understanding of sleep. 

Moreover, we are introducing the systems that control sleep and circadian rhythms. 

These regulatory mechanisms are essential in maintaining the delicate balance between 

sleep and wakefulness, affecting numerous aspects of our physiology and behaviour. 

The second part of this chapter concentrating on the ramifications of sleep 

deprivation, both partial and total, particularly as it relates to the military environment. 

We assess its impact on military personnel's cognitive and physical abilities, which we 

are trying to provide a comprehensive picture of its broad-ranging effects. 

Lastly, we examine ergogenic aids as a potential mitigating factor against the 

potential adverse effects of sleep deprivation. These substances, designed to enhance 

cognitive and physical performance, may possibly offer some help against the negative 

effects of sleep deprivation, allowing soldiers to maintain performance despite sleep 

deficits. 

This chapter should provide a broad overview, aiming to give the reader a robust 

understanding of the role of sleep with a focus on the military context. 

2.1. Sleep definition 

Humans dedicate approximately one-third of their existence to sleep, but most 

possess limited knowledge about this essential physiological process (Aminoff et al., 

2011). Despite the precise functions of sleep remaining incompletely understood, it 

constitutes a fundamental requirement for higher organisms, including humans, with its 

deprivation leading to significant physiological consequences (Colten et al., 2006). 

Sleep is a fundamental physiological process crucial for preserving physical and 

mental well-being (Medic et al., 2017). It is a natural, recurring state involving the mind 

and body, marked by altered consciousness, diminished sensory activity, and reduced 

muscle activity (Zisapel, 2007). Sleep is vital in brain operations and systemic physiology 
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across numerous bodily systems (Medic et al., 2017). The body engages in intricate 

physiological processes throughout sleep, such as energy restoration, memory 

consolidation, and immune function regulation (Imeri & Opp, 2009). Sleep is also 

essential for managing various biological processes, including metabolism, hormone 

secretion, and gene expression (Van Cauter et al., 2008). The biological significance of 

sleep becomes apparent when considering that lack of sleep can result in various adverse 

health consequences, including cognitive deficits, mood disorders, and metabolic 

dysfunction (Knutson, 2007). As a result, it is imperative to encourage proper sleep 

hygiene practices in both genders, across various age groups, and among individuals from 

diverse professional backgrounds, as adequate sleep is crucial for maintaining optimal 

performance and overall well-being in all aspects of life (Knutson, 2007; Medic et al., 

2017; Van Cauter et al., 2008; Zisapel, 2007). 

Despite the common understanding of sleep as an altered state of consciousness, its 

definition and functions have consistently puzzled researchers. The progression of the 

deafferentation hypothesis of sleep has traditionally been tied to a concept more than 

before 2000 years back, where it was proposed that sleep is essentially the state of non-

wakefulness (Moruzzi, 1964). In 1749 (Hartley, 1749) and 1834 (Macnish, 1834), his 

notion underwent further developments, defining sleep as a period where sensory abilities 

are paused and voluntary actions cease. However, involuntary processes like respiration 

and circulation carry on without interference (Chokroverty, 2010). Understanding the 

nature of sleep becomes more apparent when one poses the question while attempting to 

fall asleep. Human sleep may be described as a modified state characterized by the 

diminished conscious awareness of the external environment, accompanied by distinct 

controls, rhythms, emotions, and dreams (Chokroverty, 2010). This transient, natural, and 

periodic physiological occurrence is reversible, thereby setting it apart from irreversible 

states such as coma and death (Chokroverty, 2017a). 

Two components are necessary for consciousness: arousal, facilitated by the 

ascending reticular activating system, and awareness, which is a function of the cerebral 

cortex (Machado, 1999). Pathological conditions such as coma or unconscious state are 

different from sleep in several ways. Sleep, distinct from a coma, results in only slight 

changes in brain metabolism and circulation, whereas a coma presents significant 

depression and impairment in these areas (Chokroverty, 2017b). Despite some surface 

resemblances, states such as coma, persistent vegetative state, and minimally conscious 
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state are fundamentally different from sleep (Chokroverty, 2017b). Recent researchers 

delineate sleep based on the individual's asleep behaviour and the corresponding 

physiological changes in the waking brain's electrical rhythm during sleep (Ogilvie, 

2001). Behavioral markers of sleep include calmness, limited movement, specific sleep 

postures, closed eyes, reduced responsiveness to stimuli, impaired cognitive abilities, 

slower time of reaction and returnable unconsciousness (Chokroverty, 2010, 2017b). 

Also, simply put, sleep may be defined as a reversible behavior state marked by 

detachment from and unresponsiveness to the environment (Carskadon & Dement, 2011). 

Sleep is also a multifaceted combination of physiological and behavioral states (Carol, 

2011). Generally, sleep is associated with (though not exclusively) a recumbent posture, 

subdued behavior, closed eyes, and other features commonly linked to slumber 

(Carskadon & Dement, 2011). In atypical circumstances, additional behaviors may 

transpire during sleep, encompassing sleepwalking, sleep talking, teeth grinding, and 

various physical activities (Carskadon & Dement, 2011). Sleep process anomalies also 

comprise instances of sleep intrusions, be it the act of sleeping itself, dream imagery, or 

muscle weakness within waking hours (Carskadon & Dement, 2011). 

Sleep serves as an active period of anabolism, aiding in growth and enhancing the 

immune system, and is a phenomenon also observed in birds, mammals, amphibians, fish, 

and reptiles (Chokroverty, 2017b). Sleep is defined physiologically by data from 

electroencephalography, electrooculography, electromyography, and changes in 

breathing and blood flow (Chokroverty, 2017b). When trying to understand the onset of 

sleep, it is vital to differentiate between feelings of sleepiness and sensations of fatigue 

or weariness (Chokroverty, 2017b). Unlike sleepiness, which manifests as heavy eyelids, 

yawning, head nodding, or the ability to nap if the opportunity arises, fatigue is defined 

by a constant state of low energy and diminished motivation (Chokroverty, 2009). On the 

other hand, sleepiness often results in fatigue as a secondary outcome (Chokroverty, 

2009, 2017a). 

2.2. Sleep architecture and sleep profile 

Sleep may be differentiated into non-rapid eye movement, and rapid eye movement 

sleep which are both characterized by distinct functionalities and controls, as identified 

through three physiological evaluations (previously mentioned): electroencephalography, 

electrooculography, and electromyography (Chokroverty, 2009, 2010). Ideally, though 
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not consistently observed in all normal individuals, non-rapid eye movement and rapid 

eye movement sleep alternate cyclically, averaging between 90 and 110 minutes per cycle 

(Colten et al., 2006). In a typical adult sleep cycle, 4-6 stages occur. The initial two cycles 

are characterized by predominant slow-wave sleep, whereas the following stages contain 

less slow-wave sleep, which may even disappear entirely in certain instances 

(Chokroverty, 2017b). 

On the other hand, the duration of the rapid eye movement sleep cycle extends by 

every additional cycle, climaxing in a potentially hour-long rapid eye movement sleep 

episode at the end (Chokroverty, 2017b). As a result, adult human sleep is characterized 

by slow-wave sleep dominating the initial third and rapid eye movement sleep dominating 

the final third (Dijk, 2009). It is vital to acknowledge these features, as specific abnormal 

motor activities are typically linked to slow-wave sleep and rapid eye movement sleep 

(Chokroverty, 2017a). This sleep architecture embodies the fundamental structural 

composition of regular sleep, with non-rapid eye movement sleep further diverged into 

four stages, demonstrating a spectrum of sleep's depth (Chokroverty, 2017b). Distinct 

characteristics, such as patterns of brain waves, variations in muscle tone, and eye 

movements, are exhibited in each stage (Chokroverty, 2009). The identification of sleep 

cycles and stages was facilitated by the use of electroencephalography recordings, which 

capture the brain's electrical activity patterns (Dement & Kleitman, 1957; Loomis et al., 

1937). 

2.2.1. Non-rapid eye movement sleep 

Given that non-rapid eye movement sleep comprises about 75 to 80% of an adult 

human's total sleep duration, it is important to note that according to the Rechtschaffen 

and Kales scoring manual, this type of sleep is further divided into four distinct stages, 

labelled 1 to 4 (Institute of Medicine, 2006). Primarily based on electroencephalography 

patterns, the scoring manual by the American Academy of Sleep Medicine which is more 

recently published and used, delineates three stages (N1, N2, and N3), offering a 

comparison to the four stages outlined in the older Rechtschaffen and Kales scoring 

manual (Moser et al., 2009; Novelli et al., 2010). N1 sleep, or Stage 1, represents 3 to 8% 

of total sleep time, while N2, or Stage 2, accounts for 45 to 55% of the sleeping period, 

and N3, also known as slow-wave sleep, constitutes 15–23% of the overall sleep duration 

(Chokroverty, 2017b). In awake adults, the dominant rhythm is the alpha rhythm  

(8–13 Hz), mainly seen in the posterior head regions, with a slight presence of the beta 
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rhythm (>13 Hz) in the anterior regions (Chokroverty, 2009). During the wakeful state, 

known as stage W, eye movements may be observed, including vertical, horizontal, slow, 

oblique, or rapid eye movements (Chokroverty, 2017b). 

a) Stage 1 

Stage 1 (N1) sleep, also known as light sleep (Patel et al., 2023), functions as an 

intermediary step within the sleep-stage progression, signifying the onset of sleep for 

most individuals, with the exception of those affected by narcolepsy, particular 

neurological conditions or infants (Carskadon & Dement, 2011). This initial stage, highly 

susceptible to interruptions from external disturbances, constitutes 2 to 5% of the total 

sleep duration and typically lasts for a brief span of 1 to 7 minutes (Carskadon & Dement, 

2011). Electroencephalography brain activity shifts from the wakeful state, which is 

denoted by rhythmic alpha waves indicative of a relaxed yet alert condition (8 to 13 cycles 

per second), to a pattern characterized by low-voltage, mixed-frequency waves, as  

non-rapid eye movement sleep commences in stage 1 (Carskadon & Dement, 2011). 

During this phase, the alpha rhythm drops below 50% in an epoch, also slower theta and 

delta electroencephalography rhythms (1 to 7 Hz) emerge (Louis et al., 2016), 

electromyographic activity slightly decreases, slow eye movements begin to manifest, 

and vertex sharp waves become noticeable, all occurring simultaneously as the stage 

draws near its end (Chokroverty, 2017b). 

a) Stage 2  

Commencing with a duration of around 10 to 25 minutes, Stage 2 (N2) sleep 

gradually lengthens across subsequent cycles, accounting for 45 to 55% of the overall 

sleep time eventually, indicating a deeper sleep state which requires a more potent 

stimulus to awake an individual in comparison to stage 1 sleep  (Institute of Medicine, 

2006). As detected by electroencephalography, Stage 2 sleep is described by mixed-

frequency brain activity (moderately low-voltage), including the K-complexes, sleep 

spindles (Ioannides et al., 2019), and interspersed vertex sharp waves (Gais et al., 2002; 

Institute of Medicine, 2006). Previous research showed that sleep spindles are postulated 

to be crucial in memory functioning, as demonstrated by a higher spindle density in 

individuals who engage in new tasks (Gais et al., 2002). Moreover, during stage 2 sleep, 

the electroencephalography recordings also reveal the presence of theta and slow waves 

(from 0.5 to 2 Hz), that account for under 20% of the epoch's total duration (Chokroverty, 

2009). 
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b) Stages 3 and 4 (slow-wave sleep)  

Primarily occurring during the first third of the night, Stages 3 (N3) and 4 (slow-

wave sleep) encompass slow-wave sleep, which is distinguished by its specific attributes 

(Chokroverty, 2017b). Subsequent to 30 to 60 minutes of stage 2 (N2) sleep, stage 3 

initiates, with slow waves accounting for 20 to 100% of the epoch. Rechtschaffen and 

Kales scoring manual stages 3 and 4 of non-rapid eye movement sleep, collectively 

known as slow-wave sleep, are superseded by stage N3 in the revised American Academy 

of Sleep Medicine scoring manual (Institute of Medicine, 2006). Displaying enhanced 

high-voltage, slow-wave activity in electroencephalogram readings, Stage 3 sleep, which 

lasts only a couple minutes and represents about 3 to 8% of total sleep, is another crucial 

part of the sleep cycle (Institute of Medicine, 2006). Following Stage 3, the concluding 

phase of non-rapid eye movement sleep, Stage 4, which spans approximately 20 to 40 

minutes in the first cycle and constitutes around 10 to 15% of total sleep, showcases 

increased high-voltage, slow-wave activity on the electroencephalogram and holds the 

distinction of having the highest arousal threshold (require more intense stimuli to awake 

individuals) among all non-rapid eye movement sleep stages (Carskadon & Dement, 

2011). Body movements, frequently recorded as artefacts in polysomnographic data, 

intensify as slow-wave sleep lightens and approaches its ending. The transition to the 

initial rapid eye movement sleep period, which occurs roughly 60 to 90 minutes after 

sleep onset, is preceded by a brief interruption of stage 3 by stage 2 (Chokroverty, 2017a). 

2.2.2. Rapid eye movement sleep 

Characterized by desynchronized brain wave activity identical to a wakeful state, 

muscle atonia, and visible rapid eye movements, rapid eye movement sleep presents a 

unique and essential sleep stage (Kryger et al., 2005), accounting for 20 to 25% of total 

sleep time (Yamada & Ueda, 2020). The loss of muscle tone and reflexes plays a crucial 

role in rapid eye movement sleep by preventing individuals from physically reacting to 

their dreams or nightmares (which may prevent from possible injuries) (Bader et al., 

2003; Chokroverty, 2017b). This sleep stage, which may also play a significant role in 

memory functioning (Crick & Mitchison, 1983; C. Smith & Lapp, 1991), is where 

approximately 80% of dream recall happens upon awakening (Dement & Kleitman, 

1957). During rapid eye movement sleep, phases of apnea (pause in breathing) or 

hypopnea (period of shallow breathing) might take place, often punctuated by sporadic 

couple seconds-long appearances in electroencephalographic' alpha rhythms 
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(Chokroverty, 2009). During rapid eye movement sleep, the brainwave activity shown on 

electroencephalographic recordings presents a fast and low amplitude pattern within the 

beta frequency range, with several of theta rhythms that sometimes display a "sawtooth" 

pattern (Chokroverty, 2017b). These waves, typically fluctuating between 2 to 6 Hz and 

often irregular, are predominantly detected in the central areas of the brain and are 

supposed to signify the onset of rapid eye movement sleep, usually preceding its initiation 

(Chokroverty, 2017b). The initial cycle of rapid eye movement sleep, lasting around 5 

minutes, then progressively extending throughout the overall sleep, transitions to Stage 2 

(N2) and subsequently to Stage 3 (N3) before giving way to the second occurrence of the 

rapid eye movement sleep phase (Chokroverty, 2009; Kryger et al., 2005). 

2.3. Sleep rhythms 

Sleep rhythms, also referred to as circadian rhythms, are innate mechanisms that 

control the sleep-wake cycle and various other bodily functions in an approximately 24-

hour time span (Duffy et al., 2011). The anterior hypothalamus houses the 

suprachiasmatic nucleus, which is the principal regulator of these rhythms (Ralph et al., 

1990). The suprachiasmatic nucleus influences numerous behavioral and physiological 

cycles through its neural and hormonal signals, prominently affecting temperature control 

(Waterhouse et al., 2005), gene expressions (Dunlap, 1999), and hormonal secretions 

(Gehrman et al., 2013; Sack et al., 2000). Additionally, external stimuli like light and 

social cues play a role in aligning these circadian rhythms (Dijk et al., 2012; Duffy et al., 

2011; Edwards et al., 2009; Facer-Childs et al., 2018). 

Typically known as their chronotype, a person's natural preference for morning or 

evening activities can be classified into "larks" or early chronotypes, and "night owls" or 

late chronotypes (Roenneberg et al., 2003). Larks have significantly earlier sleep-wake 

cycles in comparison to night owls, who are more inclined to be functional later in the 

day. This divergence is not limited to sleep behaviors but also affects various 24-hour 

oscillations, including physiological, behavioral, and genetic ones (Bailey & Heitkemper, 

2001; Roenneberg et al., 2003; Takahashi et al., 2008). 

Previous research suggests that the cyclical nature of physiological and behavioral 

processes of circadian rhythms may influence with times of individuals' peak 

performances (Facer-Childs et al., 2018). The prevalent consensus among researchers is 

that late afternoon to early evening, typically between 16:00 to 18:00 (Kline et al., 2007), 
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when the core body temperature is at its maximum, represents the most favorable time 

for athletic performance; this is underpinned by the theory that a higher core body 

temperature helps actin-myosin cross-bridging in skeletal muscles, thereby may leading 

to improve performance (Teo et al., 2011). Conversely, when the core body temperature 

is at its lowest, typically around 03:00 (Waterhouse et al., 2005), it is implied that 

performance can be compromised. 

Even though previous research suggests the early evening is the peak time for the 

physical aspects of athletic performance, studies have reported superior accuracy 

(Atkinson & Speirs, 1998), fine motor control, and short-term memory performance in 

the morning (Drust et al., 2005). However, research in sports like soccer or tennis has 

shown that other technical skills perform better in the afternoon or evening (Thun et al., 

2015), which adds to the ongoing controversy surrounding the ideal timing for maximal 

cognitive performance during the 24-hour rhythm. 

In conclusion, circadian rhythms may have a profound influence on cognitive and 

physical performance (Fisk et al., 2018). Additionally, potential disruptions in circadian 

rhythms (e.g., traveling or night shifts) can lead to cognitive and physical deficits, poorer 

mental health, and increased health risks (Sletten et al., 2020; Walker et al., 2020). 

Therefore, understanding the relationships between the effects of proper sleep hygiene 

and circadian rhythms on cognitive and physical performance is crucial for optimizing 

health, well-being, and performance (Irish et al., 2015; Vitale et al., 2019). 

2.4. Sleep deprivation 

Sleep deprivation is commonly characterized in the academic literature as 

"receiving insufficient sleep to ensure adequate alertness during the day" (Kryger et al., 

2017). It is well known that around a third of life is devoted to sleeping for the majority 

of people, yet its actual purpose remains a subject of ongoing debate in the world of 

science (Killgore, 2010). However, by setting aside the scientific perspective shortly, it 

is widely acknowledged across all populations that impaired sleep can cause our 

conscious actions to become significantly more difficult, demanding, and emotionally 

unsatisfying (Killgore, 2010). The primary significance of sleep becomes apparent when 

we spend the whole nighttime without it. Lack of adequate sleep typically leaves us 

exhausted and tired, with a noticeable decrease in our mood, often skewing towards the 

negative, and a perceptible slow-down in our cognitive processes (Killgore, 2010). Even 
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though it is widely understood that sleep is critical for maintaining optimal physical and 

cognitive performance,  sleep can sometimes be perceived as a minor inconvenience, such 

as a boring part of the daily routine. In other words, sleep might often seem like a period 

of unproductive time that could be redirected towards more effective, profitable, or 

enjoyable activities (Killgore, 2010). In circumstances where responsibilities related to a 

job, education, or social commitments become pressing, individuals frequently sacrifice 

sleep to allocate more time to these duties/activities (Killgore, 2010). 

Moreover, lack of sleep is common in many professions, including military 

personnel, medical practice, and all people working in shifts, with reports suggesting that 

a substantial 20% of the adult population is experiencing inadequate sleep (Abrams, 

2015). Therefore, the research into the consequences of sleep deprivation holds promise 

for distinct revelations about sleep's nature and function and also bears practical 

importance, particularly in enhancing the health and well-being of those who must sustain 

high-level performance in spite of limited or non-existent sleep (Killgore, 2010). 

Expanding upon the basic concept, sleep deprivation, a condition that arises from 

insufficient sleep and can significantly impact cognitive and physical functioning, can be 

classified into two distinct categories, each with its unique characteristics and effects on 

the human body (Yousefpour et al., 2019). 

Partial sleep deprivation, also known as sleep restriction, is a condition that 

describes a situation where an individual obtains some sleep, albeit less than what is 

generally considered sufficient, within a span of a 24-hour period. This type of sleep 

deprivation often occurs due to various lifestyle choices, service duty or circumstances 

that result in a shortened sleep duration, leading to sub-optimal rest and potential adverse 

health effects (Gosselin et al., 2017; United States, Department of Defense, 2021). 

Total sleep deprivation, in a more comprehensive definition, is a state that is 

characterized by an absolute absence of sleep across a full 24-hour cycle. This condition 

implies that an individual does not experience any form of sleep or brief rest (e.g., short 

naps) throughout the day and night. It often results from extraordinary circumstances 

(e.g., night shifts or service duties) or specific research settings and is known to cause 

significant physiological and cognitive changes (Gosselin et al., 2017; United States, 

Department of Defense, 2021). 
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2.4.1. Partial sleep deprivation 

Partial sleep deprivation is commonly described as experiencing no less than single 

night of incomplete or disturbed sleep (Kryger et al., 2017). Even though the quantity of 

sleep required can differ from person to person, for adults, partial sleep deprivation is 

generally characterized as receiving less than 5 (Pilcher & Huffcutt, 1996) to 7 hours 

(Gosselin et al., 2017) of sleep within a 24-hour period. In addition to partial sleep 

deprivation, individuals can also endure chronic partial sleep deprivation. This form of 

sleep deprivation can be characterized by a period lasting at least one week, during which 

a person consistently obtains less than 7 hours of sleep per night. Despite efforts, they are 

unable to secure adequate recovery sleep time to compensate for the accumulated sleep 

deficit (United States, Department of Defense, 2021). Often also referred to as sleep 

restriction, partial sleep deprivation may be more prevalent than total lack of sleep, and 

its impact, which can be felt with just an hour less sleep per night, and additionally 

becomes significantly even more severe when sleep is limited to under 4 to 5 hours each 

night (Williamson et al., 2011). 

Consistent exposure to partial sleep deprivation can lead to various cognitive and 

behavioral impairments, such as loss of focus, mood declines, restricted working 

memory, and delayed reaction times. These effects can compound over a few days to 

levels equivalent to experiencing one to three consecutive nights without sleep (Banks & 

Dinges, 2007; Fullagar et al., 2015; Gosselin et al., 2017). It was shown that long-term 

memory, executive functioning, and sustained attention are primarily impacted by partial 

sleep deprivation (Lowe et al., 2017). However, at the same time, proofs of its effects on 

multitasking, intelligence, decision-making, and problem-solving are insufficient for now 

(Lowe et al., 2017). 

Additionally, while sleep loss equals or exceeds 5 hours per night, the total impact 

of partial sleep deprivation on cognitive functions is more significant, leading to an 11% 

reduction (Lowe et al., 2017). This is in comparison to a 2 to 5 hours sleep deficit, which 

leads to a 9% reduction, and a sleep reduction of less than 2 hours, leading to a 3% 

reduction (Lowe et al., 2017). This demonstrates that the total time of partial sleep 

deprivation may directly affect how quickly neurocognitive deficiencies develop over a 

period of time when sleep is restricted, whereby both sustained attention and general 

cognitive ability were affected (Lowe et al., 2017). 



 31 

Furthermore, the evidence demonstrated that over the span of a week, when 

individuals obtained 5 to 6 hours of sleep each night, they underwent a daily decrement 

of 1% in task accuracy. Conversely, when their nightly sleep was shortened to only 3 to 

4 hours, this decline in task accuracy raised to 7% for each successive night of partial 

sleep deprivation (Wickens et al., 2015). 

Additionally, the overall decline associated with partial sleep deprivation might be 

influenced by certain demographic characteristics (Lowe et al., 2017). As age advances, 

cognitive impairments due to partial sleep deprivation noticeably escalate within the 

demographic relevant to the military (Lowe et al., 2017). However, compared to men, 

partial sleep deprivation appears to have a reduced impact on the ability of women to 

maintain awareness (Lowe et al., 2017). 

In this context, it becomes imperative to understand that the effects of partial sleep 

deprivation can be multifaceted, varying by demographic and likely influenced by a 

myriad of factors such as circadian rhythms (McEwen & Karatsoreos, 2015). Our 

understanding of these dynamics could be significantly enhanced through future 

investigations. A potential track for forthcoming research could be to explore the reasons 

behind the significant impact of partial sleep deprivation on mood and cognitive 

performance. For instance, the alteration of specific circadian rhythm effects on mood 

and performance could be caused by partial sleep deprivation. Even though the interaction 

between total sleep deprivation and circadian rhythms (Monk et al., 1985; Naitoh et al., 

1985) has been explored in some studies, the impact of partial sleep deprivation on these 

rhythms remains understudied (Chokroverty, 2009). Furthermore, partial similarities 

between partial sleep deprivation and fragmented sleep were found, as in both scenarios, 

subjects manage to get at least some amount of sleep (United States, Department of 

Defense, 2021). Given that sleep fragmentation has been proven to impair mood and 

performance substantially (Bonnet, 1989), it could be suggested that the consequences of 

partial sleep deprivation may align more closely with the outcomes observed in sleep 

fragmentation rather than the effects noticed in total sleep deprivation (Durmer & Dinges, 

2005). 

In conclusion, considering the relative prevalence of partial sleep loss in our 

society, it becomes crucial to delve deeper into understanding the impacts of partial sleep 

deprivation. The need for a more comprehensive investigation is quite evident, given its 

frequency among the general population. Despite these considerations, our primary focus 



 32 

is total sleep deprivation, a condition we frequently encounter in our service with the 

Czech military training. 

2.4.2. Total sleep deprivation 

Characteristic of total sleep deprivation is a continuous period of being awake for 

more than 24 hours or not having any continuous sleep during the usual sleep-wake cycle 

period (Reynolds & Banks, 2010; Wickens et al., 2015). The impact of total sleep 

deprivation on human functions was first documented more than 100 years ago (Patrick 

& Gilbert, 1896). These early studies involved extended periods of sleep deprivation, 

such as 90 hours, and identified notable adverse effects on reaction time or memory 

(Patrick & Gilbert, 1896). 

Given that numerous people, such as nurses, truck drivers, medics, airline pilots, or 

military personnel, routinely encounter total sleep deprivation due to shift work, it 

remains the most frequently used method for sleep disruption in laboratory research 

(Reynolds & Banks, 2010). Even though total sleep deprivation might not be typical 

among the general population (except for specific groups mentioned above), it frequently 

occurs in military environments due to service-duty requirements such as night shifts, 

prolonged activities, or direct combat, particularly during times of war (H. R. Lieberman 

et al., 2006). 

From the safety-sensitive nature of these individuals, it is crucial to accurately 

evaluate how total sleep deprivation may affect cognitive functions and physical abilities 

and identify possible ways to mitigate these effects (Reynolds & Banks, 2010). As such, 

the subsequent sections briefly explore the consequences of total sleep deprivation on 

military personnel's cognitive and physical capabilities. 

a) Effects of total sleep deprivation on cognitive functions 

Previous research involving human subjects indicates that nearly every cognitive 

aspect is adversely influenced by the total absence of sleep (Durmer & Dinges, 2005). 

Furthermore, even though cognitive function impairments (e.g., prolonged reaction 

times), which can escalate safety threats, have been showcased across diverse professions 

following text will predominantly emphasize the impacts on military personnel (James & 

Vila, 2015; Kendall et al., 2006; H. R. Lieberman et al., 2005). 

It was shown that there is a significant relationship, as demonstrated by research on 

military personnel, between total sleep deprivation and a considerable decline in 
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cognitive performance related to military tasks (United States, Department of Defense, 

2021). Whereby approximately 25-35% degradation in cognitive task performance can 

be expected with every 24 hours of completed total sleep deprivation (Buguet et al., 2003; 

Caldwell & Caldwell, 2005). Furthermore, the detrimental effects of total sleep 

deprivation intensify as individuals undergo prolonged periods of wakefulness, leading 

to worsening in various cognitive areas such as speed of processing, concentration, 

accuracy, memory, option-choosing, and reaction time (Lim & Dinges, 2010). With each 

passing day of total sleep deprivation, a previous literature review indicates a 22% 

reduction in task accuracy during nighttime and a 7% percent reduction during daytime 

hours, further emphasizing the severity of this issue (Wickens et al., 2015). 

In addition, endogenous and exogenous attention is equally impacted in the latter 

phases of attention processing under conditions of total sleep deprivation, as research 

indicates. This suggests an increased likelihood of errors when tasks requiring prolonged 

attention are performed while totally sleep-deprived (Trujillo et al., 2009). Moreover, 

reports from military officers have illustrated that total sleep deprivation can lead to more 

severe outcomes, such as frequent hallucinations that may appear during extended periods 

without sleep (Pallesen et al., 2018). 

Total sleep deprivation, over a period of 24 to 36 hours, not only significantly 

worsens acute anxiety and the stress reaction, but it also reduces the capacity to manage 

emotions, with these adverse effects becoming progressively worse (Pires et al., 2016). 

Additional adverse effects were investigated by studies involving active duty military 

personnel enduring 40 hours of total sleep deprivation, suggesting a decline in several 

executive functions such as inhibitory control, attention, and switching tasks (Aidman et 

al., 2019). Likewise, a related study indicated a significant worsening in moral judgment, 

particularly in emotionally intense scenarios, after these personnel experienced more than 

48 hours of total sleep deprivation (Killgore et al., 2007). Also, it has been shown that 

total sleep deprivation did not affect the number of personal moral scenarios deemed 

appropriate by individuals with high emotional intelligence. However, for those with 

normal emotional intelligence, an increased tendency to judge personal moral scenarios 

as appropriate was associated with total sleep deprivation (Killgore et al., 2007). These 

findings suggest that the central abilities crucial for decision-making in the military may 

be impaired by total sleep deprivation, with potentially even more significant impacts on 

individuals possessing normal emotional intelligence. 
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Previous research has shown that total sleep deprivation may also negatively impair 

oral-auditory communication, memory, and self-control and increase the chances of 

occurrence of risky behaviour (Christian & Ellis, 2011; Kim et al., 2001). Therefore, lack 

of misunderstanding in giving or obtaining commands, memorizing service duties, and 

the potential presence of risks for inappropriate behaviour may possibly appear in sleep-

deprived soldiers (United States, Department of Defense, 2021). Previous studies have 

also revealed that total sleep deprivation can lead to a decrease in blood flow velocity in 

the middle cerebral artery (Csipo et al., 2021). This reduction may cause various cognitive 

and behavioral issues, such as fatigue, diminished sustained attention, and slowed 

reaction time (Csipo et al., 2021). In a military setting, where performance demands are 

exceedingly high, another crucial factor that could determine the difference between life 

and death is the reaction time of a soldier (Yanovich et al., 2015). Previous research has 

shown increased reaction times across different tasks in sleep-deprived medical 

professionals following a night shift (Saadat et al., 2017). This pattern of decreased 

reaction time was similarly shown in military personnel who had undergone two days of 

total sleep deprivation (McLellan, 2005). 

The decrement in reaction time due to total sleep deprivation could cause 

detrimental consequences on related task performance, notably in light of existing 

research that highlights a significant correlation between marksmanship performance and 

reaction time (Kelley et al., 2011). Based on that, it may be essential, given the crucial 

role of a soldier's capacity to quickly and accurately discharge their weapon; such abilities 

can indeed exert a determinative influence on the probability of becoming a casualty or 

not. 

Based on a previous systematic review study (Petrofsky et al., 2021), few studies 

demonstrated the exact impact of total sleep deprivation on shooting accuracy. A 

significant decline in both the speed and accuracy of marksmanship has been documented 

following 72 hours of total sleep deprivation (Tharion et al., 2003) and also by reductions 

in the accuracy of marksmanship, reaching an aggregate decline of 61% after a 48 hours 

of total sleep deprivation in military personnel (McLellan, Kamimori, Bell, et al., 2005). 

In addition to total sleep deprivation's detrimental effects on marksmanship speed 

and accuracy, research has also shown impairments in stimulus differentiation among 

military cadets after 24 hours of total sleep deprivation (Maddox et al., 2009). This 

phenomenon may eventually result in misunderstanding military duty reports or 
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misidentifying a fellow soldier, which can have fatal consequences under combat 

conditions (Yarnell & Deuster, 2016). Concerning that, a previous study investigated the 

impacts of sleep deprivation on marksmanship performance (using a friend-foe 

differentiation test) without interventions by other disturbing stress conditions (C. D. 

Smith et al., 2019). The identification of friendly targets was observed to be more precise 

in situations demanding a lower cognitive load, whereas an increase in errors occurred 

under conditions requiring a higher cognitive load (C. D. Smith et al., 2019). Moreover, 

it was noted that with the progression of sleep deprivation (3, 20, 44 and 68 hours), there 

was an 8% deceleration in soldiers' trigger pull response time to engage a foe across each 

test period relative to the initial testing period (C. D. Smith et al., 2019). 

In conclusion, survey data revealed that almost 15% of soldiers acknowledged their 

participation in accidents is deeply troubling, especially considering that sleep 

deprivation was identified as a contributory element by half of these respondents 

(LoPresti et al., 2016). Although the available literature exploring this correlation is 

limited, some estimates suggest that cognitive fatigue caused by total sleep deprivation 

could be responsible for up to 20% of combat casualties, such as friendly fire incidents 

(Rasmussen, 2007; Wilson et al., 2015). 

Thus, highlighting the importance of maintaining proper sleep and efforts to avoid 

or minimize total sleep deprivation to ensure optimal military performance and safety. 

b) Effects of total sleep deprivation on physical abilities 

Previous research on the impact of different sleep deprivation protocols on physical 

performance in the general population of night shift workers (Jay et al., 2015) or 

professional sportsmen (Fullagar et al., 2015; Halson, 2014) is relatively comprehensive. 

However, understanding this within the military sector remains relatively limited, 

probably because of the difficulty of mimicking battlefield conditions during testing and 

the complexity involved in defining military physical performance (Grandou et al., 2019). 

To effectively fulfil the military service demands (sprinting across the battlefield, 

carrying heavy loads, or dragging wounded fellows to safety etc.) (Kraemer & Szivak, 

2012) it is crucial that a soldier needs to maintain a high level of physical readiness, be 

strong, explosive and have excellent endurance capacity (Friedl et al., 2015). 

Prolonged physical activities like loaded ruck marches are common military tasks 

(Foulis et al., 2017). As stated in a previous study, soldiers who could maintain their 
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aerobic fitness during total sleep deprivation and extended physical exertion may perform 

better in such military tasks (Friedl et al., 2015). Nonetheless, comparing these studies 

may be challenging due to different sleep loss protocols and other factors playing a role 

(i.e. motivation, training or diet) (Grandou et al., 2019). 

Previous studies investigating the effect of total sleep deprivation on time to 

complete aerobic physical tasks and physiological reactions have shown mixed results 

(Grandou et al., 2019).  No significant changes were observed in completion time for a 

1.6 km walk (Tomczak et al., 2017) and progressive cycle ergometer test (Vaara et al., 

2018) following 36 and 60 hours of total sleep deprivation, respectively. However, the 

heart rate (by 11%) and maximal blood lactate (by 24%) at the completion of these two 

tests were notably lower. Nonetheless, it remains a matter of debate whether these 

modified responses, which do not cause any change in time to exhaustion, correlate with 

performance (Vaara et al., 2018). 

It appears that submaximal and maximal aerobic performance is relatively 

unaffected by total sleep deprivation, altering physiological responses possibly due to 

changes in glycogen metabolism (Grandou et al., 2019). Interestingly, the interplay 

between partial sleep deprivation and energy intake on aerobic performance is also 

relevant, indicating that energy deficits may possibly reduce aerobic capacity more than 

sleep loss alone (Grandou et al., 2019). However, research was not established on total 

sleep deprivation protocols yet. Thus, future research needs to control for these variables 

to understand better the total sleep deprivation impact on military personnel's aerobic 

capacity. 

The subsequent physical ability necessitating emphasis within the military is 

anaerobic capacity, specifically in the lower body (Friedl et al., 2015). Interestingly, the 

academic literature seems to lack investigations specifically examining the effects of total 

sleep deprivation on soldiers’ upper body's anaerobic capacity (Grandou et al., 2019). It 

is essential to acknowledge that the previous observation pertains to the current state of 

research and may evolve. Future research contributions could significantly augment our 

understanding of this domain. In the face of prolonged sleep deprivation, the preservation 

of the anaerobic capacity of the lower body has vital importance for military personnel 

(Friedl et al., 2015). This is highlighted by the frequent requirement in both training and 

combat scenarios for quick manipulation of loads or sprinting, thereby placing significant 

demands on lower-body anaerobic capabilities (Friedl et al., 2015). 
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Analyzing prior research reveals that total sleep deprivation can negatively 

influence lower body anaerobic performance (Tomczak, 2015; Tomczak et al., 2017). 

There were reported military pilots' performance declines in the series of maximal-effort 

sprint tests (Tomczak, 2015) and air force cadets (Tomczak et al., 2017) following 36 

hours of total sleep deprivation. Notably, a significant decrease was seen in 15 meters 

sprint (2-8%) and squat sprint speeds tests (10%). Additionally, a short recovery period 

of 7-8 hours of sleep did not fully restore performance, indicating a longer recovery time 

might be needed to recover lower body anaerobic capacity after prolonged total sleep 

deprivation (Tomczak, 2015; Tomczak et al., 2017). While these findings contribute to 

our understanding of total sleep deprivation and lower body anaerobic performance, 

questions remain. The relevance of sprint performance for members of the air force and 

pilots, for instance, may be a subject of debate (Grandou et al., 2019). In light of this, 

future research aiming to refine our understanding should take into account confounding 

factors, such as added load or physical condition, and also adding familiarization sessions 

would be highly recommended (Grandou et al., 2019). Implementing such measures 

would be essential to gain a more comprehensive understanding of how total sleep 

deprivation affects lower body anaerobic performance, particularly in relation to tasks 

frequently performed by military personnel (Grandou et al., 2019). 

Considering the previous narrative review (Grandou et al., 2019), the subsequent 

crucial physical ability required for the efficient execution of routine military duties like 

causality drag, loaded sprinting and carries or throwing is upper and lower-body muscular 

strength (Kraemer & Szivak, 2012). Primarily due to its direct influence on battlefield 

performance, the recognition of strength as a fundamental element of soldiers' fitness is 

progressively increasing (Kraemer & Szivak, 2012). Thus, maintaining muscular strength 

during periods of total sleep deprivation is of utmost importance for sustaining 

effectiveness in military combat operations (Kraemer & Szivak, 2012). For those reasons, 

the handgrip strength and maximal isometric knee extension force (Vaara et al., 2018) 

tests are frequently utilized in military research as a significant predictor for assessing 

muscular strength due to their potential implications for enhanced military performance 

(Moraes Gonçalves et al., 2018). 

However, previous research exploring the effects of total sleep deprivation on 

muscular strength has yielded inconsistent outcomes. For instance, it was shown that 

muscular strength through a handgrip strength test after 36 hours of total sleep deprivation 
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significantly decreased in military pilots by 6.6% (Tomczak, 2015) and also naval seamen 

(Foo et al., 1994; How et al., 1994) after 42 hours of total sleep deprivation. After total 

sleep deprivation, the decrease in handgrip strength may be associated with either 

modification in the motor unit firing rate or a drop in the recruitment of muscle fibers 

(Legg & Patton, 1987). 

Contrarily, a prior study (Goh et al., 2001) observed that soldiers' handgrip strength 

differed over a 24-hour period, irrespective of sleep conditions (i.e., whether they had full 

night of sleep or were totally sleep deprived), with increasing handgrip strength until 

18.00 and then experiencing a consistent decrease throughout the night. Additionally, 

contrary to prior findings, when total sleep deprivation extended beyond 42 hours (Foo 

et al., 1994; How et al., 1994), an improvement in handgrip strength was observed 

between the 42nd and 66th hours of total sleep deprivation. However, a subsequent 

decline was noted from the 68th to 102nd hours of total sleep deprivation. Furthermore, 

it was observed that even after enduring 60 hours of total sleep deprivation, military 

cadets did not exhibit a significant decrease in the maximal isometric force of knee 

extension, electromyography or rate of force development (Vaara et al., 2018). 

The potentially unaffected handgrip strength, even under conditions of total sleep 

deprivation, might be due to the body's ability to adapt to fatigue-induced effects resulting 

from lack of sleep (Grandou et al., 2019). This adaptation could stabilize or offset the 

impacts of total sleep deprivation. Additionally, research has indicated that muscular 

strength does not remain constant but oscillates following a circadian rhythm (Sargent et 

al., 2010), the body's internal clock that operates roughly on a 24-hour cycle. Therefore, 

the natural cycle of muscular strength peaks and troughs may mask or mitigate sleep loss's 

weakening effects on handgrip strength. Not taking into account the various confounding 

factors may make it appear as though total sleep deprivation does not impact handgrip 

strength (Grandou et al., 2019). 

This literature review aimed to interpret current studies to highlight the impact of 

total sleep deprivation on military personnel's-related physical performance. 

Nevertheless, cation is required when reporting these results since the present literature 

does not adequately apply randomized controls every time (Grandou et al., 2019). To 

fully understand how total sleep deprivation affects physical abilities in military 

personnel, further research that effectively controls for these limitations is needed. 
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2.5. Ergogenic aids 

As described earlier, total sleep deprivation can be a very common phenomenon in 

highly demanding professional fields such as the military. However, despite enduring 

prolonged periods of inadequate sleep or no sleep at all, soldiers are often expected to 

maintain optimal levels of physical and cognitive performance (Tait et al., 2022). 

Therefore, to counteract the potential adverse effects of total sleep deprivation and to 

confront these high-demand challenges, many soldiers have turned to ergogenic aids (H. 

R. Lieberman et al., 2010). This generally includes substances which were specifically 

invented to enhance physical and cognitive performance or improve recovery (H. R. 

Lieberman et al., 2012). 

Ergogenic aids are widely used across the spectrum of sports, from amateurs to 

professionals (Ahrendt, 2001). Around half of the general population admits to using 

dietary supplements of some sort, while the prevalence of their use among athletes can 

range from 76 to 100% (Ahrendt, 2001). Whereby the example of the most recognized 

and frequently used legal ergogenic aids include substances such as caffeine, creatine, 

branched-chain amino acids, glutamine, β-alanine, nitrates, and hydroxymethylbutyrate 

(Cameron et al., 2018; Del Coso et al., 2011; Froiland et al., 2004; Jagim et al., 2016; 

Juhn, 2003; Kedia et al., 2014). Among these aids, caffeine stands out as one of the most 

frequently utilized and broadly recognized, mainly due to its stimulatory effects (H. R. 

Lieberman et al., 2010). Soldiers commonly report integrating it extensively into their 

dietary supplements, including caffeine products (i.e., caffeine pills, energy drinks, 

chewing gums), to boost performance, elevate energy levels, promote endurance, and 

assist in weight loss (H. R. Lieberman et al., 2010). These benefits align with caffeine's 

physical and cognitive advantages, which are often highlighted in mainstream media (H. 

R. Lieberman et al., 2012). 

In the following section, we aim to discuss both the positive and negative effects of 

caffeine usage in military personnel, particularly as a response to total sleep deprivation. 

Additionally, we aim to explore how caffeine usage can help manage the drawbacks of 

sleep deprivation and consider the potential downsides, especially regarding high 

dosages. Soldiers, especially men, averagely consume considerably more caffeine on a 

daily basis, typically from 212 mg to 285 mg (Chaudhary et al., 2021; Knapik et al., 2017; 

H. R. Lieberman et al., 2012), compared to the average U.S. general population, whose 

intake typically lies between 165 mg and 210 mg per day (Fulgoni et al., 2015). Based on 
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previous research (Guest et al., 2021), the suggested intake for achieving performance-

enhancing effects from caffeine is 3 to 6 mg per 1 kg of body weight, while health impact 

assessments indicate that daily caffeine consumption of about 400 mg is generally 

considered as a safe dose (Temple et al., 2017). 

Considering the fact that specific components of military food packages (such as 

meals-ready-to-eat) containing caffeine products are broadly accessible (H. R. Lieberman 

et al., 2012), the military provides guidelines to soldiers for a maximum caffeine intake 

per day, ranging from 400 mg to 1000 mg, whilst also cautioning about the potential side 

effects that may arise if this maximum dose is exceeded (Committee on Military Nutrition 

Research, 2001). 

Based on a previous literature review, consuming moderate amounts of caffeine, 

around 300 mg, may help to sustain attention, alertness, and vigilance in sleep-deprived 

individuals (Crawford et al., 2017). For instance, research conducted among military 

personnel indicated that caffeine (300 mg) effectively enhances performance in reaction 

times, attention, and executive function tests during total sleep deprivation periods of 48 

to 64 hours without adversely impacting the subsequent recovery sleep (Beaumont et al., 

2001, 2005; United States, Department of Defense, 2021). Additionally, studies 

conducted on military special forces during field training found that caffeine doses of  

200 mg effectively sustained alertness during night-time surveillance tasks. Nonetheless, 

caffeine's influence was not found to affect any speed or accuracy of marksmanship tasks 

(Kamimori et al., 2015; McLellan et al., 2007; McLellan, Kamimori, Voss, et al., 2005; 

Tikuisis et al., 2004). 

Furthermore, research conducted with U.S. Navy Sea-Air-Land candidates after 

exposure to 72 hours of total sleep deprivation demonstrated significant improvements in 

vigilance, reaction time, and alertness with the administration of 200 mg and 300 mg 

doses of caffeine. However, these doses did not result in an enhancement of 

marksmanship skills (H. Lieberman et al., 2002). In another study involving military 

pilots, a total caffeine intake of 400 mg helped to mitigate cognitive task performance 

decrements during 9 hours of total sleep deprivation (Doan et al., 2006). Contrarily, in 

the following research, a single dose of 200 mg of caffeine was insufficient to reverse the 

decline in simulator performance (Lohi et al., 2007) and vigilance test (Kilpeläinen et al., 

2010) among military pilots after an extended total sleep deprivation period of 37 hours. 



 41 

Transitioning from cognitive benefits, caffeine's impact on physical function also 

warrants exploration. Multiple studies have been conducted to investigate the impact of 

caffeine usage on sports performance (Burke, 2008; Mielgo-Ayuso et al., 2019), 

providing a plethora of evidence in this area. Nevertheless, research specifically 

addressing the effects of caffeine on the physical performance of total sleep-deprived 

military personnel is comparatively sparse (McLellan et al., 2016). 

However, previous research, both in the laboratory and field settings, has shown 

the positive effects of caffeine usage on physical performance under stressful conditions, 

typically simulating sustained military operations (containing sleep deprivation) 

(McLellan et al., 2016). Whereby, a total caffeine dose from 200 mg to 600 mg has been 

found to improve physical performance indicators, such as time-to-exhaustion during 

treadmill runs and efficiency in a sandbag piling task , short sprints speed, muscle strength 

and endurance (McLellan et al., 2016), and improved target engagement time during 

marksmanship performance (Tikuisis et al., 2004). Further research with soldiers from 

special units revealed caffeine's effectiveness in improving 6.3 km run times when a  

200 mg dose was administered roughly an hour before the run (McLellan, Kamimori, 

Voss, et al., 2005). Following study investigating the effects of caffeine during repeated 

nights of sustained wakefulness followed by restricted daytime sleep demonstrated 

caffeine's capability to maintain physical performance during obstacle course tests 

(Kamimori et al., 2015). 

In conclusion, although caffeine and other stimulants may offer temporary 

cognitive and physical performance enhancement effects, enabling users to delay but not 

eliminate the need for sleep eventually (Wesensten et al., 2011). It is important to note 

that high doses of caffeine can subsequently interfere with the recovery sleep that is vital 

after experiencing total sleep deprivation (LaJambe et al., 2005). Additionally, 

inappropriate caffeine use in military settings, such as consuming them near bedtime, can 

interfere with regular sleep cycles and quality of sleep. This could lead to a higher daytime 

dependency on caffeine to remain alert, thereby establishing a harmful cycle where 

increased daytime caffeine consumption is followed by disrupted sleep caused by caffeine 

itself (Good et al., 2020). 

Although the effects of caffeine can last several hours, its onset is generally noted 

several minutes after consumption due to the required digestion time (Graham, 2001). 

This factor may restrict its handiness for immediate cognitive or performance 
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enhancement. As a result, ergogenic aids with a faster onset of action could be potentially 

more beneficial in situations that require prompt arousal of physical or cognitive 

performance in soldiers. Therefore, our initial study aims to delve deeper into the 

possibility of one such fast-acting ergogenic aid: ammonium inhalants.  
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3. The rationale for the first study 

Both realms of competitive sports and military service are represented by a 

relentless pursuit of excellent performance with minimum mistakes, where even slight 

enhancements can make a substantial difference (Klymovych et al., 2020). Based on that, 

it is logical that numerous athletes and soldiers alike rely on various supplements and 

ergogenic aids for physical and psychological performance enhancement (Maughan et 

al., 2007; Pritchard et al., 2014). As such, using nutritional supplements and ergogenic 

aids has become a daily habit (Bishop, 2010; Del Coso et al., 2011; Froiland et al., 2004; 

Maughan et al., 2007). Specifically, substances such as caffeine, one of the most famous 

and used ergogenic aid (H. R. Lieberman et al., 2010), and also other less known 

ergogenic substances, including β-alanine, nitrates, branched-chain amino acids, 

glutamine, taurine and others (Cameron et al., 2018; Del Coso et al., 2011; Froiland et 

al., 2004; Jagim et al., 2016; Juhn, 2003; Kedia et al., 2014). However, gaining any 

positive effects of those ergogenic aids takes a certain amount of time, typically at least 

10 minutes (Gonzalez et al., 2011), from consumption to manifest, which may not be 

sufficient in situations demanding immediate alertness or performance enhancement. 

While manageable in organized professional sports and contests, this time lag can 

severely impede or endanger personnel in a military environment. 

Unlike athletes, soldiers often find themselves in life-threatening situations where 

split-second decisions and immediate action may be a matter of life and death, thus 

waiting 10 or more minutes for an ergogenic aid to take effect is simply not practical. 

This critical need for rapid response in high-stakes situations drives the quest for finding 

fast-acting performance enhancers (Harman et al., 2008). Consequently, soldiers and their 

commanders may actively be exploring these aids, seeking solutions that can rapidly 

enhance their operational readiness and performance under challenging conditions 

(Harman et al., 2008). 

Fast-acting ergogenic aids like ammonia inhalants have gained attention in this 

context, being used as rapid-acting stimulants to improve vigilance and short-term high-

intensity performance (McCrory, 2006). Despite their high prevalence among athletes 

(Herrick & Herrick, 1983; Prewitt, 2016; Pritchard et al., 2014; Rivera-Brown & 

Frontera, 2012), the current understanding of these fast-acting ergogenic aids is limited 

and inconclusive. 
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Therefore, the first study titled "Effects of Ammonia Inhalants in Humans: A Review 

of the Current Literature Regarding the Benefits, Risks, and Efficacy" (Malecek & 

Tufano, 2021) sought to comprehensively explore and consolidate the existing literature 

on ergogenic effects of ammonia inhalants, assessing their benefits, risks, and 

physiological effects, thereby providing a foundation for further research in this area. 

The resulting manuscript was published in 2021 in the Strength & Conditioning 

Journal. The substantive content of the text remains untouched. However, to ensure 

seamless integration and uniformity within the entire dissertation thesis document, minor 

changes have been made to the original formatting of the submitted manuscript. The 

changes implemented are confined to the citation style and table layout, which have been 

adapted to meet the format specifications of this dissertation thesis document. 

Furthermore, the actual references have been restructured and can be found enumerated 

at the end of this dissertation thesis document.  
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List of abbreviations 

 

Abbreviation    Definition 

 

AI     Ammonia inhalants 

ppm     Parts per million 

WADA    World Anti-Doping Agency  

PetCO2    Partial pressure of end-tidal CO2 

HR     Heart rate 

MAP     Mean arterial pressure 

MTP     Mid-thigh pull 

MCAv     Middle cerebral artery blood flow velocity 

BR     Breathing rate 

FEV1.0    One-second forced expiratory volume 

FVC     Forced vital capacity 

AMRAP    As many repetitions as possible 

BS     Back squat 

1RM     1-repetition maximum 

BP     Bench press 

RFD     Rate of force development 

pRFD     Peak of force development 

EMG     Surface electromyography 

IMTP     Maximal-effort isometric mid-thigh pull 

CMJP     Bodyweight countermovement jump power 

CMJ     Bodyweight countermovement jumps 

BJ     Broad jump 

MP     Anaerobic mean power 

PP     Anaerobic peak power 

SAFG     Simulated American football game 

VL     Vertical leap 

VVR     Vicks VapoRub
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Abstract: 

Ammonium inhalants (AIs) are used to improve athletic performance, but their use 

has preceded the research process. Oftentimes, strength-based athletes use AIs to 

postpone acute fatigue or increase arousal. Despite the widespread use of AIs, the amount 

of research examining its physiological effects, efficacy, and safety is astonishingly low 

compared to other ergogenic aids that have been extensively researched. Therefore, the 

purpose of this review is to provide sports science researchers, strength and conditioning 

professionals, medical professionals, and other practitioners with the most up to date 

information about the benefits, risks, and physiological effects of AIs. To date, there is a 

lack of evidence to support anecdotal claims of increased cognitive arousal and greater 

strength performance. However, there may be a short-term effect of AIs on the 

cardiorespiratory system (possibly increasing breathing rate and heart rate approximately 

15 to 30 seconds), but further research is needed to support these findings and to 

determine how the short-term cardiorespiratory effects may affect other physiological and 

performance measures. Lastly, although evidence does not indicate that AIs are 

dangerous in healthy populations, sport and health professionals should be aware of the 

potential risks of AIs to prevent any unlikely, but possible, difficulties. 

 

Key Words: Ammonia inhalation, Ergogenic aids, Smelling salts, Strength, Heart rate, 

Power 
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4.1. Introduction 

Considering the importance of physiological arousal before competition (D. 

Perkins et al., 2001; Tod et al., 2003), it stands to reason that many athletes look to various 

supplements and ergogenic aids to help immediately improve performance (Maughan et 

al., 2007; Pritchard et al., 2014). Therefore, the daily use of nutritional supplements and 

ergogenic aids has become an everyday necessity for many athletes (Bishop, 2010; Del 

Coso et al., 2011; Froiland et al., 2004; Maughan et al., 2007). In particular, caffeine and 

other ergogenic pre-workout components such as branched-chain amino acids, taurine, 

glutamine, nitrates, creatine or β-alanine tend to be the most prevalent amongst athletes 

during both training and competition to improve acute exercise performance (Cameron et 

al., 2018; Del Coso et al., 2011; Froiland et al., 2004; Jagim et al., 2016; Kedia et al., 

2014). However, any physiological or cognitive effects of these compounds is postponed, 

as they must be digested, absorbed, and distributed throughout the body. Accordingly, 

pre-workout supplementation often occurs anywhere from 10 (Gonzalez et al., 2011) to 

60 minutes (Graham, 2001) before a performance. In some instances, athletes desire a 

more rapid form of psychological or physiological arousal. Therefore, the inhalation of 

ammonia inhalants (AI) commonly serves as a fast-acting “pre-workout stimulant” 

whereby athletes hope to rapidly improve performance during both training and 

competition (Herrick & Herrick, 1983; McCrory, 2006). Despite their widespread use, 

the benefits, risks, and efficacy of AIs are quite unknown. Therefore, the purpose of this 

review is to summarize the available literature on AIs and performance, while also 

highlighting the need for future research in the area. 

Within this paper, the history and composition of AIs are briefly explained, and the 

general responses to AI inhalation are summarized. The possible risks of AI inhalation 

are introduced, and the modern use of AIs is explained. As the focus of this paper is on 

the benefits, risks, and efficacy of AI use in humans (specifically human performance), a 

review of literature was conducted, and each study is described in detail. 

For the purpose of this literature review, a search of the following electronic 

databases by the author JM was performed: MEDLINE by PubMed, SCOPUS, Web of 

Science, and Google Scholar. Due to the paucity of research on the topic, search terms 

were quite broad and included a variety of terms including: ammonia, inhalation, 

performance, and smelling salts. Additionally, due to the lack of peer-reviewed articles, 

a manual search from the reference list of all retained articles was performed until April 
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2020. Despite these efforts and generous search criteria, the search procedure only 

resulted in a total of 4 peer-reviewed studies (Bartolomei et al., 2018; Perry et al., 2016; 

Richmond et al., 2014; Vigil et al., 2018). Therefore, to increase the breadth of this 

review, we also included 6 conference abstracts (Archer et al., 2017; McEvoy et al., 2019; 

Mitchell et al., 2015; Rivera et al., 2017; Secrest et al., 2015; Witherbee et al., 2013) and 

1 master’s thesis (Groop, 2019). 

4.1.1. Ammonia inhalant background and composition 

Chemically, AI compounds of ammonium carbonate are colorless-to-white, 

crystalline solids ((NH4)2CO3). Although ammonium carbonate can be mixed with 

products such as eucalyptus, lemon oil, or lavender oil (Medicines, 2021) most of the 

widely used AIs are mixed with water and ethanol, resulting in labels that indicate 

"aromatic spirits of ammonia" since the final product is no longer pure ammonia 

(McCrory, 2006). Dating back to nearly the 13th century, AIs (known as smelling salts, 

sal volatile, or spirit of hartshorn) were widely used to treat lightheadedness, dizziness, 

and fainting. Using AIs for these purposes continued during the times of Victorian Britain 

where AIs were regularly carried in decorative boxes which contained a sponge soaked 

in an AI mixture with perfume in vinegar or alcohol (BBC News, 2020; Friedman, 2020; 

McCrory, 2006). The use of AIs continued and was highly recommended by the British 

Red Cross and St. John Ambulance during the Second World War (First Aid Kits, 2020), 

resulting in American soldiers carrying AIs on a medical belt for front line first aid as a 

stimulant in situations like fainting after haemorrhage or shock (Wever et al., 2016). 

Moving forward to today, the only allowed use of AIs in the United States is for the 

general population and only for first aid purposes such as treatment of fainting or 

dizziness (Drugs, 2020; Velasquez, 2011). However, AIs are widely used in various sport 

settings, meaning that their effects should be better understood, warranting in-depth 

investigation. 

Today, AIs can be obtained in different forms, most commonly as liquid, or 

capsules. Of these, capsules are the most common and contain, based on weight, 15 to 

20% of ammonia and 30 to 40% of ethyl alcohol, which is approximately 0.33 ml of each 

component (Dynarex, 2020; Safety Data Sheet, Ammonia Inhalant Solution, 2020). 

Although, capsules are generally the most used form in most team sports, capsules, 

powder, and liquid forms are often used in powerlifting (ESPN, 2017). Based on previous 

research (McCrory, 2006) and the safety data sheets for commercially available AIs, it is 
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recommended to hold and inhale the substance 10 to 15 cm away from nostrils to achieve 

the desired arousal response. Despite these widely used guidelines, the physiological 

responses to AI inhalation is not fully understood. 

4.1.2. Response to inhalation 

Although the inhalation of commercially available AIs is prevalent in different 

sport settings (Perry et al., 2016), the physiological responses to AIs inhalation remain 

largely unknown. Nevertheless, some general observations have been made. Firstly, since 

ammonia is water soluble, AIs inhalation may be associated with irritation of the upper 

respiratory tract through the mucosa, and consequently, may result in lung irritation 

which results in coughing and a potential increased respiratory rate (Widdicombe & Lee, 

2001). Secondly, due to the possible irritation of the respiratory passages, the sympathetic 

nervous system may respond as part of the autonomic nervous system (Velasquez, 2011). 

The autonomic stimulations are presumably associated with the activation of the olfactory 

and trigeminal nerves (Bensafi, 2002), which can subsequently result in activating the 

adrenergic receptors in peripheral tissue, releasing norepinephrine and increasing cardiac 

output and respiratory rate (Marshall, 1982). Although this sequence of events is logical, 

the specific moments when the respiratory rate increases and the sympathetic nervous 

system is stimulated are unknown. Considering the purpose of AI use and these 

underlying mechanisms, it can be hypothesized that AI inhalation could result in 

performance-enhancing effects, but the physiological reaction and timing remain unclear 

(Ott & Vilstrup, 2014; Perry et al., 2016; Velasquez, 2011). 

The majority of research has reported that inhaling AIs results in what can be 

described as a “psyching-up” or “pick me up” effect (McCrory, 2006; Tod et al., 2003; 

Velasquez, 2011). It is likely that this effect is the result of altered fundamental breathing 

patterns as the stimulated respiration muscles operate faster, increasing the respiratory 

rate, and possibly resulting in a higher level of vigilance (McCrory, 2006; Pritchard et al., 

2014; Vigil et al., 2018). However, to prove these claims, the current literature contains 

an inadequate amount of empirical evidence (Perry et al., 2016). 

Considering the lack of research investigating the effects of AIs, some authors 

(Perry et al., 2016) have tried to decipher its effects by noting the partial resemblance 

between the immediate effect of AIs inhalation and delayed effect of caffeine 

supplementation. Regardless of whether the mechanisms of caffeine consumption and 

AIs inhalation are similar, the subsequent physiological reaction after AIs inhalation 
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could release methylxanthine and norepinephrine, possibly enhancing vigilance, 

increasing arousal, and decreasing exhaustion. Although these effects seem similar to the 

purported effects of caffeine, caffeine consumption can also have adverse effects such as 

gastrointestinal discomfort, anxiety, inability to concentrate, insomnia, and cardiac 

arrhythmia (Silver, 2001). Although those responses represent the possible acute effects 

of caffeine intake (Nehlig et al., 1992; Perry et al., 2016), whether the adverse or positive 

effects linked with caffeine consumption are consistent with those after AIs inhalation 

remains unclear, and future research is needed. 

4.1.3. Possible risks of inhalation 

Respiratory stimulants such as AIs are mostly used for arousing consciousness by 

way of ammonia (NH3), which can be toxic. Even though ammonia is commonly used as 

a chemical component of pesticides, fertilizers, and household cleaners, there are some 

potential risks of exposure to ammonia vapour (Leduc et al., 1992), which, in short, 

depend on the vapour concentration, exposure time, and amount of inhaled vapours 

(Leduc et al., 1992). 

Based on previous animal research and human case studies (Herrick & Herrick, 

1983; Leduc et al., 1992; D. Perkins et al., 2001) exposure to large doses (more than 1,500 

ppm for 30 minutes) of concentrated ammonia vapours (Pritchard, 2007) may result in 

injuries such as allergic reactions, respiratory airway burns and difficulties, oedema, and 

distress. Moreover, it can negatively affect the whole respiratory system, can cause a 

variety of acute damaging respiratory and neurological conditions, and in the worst cases, 

can be fatal (Perry et al., 2016; Pritchard, 2007). Whereas a single case of death occurred 

after exposure to 10,000 ppm of ammonia for an unspecified time amount (Pritchard, 

2007), another less severe instance occurred where a single exposure to 20,000 ppm of 

ammonia resulted in lung collapse and body weight loss (M. Perkins et al., 2017). 

Therefore, it appears as though high doses of ammonium lead to severe, but individual 

responses. Nevertheless, commercially available AIs inhalants capsules release about 50 

to 100 ppm of ammonia vapours, which is significantly lower than the dangerous amounts 

that have been previously cited to cause serious injury. 

Aside from serious consequences in a select few cases, another potential risk of 

using AIs is allergic reactions that may require medical attention. Presumably using a 

low-dose commercially available AI, another case study described an allergic reaction to 

a single acute use of AI during a powerlifting competition (Herrick & Herrick, 1983). 
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Although the athlete was a regular user of AIs, after inhaling an AI from a capsule 

followed by attempt for setting a national record, the female powerlifter started to 

experience rhinorrhoea, rhinitis, conjunctivitis, dizziness, and a severe headache. These 

progressively became more serious and within an hour, wheezing, shortness of breath, 

periorbital swelling, and a loss of vision occurred, lasting for up to an hour. The symptoms 

were then resolved immediately via medical treatment, but the episode is worth noting 

because it occurred in an athlete who regularly exposed herself to AIs. Although AI 

producers mark their packages with a warning where they advise not to use if the patient 

has a flushed face, there is no other warning regarding the presence of hypertension or 

possible allergic reaction for some ingredients (Herrick & Herrick, 1983). In conclusion, 

increased caution should be used before and after AI inhalation. Furthermore, the 

particular ingredients in each AI product should be cross-referenced with all known 

allergies for anyone who may come into contact with it (Groop, 2019). 

Not only are AIs used by seemingly healthy athletes before performing a single 

bout of maximal effort (e.g., powerlifting), but they are often used in contact sports such 

as rugby, ice hockey, American football, and others where head injuries may be present. 

Naturally, a certain degree of relative risk may appear when using AIs following contact-

induced head injuries such as concussions. If AIs are used right after experiencing 

unconsciousness or dizziness after head contact, the concussive symptoms may be 

masked, and the diagnosis of the concussion may be complicated. In these cases, it is 

possible that masking head injury symptoms may lead to continued participation in the 

competition, which could worsen the consequences of the head injury (Velasquez, 2011). 

Furthermore, as described earlier, the rapid and extreme nose and lung irritation combined 

with an instant withdrawal reflex may cause subsequent involuntary inhalation following 

expeditious and sudden movements that can result in additional unwanted brain injuries 

of concussed athletes (McCrory, 2006). However, just as there is a lack of evidence to 

support the use of AIs following possible head injuries, there is also a lack of evidence 

negating its use for this purpose. Therefore, future research, although difficult and 

perhaps ethically questionable, should aim to determine the effects of AIs in response to 

real-world use during contact sports. 

Lastly, because of the potential lung irritation, people with asthma and respiratory 

problems should be aware that the inhalation of AIs may result in acute breathing 

difficulty (Herrick & Herrick, 1983; Velasquez, 2011). Furthermore, because of 
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oscillations in heart rate, blood pressure, and peripheral blood flow, the individual risk of 

syncope can occur (Julu et al., 2003). In some cases, increased tearing production or 

coughing may occur as well (Inchem, 1986). Thus, athletes or persons with respiratory 

problems may want to avoid using AIs, especially when not under proper medical 

supervision. 

In conclusion, AI inhalation is legal in the United States for reviving fainted persons 

but necessarily not for improving athletic performance (albeit not specifically illegal, 

either). Therefore using AIs for anything other than its approved uses requires increased 

caution (Velasquez, 2011). Additionally, based on previous research (Herrick & Herrick, 

1983), the application of anything that can be potentially misused by athletes or can have 

adverse effects unquestionably needs to be monitored by strength and conditioning 

professionals and medical staff. Therefore, basic knowledge and training should be 

provided for sport performance personnel, and they should maintain a certain level of 

knowledge to be experienced in the case of an emergency (Velasquez, 2011). 

Nevertheless, by understanding these procedures and following safety precautions on the 

product's safety sheets during inhalation of AIs, it seems to be unlikely that any permanent 

or severe consequences could spur from acute inhalation in healthy athletes (Gorguner & 

Akgun, 2010). 

4.1.4. Ammonia inhalants nowadays 

The use of AIs by athletes, especially those in strength-based sports such as 

weightlifting, powerlifting, discus and hammer throwing, shot-putting, ice-hockey, 

rugby, and American football, is a widespread phenomenon (Herrick & Herrick, 1983; 

Prewitt, 2016; Rivera-Brown & Frontera, 2012). Furthermore, within an international 

survey of powerlifters competing in the International Powerlifting Federation (IPF), 130 

out of 256 lifters reported inhalation of AIs during competition. Accordingly, the most 

used were AIs inhalation prior to deadlifts (compared to back squat and bench press), 

which is the last discipline of powerlifting competitions (Pritchard et al., 2014). 

Moreover, lifters reported feelings of reduced tiredness and fatigue after inhalation of AIs 

and, hence, it may lead to enhance mental concentration which can be crucial during the 

last lifts of powerlifting competition (Pritchard et al., 2014). Athletes also state that 

inhaling AIs helps to create an alert state of mind, which supports succeeding in 

challenging tasks or at improving performance with less effort. Nonetheless, previous 

researchers (McCrory, 2006; Perry et al., 2016; Pritchard et al., 2014; Velasquez, 2011) 
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have stated that there is a lack of evidence to confirm these anecdotal benefits, which are 

described in further detail below. 

It is evident that the inhalation of AIs is becoming more relevant and common 

among athletes (McCrory, 2006), which means that competition rules must acknowledge 

its use and create rules about AI inhalation. Although AI inhalation is not currently listed 

in the World Anti-Doping Agency (WADA) list of prohibited substances and methods, 

lifters taking part in IPF powerlifting competitions are not allowed to inhale AIs directly 

in front of an audience (International Powerlifting Federation, 2020; World Anti-Doping 

Agency, 2020). Therefore, it is interesting that ethical reasons ban its visible use in some 

settings, but other sports have not taken similar actions, or simply banned its use 

altogether. Likely, a lack of research on the effects and risks of AIs does not allow 

sporting bodies to move forward in either approving or banning AI use. Therefore, further 

research should be conducted in this area in order to confidently support or refute its use. 

4.1.5. Researched effects on the cardiorespiratory system 

Little research has been done to determine the acute effects of AIs on the 

cardiorespiratory system. For instance, one study (Perry et al., 2016) investigated the 

physiological effects of AIs inhalation on the cerebrovascular and cardiorespiratory 

systems in association with anaerobic performance in 15 healthy males. Two visits were 

conducted. During the first visit, data were collected before and after AI inhalation to 

assess beat-to-beat middle cerebral artery blood flow velocity (MCAv), the partial 

pressure of end-tidal CO2 (PetCO2), heart rate (HR), and mean arterial pressure (MAP). 

During the second visit, subjects performed a maximal-effort mid-thigh pull (MTP) at 

various time points (immediately, 15, 30 and 60 seconds) following either AI inhalation 

or no inhalation with MCAv, PetCO2, HR, and MAP remaining monitored. Although HR 

and MCAv significantly increased 15 seconds after AI inhalation, there were no 

differences for any other variable at any time point. Therefore, the immediate increase in 

HR combined with the immediate increase of MCAv and no change in MAP indicates 

that transient cerebrovascular vasodilation occurred in response to AI inhalation but did 

not last longer than 15 to 30 seconds. 

Another study (Groop, 2019) observed the sympathetic cardiorespiratory system 

response by assessing changes in HR and breathing rate (BR) in response to AI inhalation 

in 16 male ice-hockey players. HR and BR were measured for 5 seconds before and up 

to 60 seconds after inhalation of an AI capsule. After 6 minutes of physical rest (the time 
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needed to complete cognitive tests, explained in the following section), subjects 

completed a 30-second maximal effort Wingate test on a cycle ergometer. Although there 

was a significant increase in HR and BR following AI inhalation, there were no ergogenic 

effects observed on any other variable. Moreover, the HR was the most elevated at 7.5 

and 10 seconds after AI inhalation, which corresponds to the results of the previous study 

(Perry et al., 2016). 

Furthermore, a conference paper (McEvoy et al., 2019) investigated the acute effect 

of AI inhalation on the respiratory system function in 22 college-aged students (11 males 

and 11 females). Subjects performed one-second forced expiratory volume (FEV1.0) and 

forced vital capacity (FVC) tests before and after AI inhalation, but there were no 

significant differences in any tested variables. 

In conclusion, 2 studies (Groop, 2019; Perry et al., 2016) observed a significant 

increase in HR up to 15 seconds after inhalation. However, HR decreased back to baseline 

within 15 to 30 seconds (Perry et al., 2016). Although the same pattern of increase was 

observed in BR (Groop, 2019) no other respiratory changes were statistically significant 

(McEvoy et al., 2019). Based on these results, the effect of AIs on the cardiorespiratory 

system tends to be short term and may not serve as an ergogenic aid for performance 

lasting longer than 15 seconds from the moment of inhalation. Nevertheless, since MCAv 

is regularly used as a predictor for cognitive impairment (Bertsch et al., 2009) and 

considering the positive correlation between HR and cognitive performance (Luft et al., 

2009), the potential increment in these variables after AI inhalation may result in 

increased cognitive performance (Harris et al., 2018). 

4.1.6. Researched effects on cognitive function 

In general, cognitive function includes multiple mental abilities such as learning, 

reasoning, thinking, remembering, decision making, or attention (Borson, 2010). Due to 

these mental abilities athletes may recognize and obtain environmental information to 

combine them with existing knowledge, which can play a significant role in competitive 

sports (Marteniuk, 1976). Although research supports the concept of increased arousal 

and improved cognition (Parfitt et al., 1995; Santos et al., 2014), there is still a lack of 

knowledge about the acute effect of AIs inhalation on cognitive functions. 

For example, one study investigated the effect of AI inhalation on cognitive 

performance by simple and choice reaction time using a computer and basic keyboard 
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tasks in 16 male ice-hockey players (Groop, 2019). They also tested responses to the 

Wingate test (explained in the following section). Cognitive tests were conducted 60 

seconds after AI inhalation (but before the Wingate test) and lasted for approximately 5 

minutes. There were no significant changes observed in any variables of reaction time 

test responses after AI inhalation compared to the same tests performed after no AI 

inhalation. Based on previous findings (Groop, 2019; Perry et al., 2016), the 

cardiorespiratory responses returned to normal 15 to 30 seconds after AI inhalation, so it 

is logical that no cognitive effects were present during the reaction time tests that started 

60 seconds after AI inhalation. Therefore, any sympathetic arousal that may have been 

present right after AI inhalation may have already disappeared by the time the cognitive 

tests began. 

Although the literature investigating the effects of AI on cognition is scant, 

anecdotal evidence (supported by the wide-spread presence of the “psyching up effect”) 

indicates that AIs may in fact have a cognitive effect, but the effect just has not been fully 

elucidated. Therefore, future research on the topic is needed and could include different 

AI timing, different cognitive tests, different populations, and the like (McCrory, 2006). 

Furthermore, athletes likely desire the purported psyching up effect not only to increase 

cognitive arousal or vigilance, but to harness that cognitive effect to improve strength or 

power performance. 

4.1.7. Researched effects on strength and power 

Presumably, since many athletes believe that increasing arousal before a 

competition can enhance muscle strength and power performance, using AIs as an 

ergogenic aid has become widespread amongst athletes (Pritchard et al., 2014; Tod et al., 

2003). Even though a survey (Pritchard et al., 2014) indicated that AI use is popular 

among anaerobic athletes, very little research has examined the effect of AI inhalation on 

muscular strength and power, with the results from those studies being contradictory 

(Table 1). 

For example, one of the earliest peer-reviewed studies investigated the effect of AI 

inhalation on anaerobic muscular endurance on 25 college-aged males (Richmond et al., 

2014). In this study, subjects inhaled AIs (or a placebo) for 3 seconds and then performed 

as many repetitions as possible (AMRAP) of the back squat (BS) with 85% of their 1-

repetition maximum (1RM). After 5 minutes of rest, the same process was repeated but 

with the bench press (BP) exercise. There were no differences between the number of 
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repetitions for either exercise after AI inhalation (compared to the same exercise with 

placebo), indicating that no ergogenic effect was found when performing an AMRAP 

protocol. However, although the authors only reported the number of repetitions 

performed, it is possible that the repetitions performed earlier in the AMRAP protocol 

may have been performed with greater velocity or power output, which would be an 

interesting follow-up study. 

Another study (Perry et al., 2016) examined the effect of AI inhalation on muscle 

force, rate of force development (RFD), peak of force development (pRFD), and surface 

electromyography (EMG) during a maximal-effort isometric mid-thigh pull (IMTP) in 15 

active males with no previous AI inhalation experience. The IMTPs were performed for 

2 seconds immediately, 15, 30, and 60 seconds after AI inhalation (inhaled through the 

nostrils until an automatic withdrawal reflex has occurred) or no inhalation, followed by 

5 minutes rest and performing the other condition in a counter-balanced order. Despite 

cerebrovascular and cardiovascular increases in the first 15 seconds after AI inhalation, 

there were no improvements in maximal force, pRFD, or EMG activity at any time. 

Therefore, it may be suggested there are no ergogenic effects of AI inhalation on maximal 

force production. However, a positive effect may have been shown on the pRFD, but 

post-activation potentiation (irrespective of AI use) cannot be ruled out in this case. 

Similarly, another study investigated the influence of AI inhalation on the maximal 

force and pRFD during IMTP in addition to bodyweight countermovement jump power 

(CMJP) in 20 experienced resistance-trained men familiar with both weightlifting and 

powerlifting (Bartolomei et al., 2018). Subjects participated in three visits, separated 48 

hours apart. During each visit, subjects performed 3 maximal effort bodyweight 

countermovement jumps (CMJ) with 3 minutes of inter-jump rest. Ten seconds before 

each jump, subjects inhaled AIs for 3 seconds (10 cm away from nostrils), a placebo, or 

no inhalation. Next, 3 maximal IMTP (6 seconds each) with 3 minutes rest between 

attempts were performed with a similar inhalation procedure. There was a significant 

increase in pRFD expressed during IMTP. However, no significant effects were found in 

CMJP or IMTP maximal force. Although the results did not indicate any improvement in 

maximal force production or vertical jump height, the potential ergogenic effect of AIs 

inhalation was shown by increasing explosive force output (e.g., pRFD). 

One last peer-reviewed study investigated the effect of AI inhalation on the deadlift 

1RM in 10 males and 10 females (Vigil et al., 2018). Subjects completed three visits 



 58 

separated by 72 hours rest. In the first visit, baseline deadlift 1RM and treatment (placebo 

and AIs) randomization occurred. The next two counter-balanced visits also included a 

traditional progressive 1RM protocol, but when attempting to lift 102.5%, 105%, and 

107.5% of their baseline 1RM, subjects inhaled either AIs or placebo 15 seconds prior to 

the lift, as they normally would do in a powerlifting competition. Ultimately, there were 

no effects of AIs on deadlift 1RM in either men or women. 

Although discussing conference abstracts is often excluded from review papers 

such as this one, the number of conference abstracts (6) far outweighs the number of peer-

reviewed articles (4). Therefore, several conference abstracts are discussed in the 

following section. 

For instance, the impact of AI inhalation on maximal effort CMJ height and broad 

jump (BJ) distance was investigated in 12 subjects (Mitchell et al., 2015). Before each 

jump, subjects randomly inhaled AI, a placebo, or nothing, but there were no differences 

in BJ and CMJ performance among conditions. 

Similarly, another study investigated the effect of AIs on CMJ height and sprint 

time in 8 men and 3 women with at least 2 years of resistance training experience (Archer 

et al., 2017). Subjects performed 3 CMJs and 2 20m indoor sprints. Thirty seconds before 

each CMJ or sprint trial, subjects were instructed to take a deep breath through the nose 

of either an AI capsule, an AI liquid, or menthol oil. Similar to the previous study 

(Mitchell et al., 2015), there were no significant differences between conditions for any 

variable. 

Another study investigated the effects of AI inhalation on RFD and peak force 

during IMTP in 8 males and 3 females with at least 2 years of resistance training 

experience (Rivera et al., 2017). Subjects attended 4 visits and performed IMTP after 

inhaling (30 seconds before lift) menthol oil, an AI capsule, an AI liquid, or nothing, in 

counter-balanced order before the performance. No significant differences were found for 

any variable. 

The following 2 conference abstracts and 1 master’s thesis were focused on 

determining the influence of AIs on anaerobic power. The first study (Secrest et al., 2015) 

investigated anaerobic mean power (MP) and peak power (PP) production using the 30 

seconds Wingate test (with the resistance of 10% of each respective subject’s body 

weight) before and after a simulated American football game (SAFG) on 10 healthy 
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college-aged anaerobically trained males. Subjects attended two visits (AIs and control) 

separated by a minimum of 48 hours. Each SAFG was performed in randomized order 

and consisted of a total of 12, 9, or 6 maximal effort sprints, which lasted 5 seconds, and 

each sprint was followed by 40 seconds’ break. Through each visit, subjects performed 

the Wingate test pre- and post-SAFG in a climate-controlled setting. During AIs 

inhalation visits, AIs were inhaled immediately before the post-SAFG Wingate test. 

There were significant differences in pre-SAFG MP and PP, and post-SAFG MP and PP 

after AIs inhalation. Although interesting, these findings have not been published in a 

peer-reviewed article and should be interpreted with caution. 

On the contrary, the next study (Witherbee et al., 2013) investigated MP and PP 

during the 30 seconds Wingate test (with the resistance of 7.5% of each respective 

subject’s body weight) on only 3 male participants with previous resistance training 

experience. Directly before the Wingate test, subjects inhaled a randomly chosen 

substance for 2 seconds (AIs, a placebo, or no inhalation). A minimum of 48 hours break 

was provided to separate each visit. There were not any significant differences. 

Moreover, the following study (Groop, 2019) investigated MP, PP, and power drop 

(PD) by using the 30 seconds Wingate test (with the resistance of 11% of each respective 

subject’s body weight) after AIs inhalation or no inhalation on 16 male ice-hockey 

players. Additionally, they also tested cardiorespiratory responses (HR and BR) and 

reaction time. Subjects took part in two visits, with randomized order, where they were 

instructed to inhale AIs or no inhalation. AIs were cracked 30 cm from nostrils and moved 

closer to the nostrils until a withdrawal reflex occurred whereas, during no inhalation 

visit, subjects performed a deep inhalation through nostrils without any AIs. After 

inhalation, there was a 60-second break, followed by reaction time tasks for an additional 

6 minutes immediately followed by the Wingate test. Although a statistically significant 

cardiorespiratory response (increased HR and BR) occurred after 10 seconds after AIs, 

no changes were shown in any other variables. 

In accordance with the presented results from various performance tasks, it may be 

suggested there are no ergogenic effects of AI inhalation on maximal muscular strength 

(Bartolomei et al., 2018; Perry et al., 2016; Richmond et al., 2014; Vigil et al., 2018). 

Moreover, no effects were observed on muscular endurance performance (Richmond et 

al., 2014) or in various explosive strength performances utilizing either slow (Archer et 

al., 2017; Bartolomei et al., 2018; Mitchell et al., 2015; Rivera et al., 2017) or fast stretch-
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shortening cycles (Archer et al., 2017). However, on the contrary, in the IMTP, which is 

an explosive isometric strength task utilizing a slow stretch-shortening cycle as well, 

significant improvements were noted in pRFD (Bartolomei et al., 2018; Perry et al., 

2016). Ultimately, we can hypothesize that AI inhalation may improve pRFD while 

generating an explosive strength in IMTP performance whilst not in transferring it to any 

real-world dynamic exercise such as sprint, BJ, VL, or CMJ performances. However, 

peer-reviewed research should be conducted before confidently accepting this hypothesis. 

In conclusion, regarding previous research, the highest significant pRFD 

(Bartolomei et al., 2018; Perry et al., 2016) and cardiorespiratory changes (Groop, 2019; 

Perry et al., 2016) were observed from 7.5 to 15 seconds after AIs inhalation, which 

agrees with the 15 to 30 second time window of the cardiorespiratory responses described 

earlier in this paper. Therefore, it appears that the timing of inhalation before performance 

may be considered as the most important variable when assessing the effects of AI 

inhalation on enhancing performance. Since maximal strength and explosive strength 

largely rely on the ATP-PC energy pathway (Rivera-Brown & Frontera, 2012), whereas 

the 30 seconds Wingate test and muscular endurance performance more or less rely on 

the combination of ATP-PC and the glycolytic energy pathways (J. C. Smith & Hill, 

1991), any possible ergogenic effects of AIs inhalation would be more relevant for quick 

explosive movements. Nevertheless, further research needs to be done, and even though 

AIs showed several incidences of isolated ergogenic effects on explosive strength 

development and anaerobic power variables, the amount of data to date is far from 

convincing.
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Table 1. Studies investigating ammonium inhalants effects on different performance. 

Author, year Type Sample 

size 

Conditions Dosing of 

substances 

Distance, time 

of inhalation 

Time from 

inhalation to test 

Performance 

protocol 

Findings 

(Richmond et 

al., 2014) 

 

 

 

PRA n = 25 AI, VVR Liquid (AI) and 

gel (VVR) from 

microcentrifuge 

tubes 

x, x 3 sec Muscular 

endurance: BS 

and BP on 85% of 

1RM AMRAP 

 BS and BP 

number of reps 

 BS and BP 

estimated 1RM 

(Perry et al., 

2016) 

 

 

 

 

 

 

PRA n = 15 AI, NI Crushed AI 

capsule or deep 

inhalation of air 

x, until a 

voluntary 

withdrawal 

reflex was 

observed 

Immediately, 15, 

30 and 60 sec 

Cardiorespiratory: 

MCAv, HR, 

MAP, PetCO2 

 

Strength: PF, 

pRFD and RFD 

during IMTP 

 MCAv, HR 

 MAP, PetCO2 

 

 

 pRFD in IMTP 

 RFD in IMTP 

 PF in IMTP 

(Bartolomei et 

al., 2018) 

 

 

 

 

PRA n = 20 AI, VVR, 

NI 

Crushed AI 

capsule and liquid 

(VVR) from 

microcentrifuge 

tubes 

10 cm, 3 sec 10 sec Power: maximal 

effort CMJ 

Strength: PF, 

pRFD and RFD 

during IMTP 

 CMJ height 

 

 pRFD in IMTP 

 RFD, PF in IMPT 

(Vigil et al., 

2018) 

 

 

PRA n = 20 

(10m, 

10f) 

AI, water Crushed AI 

capsule or water 

from bottle 

x, x 15 sec Maximal strength: 

DL 1RM 
 DL performance 

(Witherbee et 

al., 2013) 

 

 

 

CA n = 3 AI, VVR, 

NI 

x x, 2 sec Immediately Power: PP, PP per 

kg, MP, MP per 

kg, PD, PD per kg 

in WT 

 PP, PP per kg, 

MP, MP per kg, PD, 

PD per kg 
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(Mitchell et 

al., 2015) 

 

CA n = 12 AI, VVR, 

NI 

x x, x Immediately Power: VL height 

and BJ distance 
 VL height, BJ 

distance 

(Secrest et al., 

2015) 

 

CA n = 10 AI, NI x x, x Immediately Power: PP and 

MP in WT 
 PP and MP 

(Rivera et al., 

2017) 

 

 

CA n = 11 

(8m, 3f) 

AI, M, 

HPA, NI 

x x, x 30 sec Strength: RFD 

and PF during 

IMTP 

 RFD and PF in 

IMPT 

(Archer et al., 

2017) 

 

CA n = 11 

(8m, 3f) 

AI, M, 

HPA, NI 

x x, x 30 sec Power: VJ height 

and sprint time 
 VJ height and 

sprint time 

(McEvoy et 

al., 2019) 

 

 

CA n = 22 

(11 m, 

11f) 

AI, P Crushed AI 

capsule 

x, x x Respiratory: 

FEV1.0, FVC and 

MVV 

 FEV1.0, FVC and 

MVV 

(Groop, 2019) 

 

 

 

 

 

 

MT n = 16 AI, NI Crushed AI 

capsule or deep 

inhalation of air 

5 cm, 3 sec Immediately from 

cardiorespiratory, 

1 minute from 

cognition and 6 

minutes from 

power 

Cardiorespiratory:  

HR and BR 

Cognition: 

reaction time 

Power: PP, MP, 

PD in WT 

 HR, BR 

 PP, MP, PD 

 reaction times 

 significantly greater (p < 0.05) than both placebo and no inhalation;   no significant difference (p > 0.05) compared with both placebo and no inhalation. 

*PRA = peer-reviewed article; CA = conference abstract; MT = master’s thesis; m = men; f = female; AI = ammonia inhalant; P = unspecified placebo; 

VVR = Vicks VapoRub; M = menthol; NI = no inhalation; HPA = high potency ammonia; x = unspecified; PP = peak power; MP = mean power; WT = 

Wingate test; SAFG = simulated American football game; CMJ = counter movement jump; IMTP = isometric mid-thigh pull; pRFD = peak rate of force 

development; MCAv = middle cerebral artery blood flow velocity; HR = heart rate; MAP = mean arterial pressure; PetCO2 = partial pressure of end-tidal 

CO2; PF = peak force; RFD = rate of force development; BS = back squat; BP = bench press; 1RM = one repetition maximum; AMRAP = as many 

repetitions as possible; DL = deadlift; BR = breathing rate; FEV1.0 = one-second forced expiratory volume; FVC = forced vital capacity; MVV = maximum 

voluntary ventilation. 
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4.1.8. Research considerations 

In summary, the effects of AIs on the cardiorespiratory system, cognitive functions, 

and strength and power performance are inconsistent, and the current amount of available 

data is insufficient to make confident conclusions regarding the efficacy of AIs. 

Furthermore, the mechanisms behind any anecdotal potential performance improvements 

are notably uncertain. When aiming to determine the efficacy of AIs in research settings, 

placebo and control conditions are often presented. Accordingly, the control condition 

often includes a deep inhale through the nostrils without any form of AI present. 

However, the placebo condition (the most frequently reported were menthol oil and Vicks 

VapoRub (VVR) which is used as a cough suppressant (Vicks Smart Label, 2020) and 

contains a compound of camphor (4.8%), eucalyptus oil (1.2%) and menthol (2.6%); 

(Table 1) has a distinct smell that subjects can likely distinguish from an AI. Although 

using such a substance for a placebo condition may seem scientifically sound, the 

presence of a placebo condition can also be viewed as a limitation, as subjects likely know 

that they did not inhale an AI. Simultaneously, it is crucial to note that while some 

ergogenic effects of AIs were observed, in no circumstances did the placebo condition or 

control condition result in an increase in performance superior to AIs inhalation. 

Therefore, there does not seem to be a placebo effect when considering AI inhalation. 

4.2. Conclusion 

In conclusion, AIs do not convincingly improve maximal muscular strength, 

muscular endurance, or reaction time performance. However, there is limited evidence 

that AIs can improve explosive strength pRFD during IMTP. Nevertheless, the AIs 

inhalation did no enhance performance in real-world dynamic movements like sprint time 

or CMJ height. 

Moreover, AIs may have an ergogenic effect on anaerobic power performance, but 

only when the athletes were already fatigued. Despite this fact, it has not been investigated 

in different types of anaerobic power performance yet. Additionally, AIs likely produce 

significant cerebrovascular, cardiovascular, and respiratory responses 7.5 to 15 seconds 

after inhalation (possibly up to under 30 seconds), but then these variables decreased back 

to baseline values after 30 seconds. Therefore, it appears that the timing of inhalation 

before performance may be considered as one of the most significant conditions when 

using AIs as an ergogenic aid. 
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Furthermore, it is necessary to point out that a certain degree of relative risk may 

appear due to the possible occurrence of contact head injuries such as concussions. If an 

athlete inhales AIs right after experienced unconscious or dizziness after head contact, it 

may mask the symptoms, and the diagnosis of concussion would be complicated, but this 

notion is purely hypothetical and needs to be investigated. If that notion holds true, using 

AIs could lead to maintaining participation in the competition and worsen the 

consequences of head injury. Therefore, strength and conditioning and medical 

professional professionals should be cautious when athletes use AIs in these situations. 

On the other hand, the anecdotal evidence of AI inhalation indicates that athletes 

experience an optimal psychological state before a performance, and there is no evidence 

that AIs would decrease performance. 

Ultimately, the athletes and the support staff around them should be knowledgeable 

about both the potential risks and beneficial effects of AIs inhalation during training and 

competition. To conclude, it appears crucial that more research could provide valuable 

insight into the effect of AIs inhalation on human physiology. Frequently, acute AI 

inhalation is compared with the delayed effect of caffeine supplementation. Hence, 

comparative research of those two ergogenic aids may help widen our understanding of 

the effects of these ergogenic aids. Moreover, future research may further focus on the 

determination of the level of psychological arousal by the electrodermal conductance 

response influenced by AIs inhalation. Also, considering a lack of research, more 

alternatives can be considered in terms of cognitive performance, and AIs inhalation, 

which would provide further essential findings in this particular topic.  

4.3. Practical applications 

• To date, the evidence does not support the use of ammonia inhalants to improve 

maximal muscular strength, muscular endurance, or reaction time. However, it may 

enhance 1) anaerobic power performance in already fatigued athletes, and 2) laboratory-

tested explosive strength, but without any direct transfer to real-world dynamic exercise. 

• The timing of ammonia inhalant use seems to be important, as heart rate and 

respiratory rate can increase up to 30 seconds after inhalation. 

• Despite a plethora of anecdotal evidence, there is no research to directly support 

any increased psychological arousal in response to ammonium inhalants. 
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• Sport and health professionals should be aware of the potential risks and beneficial 

effects of ammonia inhalants during training and competition to prevent any unlikely, but 

possible, difficulties. 

Using ammonia inhalants is widely prevalent among strength-based athletes. 

However, there is a major gap in the literature regarding its safety, physiological effects, 

and impact on physical performance. 
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5. The rationale for the second study 

Following our review of the current literature regarding the benefits, risks, and 

efficiency of ammonia inhalants (Malecek & Tufano, 2021), the necessity to specify the 

most appropriate tests for evaluating the effects of using ammonium inhalants on 

military-specific physical and psychological performance became evident. Accordingly, 

shooting accuracy is one of our investigation's primary areas of interest. This skill is 

essential to every soldier, particularly for infantry forces, who often engage in frontline 

combat, where accurate shooting can be the difference between success and failure or 

even life and death (Mandache & Grigoras, 2022). Hence, the ability to maintain shooting 

accuracy, despite the adverse effects of sleep deprivation is a critical area of exploration 

and concern in our research context. 

However, previous research endeavors into shooting performance have employed 

a range of heterogenous methodologies, with some studies utilizing rifle systems or live-

fire handguns (B. Cohen et al., 2022; Enders et al., 2020; C. D. Smith et al., 2019; Ojanen 

et al., 2018; Barringer et al., 2018; Monaghan et al., 2017; S. A. T. Brown & Mitchell, 

2017;  T. N. Brown et al., 2016; Frykman et al., 2012; Swain et al., 2011; Tharion et al., 

1997, 2003). Although these varied approaches provided a multitude of valuable insights, 

yet most provide no information about the shooting reliability and the familiarization of 

shooters with the shooting protocol. Therefore, there remained a gap in our 

understanding, emphasizing the need for methodological research specifically 

investigating the test-retest reliability of shooting protocols. Whereas by verifying this 

reliability, we wanted to ensure that our subsequent studies yield consistent and 

trustworthy results. 

As all testing in the subsequent mains study (Chapter 8) was conducted in a 

controlled laboratory environment, we designed a shooting protocol using a laser-based 

shooting simulator. This required the development of a reliable test designed to meet our 

specific research goals. Therefore, our subsequent study titled "Test-Retest Reliability of 

Two Different Laser-based Protocols to Assess Handgun Shooting Accuracy in Military 

Personnel" (Malecek et al., 2023) was conducted. 

Hence, the study aimed to assess the reliability of standard military shooting 

protocols using a laser-based handgun simulator. This involved twenty soldiers 

undertaking static and dynamic shooting trials on three different days to determine their 
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shooting accuracy between-day and within-day consistency. The accuracy, denoted by 

total points, was recorded and analyzed for each protocol's reliability. 

The primary rationale behind this study was to establish reliable protocols for 

assessing shooting accuracy under laboratory conditions that closely mimic the real-

world demands faced by military personnel. The test-retest reliability design of the study 

ensures the consistency of the measurements over time, a critical component when 

evaluating the validity of any performance test. Furthermore, these protocols may serve 

as the foundation for future research examining the potential effects of other interventions 

on shooting performance. To a certain extent, choosing a laser-based shooting protocol 

allows us to capture accurate data in a safe, controlled, and repeatable environment. The 

selected protocols also allow for a realistic representation of the shooting tasks, which are 

crucial in the context of military performance. 

By establishing these protocols, we also aim to set a basis for future studies 

investigating the effects of various interventions on shooting performance. Ultimately, 

our extended aim was to contribute valuable insights to the field of military performance 

optimization, potentially influencing shooting training practices in this high-stakes 

profession. 

The following manuscript was initially submitted in 2022 to the BMJ Military 

Health Journal as an original research article. However, after undergoing the editorial 

review process, it was offered to submit a shortened version in the form of a letter to the 

editor, which was accepted in 2023. Therefore, to ensure consistency and uniformity 

throughout the entire dissertation thesis document, modifications have been made to the 

original manuscript's formatting. The substantive content of the original research article 

remains unchanged, and the final version of the letter to the editor is included as well. 

Adjustments have been made exclusively to aspects such as the citation style, table layout, 

figures, and graphs to align with this dissertation thesis's format specifications. 

Furthermore, the actual references have been restructured again and can be found 

enumerated at the culmination of this dissertation thesis document. 
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Letter to Editor 

Tactical operations and armed conflicts involve symmetrical and asymmetrical 

conflicts, often occurring in urban and constantly changing environments. This requires 

tactical personnel to be prepared for unpredictable threats in dynamic scenarios 

(Clemente-Suárez & Robles-Pérez, 2013). In close-quarter situations, short weapons such 

as handguns are becoming increasingly prevalent over assault rifles, as they are more 

manageable for manoeuvring and battling. Therefore, accurate handgun shooting is 

essential for tactical personnel who may encounter close-quarter situations requiring 

precise shooting. Although regular handgun training is necessary to improve static and 

dynamic shooting accuracy, implementing basic shooting training is challenging as it 

includes budget constraints, ammunition costs, and limited access to live-fire ranges, 

necessitating the development and use of new technologies to meet current shooting 

training standards. 

Laser-based shooting simulators have emerged as an alternative to traditional live-

fire shooting, offering several benefits such as reduced ammunition and target costs, 

safety, decreased waste, and more frequent and time-efficient training exercises (e.g., no 

need to replace targets, assemble and clean guns, transports to shooting ranges) (Hagman, 

1998). Previous researchers have used laser-based systems to evaluate shooting 

performance under different conditions, such as supplementation, sleep deprivation, and 

psychological or physiological fatigue. However, most studies lacked information on 

reliability and shooter familiarization with the protocol. Consequently, the results of those 

investigations should be interpreted cautiously as the shooting protocols themselves may 

not have been reliable, possibly affecting the observed effects. Therefore, this study 

aimed to assess the reliability of two standard-issued shooting protocols using a laser-

based handgun system. 

Twenty soldiers (22.0 ± 1.9 yrs) participated in two static and dynamic shooting 

protocols trials on three separate days to determine the between-day and same-day test-

retest shooting accuracy reliability (Figure 1). The accuracy (total points scored) for each 

trial was recorded and analysed for 1) the reliability of each shooting protocol with two-

way mixed effects intra-class correlation coefficient (ICC) with a coefficient of variation 

(CV) and the standard error of measurement (SEM) and 2) differences in shooting 

accuracy points scored between days and trials by two-way RM ANOVA. Associated 
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literature review, ethical approval, methods, analyses, and supplements are available at 

the Open Science Framework (https://osf.io/3n5w2). 

The results indicated good between-day test-retest reliability of the average of two 

trials of both the static (ICC = 0.837 [0.659, 0.930], CV = 3.78%, SEM = 3.37) and 

dynamic (ICC = 0.806 [0.597, 0.917], CV = 4.73%, SEM = 3.73) protocols. Additionally, 

there was moderate between-day test-retest reliability of a single trial for static (ICC = 

0.703 [0.383, 0.872], CV = 3.47%, SEM = 3.11) and dynamic (ICC = 0.585 [0.219, 

0.810], CV = 4.17%, SEM = 3.30) protocols, and moderate same-day test-retest reliability 

for static (ICC = 0.510 [0.248, 0.741], CV = 2.57%, SEM = 2.31) and dynamic (ICC = 

0.510 [0.243, 0.742], CV = 4.30%, SEM = 3.39) protocols across the last two trials 

(Figure 4). 

Our study demonstrates that soldiers' shooting performance, based on accuracy in 

static and dynamic protocols, has moderate to good reliability and no statistically 

significant effect on the difference in shooting accuracy between days and trials. 

Therefore, the protocols used in this study and the reliability observed may serve as a 

foundation for future research to establish a more rigorous approach using validated 

shooting protocols. By following these guidelines, researchers may contribute to the 

advancement of shooting-related research, ultimately leading to more accurate shooting 

assessments and training. 
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Original research 

Abstract: 

Shooting is a fundamental skill for any soldier and is crucial in military combat 

operations. In contemporary warfare, the use of handguns over assault rifles in close 

combat scenarios is becoming increasingly prevalent. As a result, evidence-based training 

and research on factors influencing handgun shooting performance are paramount. 

However, data on the reliability of standard static and dynamic protocols are lacking. The 

present study aims to evaluate the test-retest reliability of standard-issued static and 

dynamic military shooting protocols executed using a laser-based handgun simulator 

system. Twenty soldiers (22 ± 1.9 yrs; 81.7 ± 8.6 kg; 184.9 ± 5.9 cm) participated in two 

trials of both static and dynamic shooting protocols on three separate days in order to 

determine the between-day and within-day test-retest reliability of their shooting 

accuracy. The accuracy (total points scored) for each trial was recorded and analyzed for 

the reliability of each shooting protocol with two-way mixed effects intra-class 

correlation (ICC) for consistency. Our results indicate good between-day test-retest 

reliability of both the static (ICC = 0.837 [0.659, 0.930]) and dynamic (ICC = 0.806 

[0.597, 0.917] protocols. Additionally, there was a moderate between-day (for static ICC 

= 0.703 [0.383, 0.872] and dynamic ICC = 0.585 [0.219, 0.810] protocols) and same-day 

(for static ICC = 0.510 [0.248, 0.741] and dynamic ICC = 0.510 [0.243, 0.742]) reliability 

across two trials. In conclusion, our study demonstrates that soldiers' shooting 

performance, based on accuracy in static and dynamic shooting protocols, has moderate 

to good reliability. Therefore, the present study and its protocols may serve as a 

foundation for future researchers and practitioners to establish a scientific approach for 

validating the reliability of shooting protocols. By following these guidelines, researchers 

and practitioners may contribute to the advancement of shooting-related research, 

ultimately leading to more accurate and reliable shooting assessments and training 

programs. 

 

Keywords: Army; Soldiers; Weapon; Simulator; Firearm 
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Key messages: 

• Despite many studies using laser-based systems to assess shooting performance 

under various conditions, few studies have explicitly reported the reliability of shooting 

protocols, indicating a need for more reproducible shooting protocols. 

• The present study provides evidence of moderate to good reliability in soldiers' 

shooting performance, as assessed by accuracy in static and dynamic shooting protocols, 

indicating that the study protocols can serve as a basis for establishing a scientific 

approach to validate the reliability of shooting protocols for future research and practical 

applications.  

• Despite many studies using laser-based systems to assess shooting performance 

under various conditions, few studies have explicitly reported the reliability of shooting 

protocols, indicating a need for more reproducible shooting protocols. 
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6.1. Introduction 

Tactical operations and armed conflicts can be characterized as a combination of 

traditional symmetrical (with fairly defined targets and tactics) or less traditional and 

asymmetrical conflicts. Asymmetrical conflicts often occur in urban areas with a 

constantly changing environment (Clemente-Suárez & Robles-Pérez, 2013). Thus, 

tactical personnel must be prepared for unpredictable threats and attacks in a dynamic 

scenario (Clemente-Suárez & Robles-Pérez, 2013). For solving such armed conflicts, 

short weapons are likely preferred over assault rifles as they are more manageable in 

maneuvering and battling in close quarters where the shooting distances are likely less 

than 7 meters (Clemente-Suarez & Robles-Pérez, 2015; Nieuwenhuys & Oudejans, 

2010). Considering the above, handguns are becoming the most likely weapon of choice 

for soldiers, emergency tactical personnel, patrol soldiers, or other enforcement officers 

who may encounter close-quarter situations where both static and dynamic handgun 

shooting (likely including multiple shots to eliminate targets) must be precise and 

accurate. 

Handgun training should be regularly performed to improve the accuracy of both 

static and dynamic shooting. However, regularly implementing a basic shooting training 

system is challenging for various reasons (General Accounting Office Report to 

Congressional Committees, 1995). Standard issue rifles or handguns with live 

ammunition and disposable targets are typically used during live-fire shooting exercises. 

Budget restrictions, limited availability of live-fire ranges and increasing expenditures on 

ammunition have all but necessitated the development and widespread use of new 

technologies to fulfill current shooting training standards (Krug & Pickrell, 1996). 

Laser-based shooting training simulators are used by military personnel, police 

officers, and shooting athletes as a potential replacement for a traditional live-fire 

shooting range (Hagman, 1998). Not only can laser-based handgun systems reduce 

ammunition and target costs, improve safety, and decrease the amount of waste generated 

by live-fire exercises, but they may also significantly enhance the quality of shooting 

training by allowing for more frequent and time-efficient exercises (i.e., no need to 

replace targets, assemble and clean the gun, transports to live-fire shooting range, etc.). 

Lastly, laser-based systems allow for the performance of all shot process functions, such 

as time and distance to the target or landing of individual hits, to be easily and precisely 
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recorded and analyzed. This could lead to the future development of correct targeting 

techniques and practical behavior skills under realistic tactical scenarios. 

Many studies have used laser-based systems to assess shooting performance while 

investigating the effects of various conditions such as supplementation (Barringer et al., 

2018; Monaghan et al., 2017; Tharion et al., 1997, 2003), lack of sleep (B. Cohen et al., 

2022; C. D. Smith et al., 2019), neurocognitive training (Enders et al., 2020), 

psychological and physiological fatigue (Frykman et al., 2012; Ojanen et al., 2018; Swain 

et al., 2011) or different military clothing and equipment (S. A. T. Brown & Mitchell, 

2017; T. N. Brown et al., 2016). Many of these studies included multiple trials and 

averages the scores together without first establishing the reliability (Monaghan et al., 

2017). Throughout the publicly available literature (and to the authors’ best knowledge), 

only one study (Kelley et al., 2020) has explicitly stated the reliability of their laser-based 

shooting tests. Specifically, this study shows that among four dynamic rifle shooting 

tasks, the reliability of shooting accuracy ranged from ICC = 0.44 to 0.78 (Kelley et al., 

2020). Vast majority of aforementioned studies provide no information about the 

shooting reliability and non on the familiarization of shooters with the shooting protocol. 

As a result, we must interpret the results of those investigations with some caution, as it 

may be possible that the shooting protocols themselves may not be reliable possibly 

affecting the reliability of observed effects. 

Therefore, there seems to be a clear need for reproducible shooting protocols in 

order to determine the effects of various conditions on shooting performance with more 

confidence. As mentioned above, only one study (Kelley et al., 2020) reported the 

reliability of four dynamic laser-based shooting tests. But they were using a rifle, greater 

engagement distances, and did not include static shooting (Kelley et al., 2020). Even 

though one of those dynamic protocols reported good reliability, modern tactical conflicts 

occur in close-quarters, thereby increasing the need to establish reliability of handgun 

shooting protocols that can be also performed with laser-based systems. Therefore, this 

study aimed to explore the test-retest reliability of basic static and dynamic shooting 

protocols carried out with a laser-based handgun simulator system. Considering that the 

measurements were carried out in laboratory-based conditions and under standardized 

manners highly limiting any potentially confounding variables, we hypothesized that both 

protocols would be reliable. This can ultimately guide researchers and practitioners in 

choosing reliable testing procedures that can be used during shooting testing or training. 
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6.2. Methods 

6.2.1. Participants 

Twenty active-duty male cadets (22 ± 1.9 yrs; 81.7 ± 8.6 kg; 184.9 ± 5.9 cm; all 

reported as mean ± standard deviation) serving at the University military department 

participated in this study. Eligibility criteria for participation included having passed an 

annual physical fitness test and medical check-up within the previous year, having more 

than two years of active-duty service experience, self-reported high levels of comfort with 

shooting a handgun (having completed basic military handgun shooting training but not 

being explicitly trained as marksmen), and not currently working shiftwork or taking 

medications known to affect cognitive or physical performance. 

6.2.2. Study design 

A repeated-measures design was employed to evaluate the reliability of handgun 

shooting accuracy during both static and dynamic shooting protocols, with a focus on 

both between-day and same-day test-retest reliability. Participants were required to visit 

the laboratory on five separate occasions. During the initial visit, participants were 

provided with information regarding the benefits and risks of the investigation and were 

required to sign an informed consent (the study was approved by the Faculty ethics 

committee; approval number 224/2020). The second visit was familiarization with the 

testing procedures. In the subsequent three experimental sessions, participants completed 

two trials of both the static and dynamic shooting protocols on three distinct days over 

the course of a week (Figure 1). 
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Figure 1. Timeline of the data collection. 

6.2.3. Familiarization 

During the second visit, the research team familiarized participants with all 

procedures and details related to both shooting protocols. Team members (JM, DO, ZD) 

demonstrated and explained the standardized isosceles high-ready stance position (i.e., 

feet parallel at shoulder-width with both arms extended, holding the handgun out in front 

at eye level ready to engage; Figure 2) (Lewinski et al., 2015). Participants were also 

instructed on the proper handling of the laser system handgun while shooting, practiced 

shooting while wearing headphones, and were informed of the instructions they would 

receive during the shooting protocols. Once the participants felt comfortable and 

confident, they completed three trials of each shooting protocol in a randomized order. In 

addition, they performed one familiarization trial of each shooting protocol before each 

experimental session in a randomized order. 
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Figure 2. Example of isosceles stance positioning during the handgun shooting protocol. 

6.2.4. Experimental testing 

Each of the three testing sessions was conducted at the same time of day, with at 

least 48 hours separating each session. Each session consisted of two trials of the static 

shooting protocol and two trials of the dynamic shooting protocol. All trials were 

performed in a standardized isosceles stance position, as illustrated in Fig 1. A laser-based 

simulator system (LASRX, Plano, TX & Beatrice, NE) equipped with an infrared laser 

handgun (SIRT 110, Next Level Training, Ferndale, WA) was used in this study. For this 

study, the handgun used was a real-weight mock-up of a Glock 17/22 with iron sights, 

which is a standard-issue handgun for the Czech military. During testing, participants 

wore over-ear headphones to hear the software command to start shooting and the 

simulated handgun shooting blasts when pulling the trigger. 

For both shooting protocols, a 20 cm circular target was placed on a blank wall 4 

meters in front of participants to simulate a 50 cm target 10 meters away (Swain et al., 
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2011). Each experimental session consisted of 2 trials of each (static and dynamic) 

protocol. First, participants performed one practice trial of each protocol in a randomized 

order with 1-minute rest between trials. Next, they either performed two consecutive trials 

of the static protocol or two consecutive trials of the dynamic protocol for data collection 

purposes. Each trial and each protocol were all separated by one minute (the order of 

static and dynamic protocols were randomized among participants). For the static 

protocol, they fired 10 consecutive shots, aiming to hit the middle of the circular target  

(a bullseye was worth 10 points, and 1 point was deducted for every 2 cm region away 

from the bullseye, resulting in a theoretical maximum score of 100 points). For the 

dynamic protocol, participants fired 3 shots in a row at 3 targets from left to the right for 

a total of 9 shots (i.e., simplified "El Presidente" protocol) (Lane, 2019; McNamara et al., 

2016). The middle target was positioned identically as the one in the static protocol, with 

the right and left targets positioned at a bullseye-to-bullseye distance of 1-meter from the 

center target in the same horizontal plane. The scoring system was the same as for the 

static protocol, resulting in a maximum score of 90 points. Participants were instructed to 

try to shoot as accurately as possible within a maximum time limit of 1-minute per trial. 

The sum of points from each trial for each participant of each shooting protocol was 

recorded for subsequent reliability analyses (Table 2). 

Table 2. Descriptive statistics of the sample shooting performance in static and dynamic 

protocol across days (1-3), and trials (a, b) (SD = standard deviation). Scores are on a 

scale of 0-100 in static and 0-90 in dynamic shooting protocol. 

 

Task Day Trial Mean ± SD Skewness Minimum Maximum 

Static 

shooting 

protocol 

1 
a 87.85 ± 5.97 - 1.01 74 94 

b 88.60 ± 5.39 - 1.59 75 95 

2 
a 89.20 ± 5.04 - 0.10 81 97 

b 90.15 ± 4.21 - 0.42 80 97 

3 
a 90.15 ± 4.84 - 1.45 76 96 

b 90.00 ± 3.66 - 0.80 81 95 

Dynamic 

shooting 

protocol 

1 
a 77.40 ± 5.50 - 0.58 65 84 

b 78.65 ± 5.26 - 2.20 61 84 

2 
a 79.30 ± 4.85 - 1.40 67 84 

b 79.75 ± 4.17 - 0.04 72 87 

3 
a 78.25 ± 5.89 - 0.94 63 86 

b 79.70 ± 4.73 - 0.56 71 86 
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6.3. Statistical analysis 

6.3.1. Reliability analyses 

The ICCs were calculated using the irr package (version 0.84.1) (Gamer et al., 

2019) in R (version 4.2.0) and were reported together with their 95% CI [LL, UL]. We 

interpreted the ICCs values as poor (values less than 0.50), moderate (between 0.50 and 

0.75), good (between 0.75 and 0.90), and excellent (greater than 0.90) (Koo & Li, 2016). 

We performed three different ICC analyses separately for both the static and dynamic 

protocols, thus six in total. 

First, to assess the between-day test-retest reliability of the average accuracy score 

(between-day / average), we calculated the ICC for three average accuracy scores from 

three individual testing days, where each score included the average of two shooting trials 

at that given time point. For this, we used the ICC (A,k) formula (two-way mixed effects, 

absolute agreement, average measurement) (McGraw & Wong, 1996). 

Second, to assess the between-day test-retest reliability of a single trial  

(between-day / single), we calculated the ICC for three accuracy score from three 

individual days, where each score was the result of the second shooting trial at that time 

point (e.g., treating the first trials as additional familiarization). For this, we used the  

ICC (A,1) formula (two-way mixed effects, absolute agreement, single measurement) 

(McGraw & Wong, 1996). 

Third, to assess the same-day test-retest reliability across two trials  

(same-day / average), we calculated the ICC for two accuracy scores from the same day, 

where each score was the result of the two shooting trials from the final day (e.g., treating 

the first two days as additional familiarization), using the ICC (A,1) formula (two-way 

mixed effects, absolute agreement, single measurement) (McGraw & Wong, 1996). 

6.3.2. Differences in mean shooting performance 

The analysis of the difference in shooting accuracy points scored between days and 

trials were conducted using JASP (version 0.16.2, 2022). Parametric tests were performed 

once the normality assumptions were verified using the Shapiro-Wilk W test. Data were 

analyzed using a one-way repeated measures ANOVAs separately for both static and 

dynamic shooting protocols (between-day test-retest reliability of the average accuracy 

score, 4 time: [Day 1a, Day 1b, Day 2a, Day 2b, Day 3a, Day 3b]; between-day test-retest 
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reliability of a single trial, 3 time: [Day 1b, Day 2b, Day 3b]; the same-day test-retest 

reliability across two trials [Day 3a, Day 3b]). The assumption of sphericity was assessed 

using Mauchly's W. In cases where sphericity assumptions were violated, a Greenhouse–

Geisser adjustment was applied. The variance explained by each RM ANOVA model is 

reported in η2. When the ANOVA tests demonstrated a statistically significant main effect 

of time, post-hoc comparisons (with Bonferroni correction) of the mean differences were 

performed. 

6.3.3. Sample size justification 

We calculate the sample size required to observe an intra-class correlation 

coefficient (ICC) of 0.8 with lower bound of the 95% CI greater than 0.5 (the threshold 

for moderate reliability) based on precision power analysis. To do so we used the 

ICC.Sample.Size package (version 1.0) in R (version 4.2.0) (R Core Team, 2014; Zou, 

2012). Assuming three testing per participant, a desired power of 80%, and using a two-

sided 0.05 significance level, the required sample size would be 18. To account for 

possible drop-outs or technical issues, we recruited 20 participants. 

6.3.4. Data availability statement 

Associated dataset, R script and JASP outputs for all performed analyses are 

available at the Open Science Framework [OSF] repository (https://osf.io/3n5w2/;  

DOI 10.17605/OSF.IO/3N5W2). 

6.4. Results 

In the static protocol, the ICC (A,k) for between-day test-retest reliability of the 

average of two trials was 0.837 [0.659, 0.930], the ICC (A,1) for between-day test-retest 

reliability of a single trial was 0.703 [0.383, 0.872], and the ICC (A,1) for same-day test-

retest reliability across two trials was 0.510 [0.248, 0.741] (Figure 3A). 

For the dynamic protocol, the ICC (A,k) for between-day test-retest reliability of 

the average of two trials was 0.806 [0.597, 0.917], the ICC (A,1) for between-day test-

retest reliability of a single trial was 0.585 [0.219, 0.810], and the ICC (A,1) for same-

day test-retest reliability across two trials was 0.510 [0.243, 0.742] (Figure 3B). The 

comparison of all ICCs and their CIs can be observed in Figure 4. 
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There was no statistically significant main effect of time for the analysis of the 

difference in shooting accuracy points scored between days and trials (Table 3). 

Figure 3. Individual shooters‘ score in the static (A) and dynamic (B) shooting protocol 

across days (1-3) and trials (a, b). Color dots depict each participant with grey lines 

connecting individual scores across days and trial. Scores are on a scale of 0-100 in static 

and 0-90 in dynamic shooting protocol. 

 

Table 3. Within subject effects of individual test-retest reliability tests for static and 

dynamic shooting protocols. 

Task Mean differences comparison F (df) p η² 

Static 

shooting 

protocol 

between-day of the average accuracy score 1.588 (5) 0.171 0.077 

between-day of a single trial 1.509 (2) 0.234 0.074 

same-day across two trials 0.040 (1) 0.844 0.002 

Dynamic 

shooting 

protocol 

between-day of the average accuracy score 1.218 (5) 0.307 0.060 

between-day of a single trial 0.695 (2) 0.505 0.035 

same-day across two trials 1.820 (1) 0.193 0.087 
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Figure 4. Intraclass correlation coefficients (ICC) of test-retest reliability for static and 

dynamic protocols. Note: Black dots represent mean ICC, error bars their 95% CI. The 

dotted bands represent areas of poor (< 0.50), moderate (0.50 - 0.75), good (0.75 - 0.90), 

and excellent (> 0.90) agreement. 

6.5. Discussion 

The current study aimed to assess the test-retest reliability of static and dynamic 

shooting protocols utilizing a laser-based handgun simulator system. The results of the 

test-retest reliability analyses indicate that our participants displayed good between-day 

reliability for both the static and dynamic shooting protocols when utilizing averaged 

scores. Additionally, moderate between-day (i.e., the second trial from each Day 1-3) and 

same-day (i.e., the two trials on Day 3) reliability was observed for both static and 

dynamic protocols. Furthermore, we observed no differences in shooting accuracy scores 

between or within days. Thus, future research could utilize these protocols as sufficiently 

reliable to examine shooting performance in military personnel and other tactical 

populations. 

To the best of our knowledge, this is the first study to examine the test-retest 

reliability of handgun shooting protocols, thus, no direct comparisons can be made to 

previous studies. However, similar studies have been conducted in the past. For instance, 

one study (Kelley et al., 2020) evaluated the test-retest reliability of a newly-developed 

dynamic laser-based marksmanship range using a rifle. In their study, the test-retest 

reliability was assessed on two consecutive days, where soldiers (N = 40) were instructed 

to shoot during four different dynamic scenarios. The reliability observed varied from 

ICC = 0.44 to 0.78, which was generally somewhat lower compared to the reliability 

observed in the present study (ICCs range of 0.510 to 0.837 for static and 0.510 to 0.806 
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for dynamic protocols). At first glance, these finding of slightly lower consistency in rifle 

shooting may seem surprising. A rifle, due to its greater barrel length and enhanced 

support from shooter’s shoulder and hands, should provide more stability and accurate 

shooting results, compared to the set-up used in the present study, where a handgun was 

held in outstretched arms. Despite that, the between-day test-retest reliability of the 

average accuracy scores of our tested dynamic handgun shooting protocol was slightly 

greater (ICC = 0.806) than the dynamic rifle shooting protocol of the previous study  

(ICC = 0.780) (Kelley et al., 2020). This can likely be attributed, in part, to the differences 

in shooting distance in both studies. In the present study, targets were positioned to 

simulate a distance of 10 meters (e.g. a typical engagement distance for a handgun “close-

quarters battle” scenario) (Clemente-Suarez & Robles-Pérez, 2015; Nieuwenhuys & 

Oudejans, 2010), whereas previous study (Kelley et al., 2020) included targets ranging 

from 15 to 75 meters (targets size were not specified). Therefore, even if the rifle were 

theoretically more stable, small imprecisions in aiming magnify over distance and can 

result in comparably less accurate or less precise shooting at greater distances. 

In addition to shooting distance, the other factor that may have contributed to the 

greater reliability observed in the present study may be the less dynamic character of our 

‘dynamic’ shooting protocols compared to those used in the previous study using a laser-

based rifle system (Kelley et al., 2020). In the present study, participants stood still and 

shot at different targets next to each other, resulting in only slight head, trunk, arm, and 

handgun movement in the horizontal plane. The dynamic protocols in the rifle laser-based 

study included more extensive movements, such as walking, kneeling, picking up a rifle, 

rotating around an axis, and traversing across a narrow beam (Kelley et al., 2020). With 

so many factors at play, combined with the greater shooting distances, it is not surprising 

that the reliability of our ‘dynamic’ protocol was greater than the previous study (Kelley 

et al., 2020). Additionally, our static shooting protocol resulted in similar test-retest 

reliability as our dynamic shooting protocol, possibly because the dynamic protocols 

included very little movement. However, it should also be noted that the protocol with 

the highest reliability in the previous study (Kelley et al., 2020) was the least dynamic 

one, which, unlike the other protocols that required walking or picking up the rifle from 

the floor, involved only taking a narrow kneeling stance and shooting in different 

directions. Therefore, future researchers and practitioners should be aware that additional 
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independent variables, such as body position, movement, different distances, and extra 

tasks to accomplish while shooting, would likely affect the reliability of the test. 

The highly standardized and thus less ecologically valid environment of the present 

study can be perceived as both a strength and a weakness, depending on the context. For 

instance, previous research has employed laser-based simulators to investigate the impact 

of various external factors (Barringer et al., 2018; S. A. T. Brown & Mitchell, 2017; T. 

N. Brown et al., 2016; B. Cohen et al., 2022; Frykman et al., 2012; Monaghan et al., 2017; 

Ojanen et al., 2018; C. D. Smith et al., 2019; Swain et al., 2011; Tharion et al., 1997, 

2003) on shooting performance. In particular, one study (Jaworski et al., 2015) examined 

the effects of load carriage on the performance of combat-related tasks and shooting 

accuracy. The soldiers (N = 12) in this study underwent a modified version of the 

Maneuver Under Fire (MANUF) portion of the U.S. Marine Corps Combat Fitness Test, 

conducted in four different load conditions (no load, 15%, 30%, and 45% of body weight) 

with a static kneeling shooting accuracy test conducted both before and after each 

MANUF condition. Although the study results indicated that overall shooting accuracy 

was not affected by acute load (pre-MANUF; p = 0.160), overall statistically significant 

decrements were reported post-MANUF (p = 0.005). Therefore, the authors concluded 

that combat-relevant fatigue might be the underlying cause of decreased shooting 

accuracy performance in soldiers. However, it should be noted that this study did not 

provide information on the shooting protocol reliability data or a familiarization. As a 

result, it is necessary to interpret the outcomes of this study, and others like it, with 

caution, as it is possible that the shooting protocols themselves may not have been 

sufficiently reliable. 

Thanks to the technological advancements and recognition that laser-based 

shooting simulators can serve as a substitute for live-fire shooting performance (Crowley 

et al., 2014; Hagman, 1998), many researchers now employ various forms of laser-based 

shooting simulators, the majority of which are rifles. It is worth noting that, owing to the 

vast array of available simulator systems, a multitude of additional queries may arise. One 

of the principal distinctions among simulators is the implementation of a recoil system. 

When there is no recoil system, soldiers do not experience and do not have to anticipate 

the forces of recoil and muzzle-rise, as they would during live fire. Most laser-based 

systems also lack other effects, such as noise and muzzle flash, which, if present, could 

cause some shooters to flinch in anticipation of a shot, thus making the shooting 



 87 

experience more comfortable and less ecologically valid than when using a recoil system 

or live-fire. On the other hand, with more advanced features, the cost of the simulator 

systems can increase, and portability may decrease, which can make sophisticated 

simulators similarly difficult to utilize for research as live-firing. Furthermore, the 

reduced portability (e.g., a need for wired tether) may also decrease the utility of 

simulators in more dynamic protocols that are closer to the real-world environment of 

modern warfare. 

The use of a wireless handgun systems that emits an invisible laser may allow for 

creation of more dynamic data collection scenarios, such as the ability for a soldier to 

move between multiple firing locations or to quickly transition between firing positions 

within a given scenario. These dynamic components may enable future research to yield 

additional insight into the impact of various conditions on handgun shooting 

performance. Previous research has suggested that future studies should investigate the 

use of more portable and cost-effective laser-based systems in order to examine the 

effects of various conditions on shooting performance (Kelley et al., 2020). In line with 

that, the present study utilized a “lower-cost” LASRX system. Though LASRX uses a 

wireless invisible laser handgun, the system depends on a camera wire-connected to a 

computer to collect data, rendering its use for dynamic protocols limited. 

In conclusion, it is necessary to note that the previous research has demonstrated a 

positive correlation (r = 0.69) between the performance of a laser-based shooting 

simulator and that of live-fire shooting, suggesting that it could serve as a valuable tool 

for predicting shooting aptitude (Hagman, 1998). However, the study also cautions 

against using laser-based simulators as a replacement for live-fire training, given the 

significant dissimilarities, such as the influence of natural gun recoil, between simulated 

and live-fire exercises, which can affect shooting skills in the long term. Nonetheless, it 

should be emphasized that the purpose of this study was not to compare laser-based 

shooting and live-fire shooting simulators or to draw attention to the absence of recoil or 

the accessibility and portability of specific systems. 

Rather, this study aimed to highlight the importance of establishing the reliability 

of basic shooting protocols employed in research to assess the impact of various factors 

on shooting accuracy. Accordingly, a basic static shooting protocol (Ojanen et al., 2018), 

which is the standard method used by military organizations for training and testing 

shooting accuracy, along with a basic dynamic protocol designed for close-range combat 
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practice, were selected. Thus, the results of present study and its basic protocols can serve 

as a foundation for future researchers and practitioners to develop and apply a systematic 

and scientific methodology for validating the reliability of their shooting protocols. 

6.6. Conclusion 

The present study indicates that the selected static and dynamic shooting protocols 

performed with an infrared laser handgun in a laser-based system exhibit moderate to 

good test-retest reliability. Nevertheless, validating the selected shooting protocols using 

live-fire handguns in future research is crucial. Additionally, it is recommended that other 

protocols and laser-based systems to be examined to address diverse shooting 

requirements during training and deployment. 
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7. The rationale for the third study 

In recent years, there has been a growing scientific interest in the effects of sleep 

deprivation on performance, particularly in demanding fields such as the military 

(Petrofsky et al., 2021; Grandou et al., 2019; Grugle et al., 2004). The adverse effects of 

sleep deprivation on cognitive and physical performance, which have been well-

documented in the scientific literature (Petrofsky et al., 2021; Grandou et al., 2019), 

present a significant concern in the context of military operations, given that military 

personnel frequently operate under challenging conditions with a limited amount of sleep. 

In our first research (Chapter 4), we reviewed the current existing literature on the 

use of ammonia inhalants as a potential ergogenic aid. These inhalants, widely used 

among strength-based athletes (Herrick & Herrick, 1983; Prewitt, 2016; Pritchard et al., 

2014; Rivera-Brown & Frontera, 2012), are believed to trigger the adrenergic receptors 

in peripheral tissues by irritating the respiratory passages (Velasquez, 2011). This action 

increases cardiac output, respiratory rate, and blood flow velocity in the middle cerebral 

artery (Perry et al., 2016). Consequently, ammonia inhalation has been associated with 

enhanced alertness, perceived performance, explosive strength during isometric muscle 

actions (Bartolomei et al., 2018), and repeated anaerobic power performance, particularly 

in already fatigued individuals (Secrest et al., 2015). 

Given the substantial demands placed on military personnel and the pervasive issue 

of sleep deprivation in military contexts, we aimed to explore the potential positive effects 

of fast-acting ergogenic aid in the form of ammonia inhalants on sleep deprivation-

induced performance decrements. The primary aim of our study, "Effects of 36 hours of 

sleep deprivation on military-related tasks: can ammonium inhalants maintain 

performance?", was to examine whether the use of ammonia inhalants can offset the 

adverse cognitive and physical effects associated with 36 hours of sleep deprivation in 

the performance of military-related tasks. By providing evidence-based information on 

this topic, we aimed to contribute to a more nuanced understanding of the potential 

benefits and limitations of ammonia inhalants as ergogenic aids in sleep-deprived 

conditions. Furthermore, we hoped to provide valuable insights into potential 

optimization of performance under challenging conditions. 

This manuscript is currently under review in the PLOS ONE as clinical trial 

research registered in ClinicalTrials.gov (NCT05868798). The substantive content of the 
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manuscript remains unchanged. However, modifications have been made to the original 

manuscript's formatting to ensure consistency and uniformity throughout the entire 

dissertation thesis document. Minor changes have been made exclusively to aspects such 

as the citation style, table layout, figures, and graphs to align with this dissertation thesis's 

format specifications. Moreover, the reference list has undergone a reorganization and 

can now be located in a numbered format at the end of this dissertation thesis document. 
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List of abbreviations 

 

Abbreviation    Definition 

 

AI      Ammonia inhalants 

TSD     Total sleep deprivation 

ESS     Epworth sleepiness scale 

SRT     Simple reaction time 

SA     Shooting accuracy 

DAS     Rifle disassembling and reassembling 

JH     Countermovement jump height 

HR     Heart rate 

RPE     Rating of perceived exertion 

CON     Intervention without ammonia inhalants 

PEBL     Psychology Experiment Building Language 

bpm     Beats per minute 

CMJ     Unloaded countermovement jump 

ANOVA    Analysis of variance 

SD     Standard deviation 

OSF     Open science framework 

CI     Confidence interval 

LL     Lower limit 

UL     Upper limit  
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Abstract 

A lack of sleep can pose a risk during military operations due to the associated 

decreases in physical and cognitive performance. However, fast-acting ergogenic aids, 

such as ammonia inhalants (AI), may temporarily mitigate those adverse effects of total 

sleep deprivation (TSD). Therefore, the present study aimed to investigate the acute effect 

of AI on cognitive and physical performance throughout 36 hours of TSD in military 

personnel. Eighteen male cadets (24.1 ± 3.0 y; 79.3 ± 8.3 kg) performed 5 identical testing 

sessions during 36 hours of TSD (after 0 [0], 12 [-12], 24 [-24], and 36 [-36] hours of 

TSD), and after 8 [+8] hours of recovery sleep. During each testing session, the following 

assessments were conducted: Epworth sleepiness scale (ESS), simple reaction time 

(SRT), shooting accuracy (SA), rifle disassembling and reassembling (DAS), and 

countermovement jump height (JH). Heart rate (HR) was continuously monitored during 

the SA task, and a rating of perceived exertion (RPE) was obtained during the JH task. 

At each time point, tests were performed twice, either with AI or without AI (CON), in a 

counterbalanced order. There was no condition  time interaction in any test, but there 

was faster SRT (1.6%; p = 0.007) without increasing the number of errors, higher JH 

(1.5%; p = 0.005), lower RPE (9.4%; p < 0.001), and higher HR (5.0%; p < 0.001) after 

using AI compared to CON regardless of TSD. However, neither SA nor DAS were 

affected by AI or TSD (p > 0.05). Independent of AI, the SRT was slower (3.2-9.3%;  

p < 0.001) in the mornings (-24, +8) than in the evening (-12), JH was higher (3.0-4.7%, 

p < 0.001) in the evenings (-12, -36) than in the mornings (0, -24, +8), and RPE was 

higher (20.0-40.1%; p < 0.001) in the sleep-deprived morning (-24) than all other 

timepoints (0, -12, -36, +8). Furthermore, higher ESS (59.5-193.4%; p < 0.001) was 

reported at -24 and -36 than the rest of the timepoints (0, -12, and + 8). Although there 

were detrimental effects of TSD, the usage of AI did not reduce those adverse effects. 

However, regardless of TSD, AI did result in a short-term increase in HR, improved SRT 

without affecting the number of errors, and improved JH while concurrently decreasing 

the RPE. No changes, yet, were observed in SA and DAS. These results suggest potential 

applications of AI in specific military scenarios, regardless of the duration of sleep 

deprivation. 

 

Keywords: Army; Soldiers; Sleep Loss; Ergogenic Aids; Tests 
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8.1. Introduction 

Sleep is a crucial, yet frequently undervalued biological process that can impact the 

health and combat readiness of military personnel (Thompson et al., 2017). Although 

healthy adults need an average of 7.5 to 8.5 hours of sleep per day (Van Dongen et al., 

2003; Wehr et al., 1993), self-reported data indicates that military personnel in various 

branches of service obtain less sleep (Meadows et al., 2018), which may have a 

detrimental effect on the ability to perform military duties efficiently (Heaton et al., 

2014). Furthermore, a considerable proportion of military personnel is confronted with 

scenarios where they are required to carry out tasks incessantly and for up to 24 hours 

(Department of the Army, 2013). In situations of military operational necessities such as 

overnight duty, prolonged operations, or direct ground combat, some soldiers may endure 

a lack of sleep that can surpass 24 hours, a condition known as total sleep deprivation 

(Reynolds & Banks, 2010).  

Research suggests that total sleep deprivation can decrease blood flow velocity in 

the middle cerebral artery (Csipo et al., 2021), a major blood vessel that supplies the brain 

with oxygenated blood. This decrement has been shown to contribute to various cognitive 

and behavioral impairments, such as fatigue and impaired sustained attention and reaction 

time (Csipo et al., 2021). Moreover, extant research has indicated that manual dexterity, 

a critical component of tasks like shooting and firearms handling, may be negatively 

impacted by total sleep deprivation. Previous investigations have reported that the 

absence of sleep for a period from 24 to 72 hours can lead to a reduction in shooting 

accuracy, ranging from 13% to 37% (Dąbrowski et al., 2012; Tharion et al., 2003). 

Additionally, another study (Hirkani & Yogi, 2017) has demonstrated that even a single 

night of total sleep deprivation may have deleterious effects on manual dexterity and 

hand-eye coordination, resulting in a decrease in performance by 32%. 

In addition to the detrimental effects on cognitive functioning and perceptual-motor 

skills, research has demonstrated that total sleep deprivation also impairs short-term, 

high-intensity exercise output. Previous research has demonstrated that total sleep 

deprivation lasting for 24 hours can lead to a reduction of 2% to 10% in 15-meter sprint 

speed (Dąbrowski et al., 2012; Skein et al., 2010; Tomczak, 2015). Moreover, after 36 

hours of total sleep deprivation, short-term maximal anaerobic performance has been 

reported to decrease by 5% (Souissi et al., 2013). Given that soldiers frequently need to 

perform intense, short-term movements such as sprinting across a battlefield or traversing 
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obstacles in various terrain conditions, a decline in this type of performance may 

negatively impact a soldier's survival and effectiveness in combat. Since the potential 

risks and high-stakes nature of military service, the detrimental effects of impaired sleep 

on cognitive and physical functioning are of significant concern. As such, ergogenic aids, 

which can alleviate these negative effects by promoting alertness and augmenting 

physical performance, are of interest to military (Harman et al., 2008). 

One of the most widely used ergogenic aid (stimulant) consumed by military 

personnel is caffeine (Crawford et al., 2017). According to prior research, moderate doses 

of caffeine (approximately 200-300 milligrams) have been found to sustain cognitive 

functioning, such as alertness and attention (Crawford et al., 2017; McLellan et al., 2016) 

or enhance physical performance (McLellan et al., 2016) during sleep deprivation. 

However, the use of caffeine cannot serve as a replacement for regular sleep. Excessive 

caffeine consumption can further disrupt sleep patterns, particularly if consumed within 

six hours prior to bedtime (Good et al., 2020; Wesensten et al., 2011). Furthermore, the 

potential positive effects of caffeine are likely to manifest between 10 (Gonzalez et al., 

2011) to 60 minutes (Graham, 2001) after consumption, which may not be sufficient if 

immediate assistance is required. Therefore, fast-acting forms of ergogenic aids could be 

beneficial in such circumstances. 

An example of a fast-acting ergogenic aid are ammonia inhalants (AI), which are 

commonly used as a fast-acting "pre-workout stimulant", whereby users hope for rapid 

improvements in vigilance and short-term high-intensity physical performance (Malecek 

& Tufano, 2021). The putative effect of arousal via AI inhalation is believed to be caused 

by irritation of the respiratory passages that may subsequently trigger the adrenergic 

receptors in peripheral tissue, resulting in the release of norepinephrine, causing an 

increase in cardiac output, respiratory rate (Marshall, 1982) and an increase in blood flow 

velocity in the middle cerebral artery (Perry et al., 2016). 

For example, prior research has documented an immediate increase in heart rate 

(Campbell et al., 2022; Perry et al., 2016) and a concurrent increase in middle cerebral 

artery blood flow velocity (Perry et al., 2016), following the inhalation of AI, indicating 

a transient cerebrovascular vasodilation effect that persisted for 15-30 seconds. Despite 

the absence of evidence indicating that AI inhalation has an impact on maximal muscular 

strength or endurance (Malecek & Tufano, 2021), some evidence suggests that AI may 

enhance alertness (Campbell et al., 2022), perceived performance (Campbell et al., 2022), 
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explosive strength during isometric muscle actions (Bartolomei et al., 2018), as well as 

repeated anaerobic power performance when athletes were already fatigued (R. R. Rogers 

et al., 2022; Secrest et al., 2015). However, no effects were observed in dynamic "real-

world" movements such as jump height (Campbell et al., 2022) or sprint time (Archer et 

al., 2017). In addition to that, it is important to note that while AI are widely prevalent 

among strength-based athletes, there is currently a significant gap in the literature 

regarding their specific effects on cognitive and physical performance (Malecek & 

Tufano, 2021). 

Therefore this study aims to examine the effectiveness of AI in countering the 

effects of total sleep deprivation on cognitive and physical performance tests relevant to 

military personnel. We predict that soldiers will experience decreased cognitive and 

physical performance with prolonged total sleep deprivation. However, it is expected that 

the utilization of AI may mitigate these negative effects. 

8.2. Methods 

8.2.1. Participants 

Eighteen healthy male cadets (24.1 ± 3.0 years, 181.5 ± 6.3 cm, 79.3 ± 8.3 kg, 4.0 

± 0.9 total years of service, all measurements reported as mean ± SD) serving at the 

Military department of Charles University participated in this study. The cadets were 

selected (Q1, 2021) primarily due to their homogenous and synchronized daily cycle 

based on mandatory morning lineups and the University program. Eligible participants 

were required to have passed an annual physical fitness test and medical checkup within 

the last year, have at least two years of active-duty service experience, report a high level 

of comfort handling firearms, be non-smokers, and currently not working shiftwork or 

taking medications known to interfere with sleep, cognitive or physical performance. 

Prior to the study onset, all participants were fully informed about the experimental design 

and potential risks associated with participation, and provided written informed consent 

in accordance with the Declaration of Helsinki. The study was also approved by the 

Institutional Review Board of the National Institute of Mental Health in the Czech 

Republic (reference number 176/20), ensuring adherence to ethical standards and 

guidelines. 
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8.2.2. Experimental Design 

Data from this study are part of a broader research project aimed at investigating 

the effects of different light conditions on cognitive and physiological performance 

during periods of total sleep deprivation. We used a crossover randomized controlled trial 

design with within-subject repeated-measures to assess the effects of ~36 hours of total 

sleep deprivation and acute ammonia inhalation on occupationally relevant military tasks 

in military personnel. 

Participants reported to the Sleep and Chronobiology laboratory (National Institute 

of Mental Health) on Thursday evening after a standardized dinner at ~1800 h. They then 

completed a series of questionnaires addressing psychological and physiological health, 

which were followed by a general familiarization of the layout of the facility (i.e., location 

of the bathrooms, testing stations, etc.). During this familiarization, the participants were 

also familiarized with the specific testing procedures and practiced each of the required 

tasks. 

The actual testing protocol began with a night of uninterrupted sleep from ~2200 h 

to ~0630 h. Participants then underwent 5 identical testing sessions from every ~0730-

0930 h in the morning and ~1900-2100 h in the evening. The first test occurred in the 

morning after the full night of baseline sleep (0 h) and again after 12 hours (-12 h), 24 

hours (-24 h), and 36 hours of total sleep deprivation (-36 h) followed by additional testing 

session after 8 hours (from 2230-0630 h) of recovery sleep (+8 h). During total sleep 

deprivation, participants were not allowed to sleep and were kept awake in a common 

room by passive means, such as playing board games, watching television and reading 

books while under constant supervision of the research team. Furthermore, the 

participants were subjected to a constant ambient room light for the entire duration of 

total sleep deprivation period. 

Participants were administered a standardized sleepiness scale and underwent 

simple reaction time testing, handgun shooting accuracy protocol, a rifle disassembly and 

reassembly protocol, and countermovement jump testing at each testing session. 

Participants performed each individual test twice at each testing period, either with AI 

(AI) or without AI (CON), in randomized order (Figure 5) and separated by 2 minutes of 

rest (in order to minimize any potential carryover effects of the AI) (Perry et al., 2016). 



 99 

For all AI trials, a capsule containing 0.3 mL of AI (composed of 15% of ammonia 

and 35% of alcohol) (Dynarex, 2020) was used according to the manufacturer's 

instructions (Dynarex Corporation, Orangeburg, NY). When the ammonia fumes were 

released, researcher immediately held the capsule under the participant’s nose to inhale 

until a voluntary withdrawal reflex was observed (Perry et al., 2016). 

During the entire study protocol, participants received personalized daily food 

rations consisting of standard 'ready to eat' meals commonly used in the Czech military. 

One week before the experiment, participants’ body composition was measured (using 

air displacement plethysmography; Bod Pod Body Composition System; Life 

Measurement Instruments, Concord, CA), and the total daily energy expenditure was 

derived from the estimated resting metabolic rate and application of an "active" physical 

activity factor of 1.6 (Conkright et al., 2021) to the individual caloric requirements. In 

addition, each participant was allowed ad libitum water consumption. Breakfast was 

consumed at ~0930 h, lunch at ~1230 h, and dinner at ~1730 h, each day (Figure 6). 

Additionally, all forms of stimulants were prohibited 72 hours before and during the 

testing protocol. 
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Figure 5. Flow diagram for crossover trial of each testing period either with ammonia 

inhalants or without (control group). 
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Figure 6. Overview of the study protocol. (A) Schedule for days 0–3 of the study, with 

testing session times (indicated by arrows) at baseline after a full night of sleep (0 h), after 

12 (-12 h), 24 (-24 h) and 36 (-36 h) hours of total sleep deprivation followed by 8 (+8 h) 

hours of recovery sleep. (B) Daily timeline of the study. DAS protocol = rifle disassembly 

and reassembly protocol; #During the total sleep deprivation period between days 1 and 

2, participants were not allowed to sleep. Sleep hours on nights leading into day 1 and 3 

were from 2200 h to 0630 h. 

8.3. Measurements 

8.3.1. Epworth Sleepiness Scale 

We used Epworth Sleepiness Scale (ESS) translated into Czech. It is a self-

administered eight-item questionnaire and takes two to three minutes to complete (Boyes 

et al., 2017). The questionnaire presents daily lifestyle activities (i.e. reading, watching 

TV etc.) and participants rate their current self-perceived likelihood of dozing off in each 

situation, from: “would never doze” (0) to “high chance of dozing” (3). The ESS provides 

a cumulative score between 0 and 24, with higher numbers indicating greater sleepiness 

(Appendix 11). 

8.3.2. Simple reaction time 

A simple reaction time test was used to assess the speed of responses to visual 

stimuli (Jarraya et al., 2013). The evaluation of reaction time was performed using the 

Psychology Experiment Building Language (PEBL Version 2.0) software (Mueller & 
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Piper, 2014). The test consists of instantaneous responses to a visual stimulus by pressing 

a spacebar key on a laptop's keyboard as quickly as possible when a visual stimulus (white 

letter X in the middle of the black screen) appears. In the test, 50 trials of stimuli were 

presented with an interstimulus interval that randomly varied between 250 ms and  

2500 ms. Each participant completed four tests (each time two, either with AI or CON, 

in randomized order) with 2 minutes of inter-test rest. The simple reaction time data 

obtained were inspected according to pre-determined criteria, which excluded trial 

executions that were deemed incorrect due to a reaction time shorter than 150 ms or 

longer than 3000 ms. The mean reaction time (measured in milliseconds) and the number 

of incorrect trial executions were used as the variables in the subsequent statistical 

analysis. 

8.3.3. Shooting protocol 

A laser-based simulator system (LASRX, Plano, TX & Beatrice, NE) with an 

infrared laser handgun (SIRT 110, Next Level Training, Ferndale, WA) was used (iron 

sights were used for aiming) to assess handgun shooting accuracy (Malecek et al., 2023). 

Each testing period included two trials of the laser-based handgun shooting protocol 

(either AI or CON, in randomized order). All trials were performed in the standardized 

isosceles high-ready stance position (i.e., feet parallel at shoulder-width with both arms 

extended, holding the handgun with outstretched arms and in front at eye level) (Lewinski 

et al., 2015). For this study, a real-weight mock-up of the Czech military standard issue 

Glock 17/22 handgun was used (all participants were familiar with the handgun from their 

active service). Participants wore over-ear headphones during all testing procedures to 

hear the software command to start shooting and the simulated shooting blasts when 

pulling the trigger. A 20 cm circular target was placed on a blank wall 4 meters in front 

of the participants to simulate a standard-issue 50 cm target 10 meters away for the laser-

based handgun shooting protocols (the adjusted size of target was chosen due to limited 

room dimension available in the research facility). Each trial was separated by 2 minutes 

(the order of AI and CON were randomized among the participants). For the testing, 

participants fired 10 shots, aiming to hit the middle of the circular target (a bullseye hit 

was worth 10 points, and 1 point was deducted for every 1 cm region away from the 

bullseye, resulting in a maximum score of 100 points). Participants were instructed to try 

to shoot as accurately as possible within a maximum time limit of 1-minute per trial. The 

sum of points from each trial was recorded for future analyses. 
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Additionally, all participants wore a chest strap heart rate monitor (Polar Electro 

Inc., Model H10, Lake Success, NY, USA) during the shooting protocol. Baseline heart 

rate data were derived as a mean of heart rate from 2 minutes immediately preceding the 

start of the shooting trial. Heart rate (bpm) was then continuously monitored during all 

sessions of shooting protocol. After baseline testing, heart rate data were averaged in  

15 seconds bins (0-15, 15-30, 30-45, 45-60) for one minute immediately following the 

AI and CON trials. The mean of these bins from each trial was used in subsequent analysis 

(Perry et al., 2016). 

8.3.4. Jumping protocol 

We used unloaded countermovement jump (CMJ), one of the most common and 

straightforward strategies to monitor short-term neuromuscular performance in tactical 

populations (Merrigan et al., 2020). Each CMJ session included 2 sets (AI and CON in a 

randomized order) of 3 maximal effort CMJs with 2 min of inter-set standing rest. The 

researcher verbally instructed and encouraged the participants to jump as high as possible 

on each jump. All CMJs were performed with wooden dowel (~ 0.5 kg) as a mock barbell 

placed across the participant’s upper back mimicking a regular back squat. A linear 

position transducer (GymAware Power Tool; Kinetic Performance Technologies, 

Canberra, Australia) was attached to both sides of a dowel to measure the performance. 

The depth of the CMJ depth was self-selected. Participants wore the same sports t-shirts, 

shorts and shoes during each test period. The mean of the 3 jump heights (cm) was 

calculated for each condition at each test session. 

In addition, the rating of perceived exertion (RPE) was recorded during the CMJ 

testing using a CR-10 scale (Appendix 12) to evaluate RPE scores after each set of CMJ 

(Day et al., 2004). RPE is a frequently used marker of exercise intensity typically used 

for monitoring during exercise tests to complement other intensity measures (Eston, 

2012). 

8.3.5. Rifle disassembly and reassembly protocol 

The protocol for disassembling and reassembling a military-standard issue assault 

rifle (specifically the Czech vz. 58 assault rifle) was selected to assess changes in manual 

dexterity as it is representative tasks that soldiers may encounter in field operations 

(Kryskow et al., 2013). During the protocol, participants were tasked to disassemble and 

reassemble a rifle consisting of 8 parts as fast as possible. Prior to the task’s onset, 
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standing participants were instructed to place their hands behind their backs and wait for 

the researcher's "start" command, after which they attempted to disassemble the rifle as 

quickly as possible. After a two-minute break, during which participants organized the 

rifle parts on a table, they then proceeded to reassemble the rifle under the same 

instruction, and the time was recorded. During the reassembling, the final step was 

conducting a successful "rifle function check". The time for completion of the task was 

measured using a handheld stopwatch and recorded on a digital camera for possible 

corrections. 

Each participant completed two trials of rifle disassembly and reassembly (AI and 

CON, in a randomized order) with two minutes of rest between conditions. The 

performance measure used in this study was the sum of the disassembly and reassembly 

time in seconds for each condition (AI and CON). 

To assess the reliability of the task, participants familiarize themselves with the 

disassembly and reassembly protocol before the study begins. They repeatedly performed 

the protocol for three consecutive days, one week before participating in the study. Their 

performance showed sufficient reliability (data and reliability analysis of the 

familiarization period can be found in the supplementary materials). 

During the testing protocol, data were recorded for 14 of the 18 participants. The 

remaining four participants were unable to participate in the familiarization due to service 

duties and were thus excluded from the respective subsequent analysis. 

8.3.6. Statistical analysis 

Statistical analyses were conducted using JASP (version 0.16.2, 2022) (Jasp Team, 

2022). Parametric tests were performed once the normality assumptions were verified 

using the Shapiro-Wilk W test. Data were analyzed using a two-way repeated measures 

ANOVA (2 conditions: [AI, CON] × 5 time: [0 h, -12 h, -24 h, -36 h, +8 h]). Heart rate 

values were analyzed using a three-way repeated measures ANOVA (2 conditions:  

[AI, CON] × 5 time: [0 h, -12 h, -24 h, -36 h, +8 h] × 4 time spans: [0-15, 15-30, 30-45, 

45-60 sec]). Lastly, the heart rate percentage difference values were analyzed using a one-

way repeated measures ANOVA (1 condition: [heart rate percentage difference between 

AI and CON] × 4 time spans: [0-15, 15-30, 30-45, 45-60 sec]). Sphericity was assessed 

using Mauchly's W. In cases where sphericity assumptions were violated, a Greenhouse–

Geisser adjustment was applied. When the ANOVA tests demonstrated a statistically 
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significant condition × time (× time spans or × percentage difference) interaction or a 

statistically significant main effect for condition, time, time spans, or percentage 

difference, post-hoc comparisons (with Bonferroni correction) of the mean differences 

were performed. The variance explained by each ANOVA model is reported in η2, and 

the mean difference effect sizes are reported as Cohen’s d with 95% confidence intervals 

[LL, UL].  

8.3.7. Sensitivity analysis 

Due to the limited number of cadets at the Military department and the limited 

capacity of the sleep laboratory (6 participants per measurement at one time), the 

maximum number of participants was limited to 18. We performed sensitivity analyses 

to observed effects in our tests using G*Power (version 3.1.). For the within-factor 

differences and within-between interaction in repeated measures ANOVAs with α = 0.05, 

β = 0.8, N = 18, 2 conditions, and 5 testing sessions, we reached a sensitivity to observe 

a Cohen's f = 0.267, which corresponds to η2 = 0.066 (default values of correlation and 

sphericity of 0.5 and 1, respectively, were used). 

For the post-hoc comparisons, we calculated the sensitivity for two-tailed T-tests 

of dependent means with matched pairs. With a Bonferroni-adjusted α of 0.01 (calculated 

as 0.05 divided by the number of comparisons, 5 in our case),  β = 0.8 (J. Cohen, 1992), 

N = 18, we reach sensitivity to observe an effect size (Cohen's d) of 0.894. 

8.3.8. Registration and supplementary materials 

Associated dataset and JASP outputs for all performed analyses are available at the 

Open Science Framework [OSF] repository (URL: https://osf.io/3rj84/;  

DOI 10.17605/OSF.IO/3RJ84). 

The authors confirm that all ongoing and related trials for this drug/intervention are 

registered, including registration on ClinicalTrials.gov under the identifier number 

NCT05868798. The project was not preregistered as it was not a common practice in the 

field at the time of the project's development and data collection. 

8.4. Results 

8.4.1. Simple reaction time and incorrect trials 

In simple reaction times, we observed statistically significant main effect of time 

(F2.30, 6291.19 = 4.99, p = 0.009, η2 = 0.19, with Greenhouse-Geisser correction). In 
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subsequent post-hoc comparisons, the simple reaction time was statistically significantly 

slower at -12 compared to -24 (mean difference = 26.74 ms, pbonf = 0.002, Cohen’s  

d = 1.05 [0.15, 1.94]) and + 8 (mean difference = -18.04 ms, pbonf = 0.007,  

Cohen’s d = 0.70 [-1.51, -0.10]) (Figure 7A). 

There was also statistically significant main effect of condition (F1, 1060.42 = 9.40,  

p = 0.007, η2 = 0.014), demonstrating that application of AI reduced simple reaction time 

(mean difference = 4.85 ms, pbonf = 0.007, Cohen’s d = 0.19 [0.04, 0.34]). We observed 

no statistically significant condition × time interaction (F4, 113.71 = 0.83, p = 0.50,  

η2 = 0.006) (Figure 7A). 

Though there was no statistically significant main effect of time (F2.262, 2.619  = 1.437, 

pbonf = 0.250, η2 = 0.051, with Greenhouse-Geisser correction) for incorrect trials 

execution, there was statistically significant main effect of condition (F1, 3.200 = 6.800, 

pbonf = 0.018, η2 = 0.028), demonstrating that using AI reduced the amount of incorrect 

trials (mean difference = 0.267, pbonf = 0.018, Cohen’s d = 0.267 [0.04, 0.50]). There was 

no statistically significant condition × time interaction (F4, 0.742 = 1.952, pbonf = 0.112,  

η2 = 0.026) (Figure 7B). 

Figure 7. (A) Mean simple reaction time and (B) number of incorrect trials without 

(CON, white) and with ammonia inhalants (AI, black). Data are presented as mean 

(circles) and error bars represent their 95% confidence interval (LL, UL) at baseline (0 

h), after 12 (-12 h), 24 (-24 h) and 36 (-36 h) hours of total sleep deprivation followed by 

8 (+8 h) hours of recovery sleep. 
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8.4.2. Shooting accuracy 

For shooting accuracy, we observed no statistically significant main effect of time 

(F2.834, 35.844 = 1.755, pbonf = 0.171, η2 = 0.045, with Greenhouse-Geisser correction) or 

main effect of condition (F1, 27.222 = 1.529, pbonf = 0.233, η2 = 0.012). There was also no 

statistically significant condition × time interaction (F4, 2.208 = 0.182, pbonf = 0.947,  

η2 = 0.004). 

8.4.3. Heart rate during shooting 

We observed statistically significant main effect of time (F4, 2959.875 = 8.515,  

pbonf < 0.001, η2 = 0.126) on heart rate during shooting. In subsequent post-hoc tests, the 

heart rate was statistically significantly slower at 0 than at -12  

(mean difference = 9.29 bpm, pbonf = 0.004, Cohen’s d = 0.84 [0.15, 1.53]) and also slower 

at -24 compare to -12 (9.75 bpm, pbonf = 0.001, Cohen’s d = 0.88 [0.17, 1.59]) and -36 

(5.63 bpm, pbonf = 0.018, Cohen’s d = 0.51 [0.09, 1.11]) (Figure 8A). 

There was statistically significant main effect of condition (F1, 2022.301 = 52.844,  

pbonf < 0.001, η2 = 0.021) demonstrating that using AI increased heart rate (mean 

difference = 2.99 bpm, pbonf < 0.001, Cohen’s d = 0.272 [0.15, 0.39]). There was also 

statistically significant main effect of time span (F2.277, 17517.031 = 197.227, pbonf < 0.001, 

η2 = 0.423, with Greenhouse-Geisser correction), demonstrating the highest heart rate at 

0-15 time span compare to baseline (mean difference = 20.01 bpm, pbonf < 0.001, Cohen’s 

d = 1.813 [0.80, 2.82]), 15-30 (mean difference = 5.21 bpm, pbonf < 0.001,  

Cohen’s d = 0.472 [0.14, 0.81]), 30-45 (mean difference = 8.72 bpm, pbonf < 0.001, 

Cohen’s d = 0.79 [0.31, 1.27]), and 45-60 (mean difference = 11.21 bpm, pbonf < 0.001, 

Cohen’s d = 1.01 [0.42, 1.61]). 

There was also a statistically significant condition × time span interaction  

(F4, 212.765 = 22.593, pbonf < 0.001, η2 = 0.009) (Figure 8B), demonstrating that after using 

AI we observed the highest heart rate at AI 0-15 compare to baseline  

(mean difference = 22.95 bpm, pbonf < 0.001, Cohen’s d = 2.08 [0.68, 3.47]), AI 15-30 

(mean difference = 6.13 bpm, pbonf < 0.001, Cohen’s d = 0.55 [0.09, 1.02]), AI 30-45 

(mean difference = 10.28. bpm, pbonf < 0.001, Cohen’s d = 0.93 [0.26, 1.60]), and  

AI 45-60 (mean difference = 13.00 bpm, pbonf < 0.001, Cohen’s d = 1.18 [0.35, 1.99]). 

Without the use of AI we observed highest heart rate in CON 0-15 compare to 

baseline (mean difference = 17.07 bpm, pbonf < 0.001, Cohen’s d = 1.54 [0.49, 2.60]), 
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CON 15-30 (mean difference = 4.29 bpm, pbonf < 0.001, Cohen’s d = 0.39 [0.01, 0.77]), 

CON 30-45 (mean difference = 7.16 bpm, pbonf < 0.001, Cohen’s d = 0.65 [0.14, 1.16]), 

and CON 45-60 (mean difference = 9.43 bpm, pbonf < 0.001, Cohen’s d = 0.85 [0.30, 

1.45]). 

Additionally, all heart rates in same time spans after AI administration were higher 

compared to CON, whereas AI 0-15 was higher than CON 0-15  

(mean difference = 5.88 bpm, pbonf < 0.001, Cohen’s d = 0.53 [0.13, 0.93]), AI 15-30 was 

higher than CON 15-30 (mean difference = 4.04 bpm, pbonf < 0.001, Cohen’s d = 0.36 

[0.53, 0.68]), AI 30-45 was higher than CON 30-45 (mean difference = 2.76 bpm,  

pbonf < 0.001, Cohen’s d = 0.25 [0.01, 0.51]), AI 45-60 was higher than CON 45-60 (mean 

difference = 2.31 bpm, pbonf < 0.001, Cohen’s d = 0.21 [0.03, 0.45]) (Figure 8B). 

There was no statistically significant condition × time interaction (F4, 17.423 = 0.803, 

pbonf = 0.528, η2 = 0.0007). There was also no statistically significant time × time span 

interaction (F5.113, 150.320 = 1.848, pbonf = 0.110, η2 = 0.008) and condition × time × time 

span interaction (F7.337, 8.906 = 0.590, pbonf = 0.771, η2 = 0.0006). 

Figure 8. (A) Mean heart rate (bpm) without (CON, white) and with ammonia inhalants 

(AI, black). Data are presented as mean (circles) and error bars represent their 95% 

confidence interval (LL, UL) at baseline (0 h), after 12 (-12 h), 24 (-24 h) and 36 (-36 h) 

hours of total sleep deprivation followed by 8 (+8 h) hours of recovery sleep. (B) Mean 

heart rate (bpm) without (CON, white) and with ammonia inhalants (AI, black). Data are 

presented as mean (circles) and error bars represent their 95% confidence interval (LL, 



 109 

UL) as an average of 15-second time spans (0-15, 15-30, 30-45, and 45-60) during 

shooting trials regardless of sleep deprivation. 

Additionally, there was statistically significant main effect of percentage 

difference between AI and CON during the same time spans (F3. 61.833 = 8.776,  

pbonf < 0.001, η2 = 0.340), where we observed greater percentage difference at 0-15 than 

30-45 (mean difference = 3.67 %, pbonf = 0.012, Cohen’s d = 1.02 [0.18, 1.85]) and 45-

60 (mean difference = 4.08 %, pbonf = 0.005, Cohen’s d = 1.13 [0.27, 2.00]) (Figure 9). 

Figure 9. Mean heart rate percentage difference (between CON and AI at each 15-second 

time span). Data are presented as mean (circles) and error bars represent their 95% 

confidence interval (LL, UL) at the average of 15-second time spans (0-15, 15-30, 30-45, 

and 45-60) during shooting trials regardless of sleep deprivation. 

8.4.4. Countermovement jump height 

In the case of jump height, we observed statistically significant main effect of time 

(F4, 29.447 = 8.070, pbonf < 0.001, η2 = 0.035). In subsequent post-hoc tests, the jump height 

was statistically significantly higher in the evenings compare to the mornings. 

Particularly -12 was higher than 0 (mean difference = 1.88 cm, pbonf = 0.015,  

Cohen’s d = 0.33 [0.22, 0.65]), -24 (mean difference = 1.33 cm, pbonf = 0.010,  

Cohen’s d = 0.24 [-0.05, 0.52]), +8 (mean difference = 1.35 cm, pbonf = 0.046,  

Cohen’s d = 0.24 [-0.05, 0.53]), and also -36 was higher compare to 0  

(mean difference = 2.03 cm, pbonf = 0.006, Cohen’s d = 0.36 [-0.04, 0.67]) and -24 (mean 

difference = 1.50 cm, pbonf = 0.014, Cohen’s d = 0.26 [-0.28, 0.56]) (Figure 10). 
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There was also a statistically significant main effect of condition (F1, 18.142 = 10.576, 

pbonf = 0.005, η2 = 0.035), demonstrating that jump height after AI administration was 

higher (mean difference = 0.64 cm, pbonf = 0.005, Cohen’s d = 0.11 [0.03, 0.20]) compared 

to CON. There was no statistically significant condition × time interaction  

(F4, 0.437 = 0.292, pbonf = 0.882, η2 = 0.003) (Figure 10). 

Figure 10. Mean countermovement jump height without (CON, white) and with 

ammonia inhalants (AI, black). Data are presented as mean (circles) and error bars 

represent their 95% confidence interval (LL, UL) at baseline after a full night of sleep  

(0 h), after 12 (-12 h), 24 (-24 h) and 36 (-36 h) hours of total sleep deprivation followed 

by 8 (+8 h) hours of recovery sleep. 

8.4.5. Rating of perceived exertion and Epworth sleepiness scale 

We observed statistically significant main effect of time (F2.844, 10.030 = 10.478,  

pbonf < 0.001, η2 = 0.282, with Greenhouse-Geisser correction) indicating that soldiers 

reported highest RPE at -24 compare to 0 (mean difference = 1.11, pbonf < 0.001, Cohen’s 

d = 1.19 [0.32, 2.06]), -12 (mean difference = 1.03, pbonf = 0.010, Cohen’s d = 1.10  

[-0.26, 1.93]), and +8 (mean difference = 0.86, pbonf = 0.002, Cohen’s d = 0.92 [0.14, 

1.70]). 

There was also statistically significant main effect of condition (F1, 3.472 = 17.220, 

pbonf < 0.001, η2 = 0.034), demonstrating that soldiers reported higher RPE at CON 

compared to after usage of AI (mean difference = 0.28, pbonf < 0.001, Cohen’s d = 0.30 
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[0.11, 0.48]). There was no statistically significant condition × time interaction  

(F4, 0.264 = 0.968, pbonf = 0.431, η2 = 0.010) (Figure 11A). 

For ESS, we observed statistically significant main effect of time  

(F4 450.572 = 39.764, pbonf < 0.001, η2 = 0.701), indicating a statistically significantly greater 

sleepiness score at -24 compare to 0 (mean difference = 11.72, pbonf < 0.001,  

Cohen’s d = 2.91 [1.25, 4.58]), -12 (mean difference = 9.11, pbonf < 0.001,  

Cohen’s d = 2.26 [0.87, 3.65]), -36 (mean difference = 3.94, pbonf = 0.018,  

Cohen’s d = 0.98 [0.03, 1.93]), and +8 (mean difference = 10.89, pbonf < 0.001,  

Cohen’s d = 2.70 [1.13, 4.28]) (Figure 11A). 

Additionally, ESS was also statistically significantly greater at -36 compared to 0 

(mean difference = 7.78, pbonf < 0.001, Cohen’s d = 1.93 [0.63, 3.20]), -12 (mean 

difference = 5.17, pbonf = 0.002, Cohen’s d = 1.28 [0.25, 2.32]), and +8  

(mean difference = 6.94, pbonf < 0.001, Cohen’s d = 1.72 [0.54, 2.91]) (Figure 11B).  

Figure 11. (A) Mean rating of perceived exertion (RPE) without (CON, white) and with 

ammonia inhalants (AI, black). Data are presented as mean (circles) and error bars 

represent their 95% confidence interval (LL, UL) at baseline after a full night of sleep  

(0 h), after 12 (-12 h), 24 (-24 h) and 36 (-36 h) hours of total sleep deprivation followed 

by 8 (+8 h) hours of recovery sleep. (B) Mean Epworth Sleepiness Scale (ESS) score. 

Data are presented as mean (circles) and error bars represent their 95% confidence 

interval (LL, UL) at baseline after a full night of sleep (0 h), after 12 (-12 h), 24 (-24 h) 

and 36 (-36 h) hours of total sleep deprivation followed by 8 (+8 h) hours of recovery 

sleep. 
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8.4.6. Rifle disassembly and reassembly protocol 

For the sum of the rifle disassembly and reassembly time there was no statistically 

significant main effect of time (F1, 1.362 = 0.098, pbonf = 0.759, η2 = 0.0008), the main effect 

of condition (F4, 10.825 = 0.754, pbonf = 0.560, η2 = 0.027) nor condition × time interaction 

(F4, 11.476 = 1.046, pbonf = 0.393, η2 = 0.029). Descriptions of all results can be seen in the 

following table (Table 4).
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Table 4. Descriptive statistics of all results at baseline after a full night of sleep (0 h), after 12 (-12 h), 24 (-24 h) and 36 (-36 h) hours of total sleep 

deprivation followed by 8 (+8 h) hours of recovery sleep (data are presented in mean ± SD, AI = ammonia inhalants, CON = without ammonia 

inhalants, RPE = rating of perceived exertion, ESS = Epworth Sleepiness Scale, DAS = rifle disassembly and reassembly protocol.

   Time of total sleep deprivation 

Task Condition N 0 -12 -24 -36 +8 

Simple 

reaction time 

(ms) 

CON 
18 

300.72 ± 21.13 289.3 ± 18.40 320.17 ± 18.40 300.81 ± 18.40 307.91 ± 18.40 

AI 298.43 ± 26.40 287.38 ± 16.76 310.00 ± 30.95 293.99 ± 21.83 304.84 ± 24.36 

Shooting 

accuracy 

(points) 

CON 
18 

86.72 ± 3.33 86.72 ± 3.97 86.17 ± 4.02 85.89 ± 3.59 84.28 ± 4.66 

AI 87.00 ± 5.41 87.28 ± 3.18 87.39 ± 3.65 86.33 ± 5.55 85.67 ± 4.86 

Heart rate 

(bpm) 

CON 
18 

72.06 ± 8.82 81.24 ± 13.43 71.95 ± 9.72 77.39 ± 12.80 74.84 ± 11.12 

AI  76.05 ± 10.60 86.23 ± 15.84 75.38 ± 11.54 80.5 ± 12.50 78.06 ± 11.91 

Jump height 

(cm) 

CON 
18 

43.04 ± 5.75 45.01 ± 5.58 43.83 ± 5.64 45.06 ± 5.37 43.73 ± 4.96 

AI 43.87 ± 5.52 45.67 ± 5.82 44.17 ± 5.02 45.91 ± 5.55 44.24 ± 5.35 

RPE (0-10) 
CON 

18 
2.94 ± 1.03 2.94 ± 0.97 4.06 ± 0.78 3.22 ± 1.13 3.06 ± 0.62 

AI 2.50 ± 0.90 2.67 ± 0.94 3.61 ± 0.89 3.17 ± 1.12 2.89 ± 0.46 

ESS (0-24) x 18 6.06 ± 3.14 8.67 ± 4.63 17.78 ± 3.17 13.83 ± 4.54 6.88 ± 3.80 

DAS (sec) 
CON 

14 
33.18 ± 5.75 33.03 ± 4.95 33.69 ± 4.12 31.15 ± 3.01 31.71 ± 4.15 

AI 32.84 ± 3.71 31.71 ± 4.25 32.21 ± 2.61 31.78 ± 4.35 33.23 ± 5.02 
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8.5. Discussion 

This study aimed to investigate the potential effect of AI usage on simple reaction 

time, shooting accuracy, countermovement jump height, and rifle disassembly and 

reassembly time during 36 h of total sleep deprivation, followed by 8 h of recovery sleep 

in military personnel. The principal findings of our investigation were that although both 

total sleep deprivation and AI affected some variables during the study protocol, AI 

inhalation did not have a great effect specifically during the period of sleep deprivation 

(i.e., there were no condition × time interactions). Nevertheless, regardless of sleep 

deprivation, AI use increased heart rate from 0-15 seconds after inhalation, improved 

simple reaction time without increasing the number of errors, and increased 

countermovement jump height while simultaneously decreasing rating of perceived 

exertion. No changes in shooting accuracy or the rifle disassembly and reassembly time 

after AI were observed. 

8.5.1. Simple reaction time 

It has been documented that prolonged periods of total sleep deprivation can 

impair sustained vigilance, which may negatively impact cognitive performance (Lim & 

Dinges, 2008, 2010) and potentially impair military readiness. The present study found 

that simple reaction time (SRT) was slower (3.2-9.3%) in the mornings (following 24 h 

of sleep deprivation, and again after 8 h of recovery sleep) as compared to the evening 

(following 12 h of sleep deprivation). This is partly consistent with a previous report 

(Goel et al., 2009) showing that when straight wakefulness exceeds 16 h (typically the 

end of a normal day), SRT slowed down. These already slow SRTs became even slower 

as wakefulness was maintained throughout the night into the early morning hours leading 

up to 24 h of total sleep deprivation. However, the current study observed that this 

phenomenon did not persist when total sleep deprivation reached a maximum of 36 h, 

and instead, SRT showed an improvement (5.9%) compared to the 24-h time point. 

One potential explanation may be that cognitive performance is influenced by the 

interplay between the sleep homeostatic system (i.e., the biological drive for sleep) and 

the circadian rhythm (i.e., synchronization with the 24-h day/night cycle) (N. L. Rogers, 

2003). These systems operate in a coordinated manner, following a 24-h sinusoidal 

pattern, with increased or decreased levels of fatigue depending on the time of day. As a 

result, total sleep deprivation can affect cognitive performance in a non-linear fashion, 
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with the most pronounced cognitive impairments observed during the morning hours 

(Babkoff et al., 1991; Killgore, 2010). Our results also align with previous research 

(Mollicone et al., 2010), where faster SRT was reported in the evenings (after 8-12 and 

32-36 h of total sleep deprivation) compared to the morning (after 24 h of total sleep 

deprivation). This phenomenon is also known as the "wake maintenance zone", where the 

desire to sleep is usually the lowest in the evenings (2 to 3 h before the start of the 

melatonin secretion), and it is also maintained despite the increasing drive for sleep that 

results from total sleep deprivation (Shekleton et al., 2013). 

Even though SRT was slower in the mornings as compared to the evenings, our 

study aimed to determine whether using AI would affect SRT during total sleep 

deprivation. Partly in line with our predictions, SRT was faster following the use of AI 

(1.6%), but AI had no greater effect on SRT during sleep deprivation than when fully 

rested. Regardless of sleep deprivation, these ergogenic effects of AI are thought to be 

mediated by the activation of the olfactory and trigeminal nerves, which leads to the 

activation of the adrenergic receptor and the subsequent release of norepinephrine, 

resulting in an increase in cardiac output and respiratory rate (Malecek & Tufano, 2021). 

This effect has been shown to result in an increase in beat-to-beat middle cerebral artery 

blood flow velocity (Perry et al., 2016), which may be linked to enhanced cognitive 

performance (Pase et al., 2014). 

Hence, it is plausible that the increase in alertness following the use of AI may be 

attributed to improved delivery of oxygenated blood to the brain (Jorgensen et al., 1992). 

Previous studies have indicated that decreased cerebral blood flow can impair cognitive 

function (Sieck et al., 2016), which may result in reduced arousal levels, ultimately 

leading to decreased performance (Baker et al., 2000). Considering this evidence, the 

enhancement of alertness (Campbell et al., 2022; R. R. Rogers et al., 2022) resulting from 

AI use may explain the widespread use of this stimulant. Nevertheless, it should be noted 

that the implications of these findings are beyond the scope of this study. 

Despite this, our results suggest that the utilization of AI may be beneficial for 

soldiers, as it may improve their SRT without increasing the number of errors, regardless 

of the level of total sleep deprivation. In military contexts, where performance demands 

are high and have significant implications for many individuals' well-being, SRT can be 

a critical determinant of success or failure and may even have life-or-death consequences 

(Petrofsky et al., 2021). To sum up, even though it must be taken into account that the 
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difference we observed was on the order of milliseconds, the utilization of AI may have 

potential applications in specific military scenarios, no matter the length of sleep 

deprivation. 

8.5.2. Cardiovascular response 

It is widely acknowledged that the autonomic nervous system influences heart rate 

(HR) through the discharges of the sympathetic and the parasympathetic nervous system 

via sympathetic and vagal innervations, respectively (Jackowska et al., 2012). However, 

evidence regarding the effect of total sleep deprivation on these systems, remains 

inconsistent (Jackowska et al., 2012). One study reported (Holmes et al., 2002) that after 

30 h of total sleep deprivation, there was a decrease in cardiac sympathetic activity, but 

no change in parasympathetic, which contradicts the findings of another study (Zhong et 

al., 2005) that found increased sympathetic activity and decreased parasympathetic 

activity following 36 h of total sleep deprivation. Despite the inconsistent findings of 

previous studies, our results indicated that HR during shooting protocol was lower after 

24 h of total sleep deprivation, with a slight increase after 36 h, without considering the 

effects of AI. These results partly align with the outcomes of laboratory studies that 

controlled for environmental and behavioral influences such as sleep, light and activity, 

reporting that 24-30 h of total sleep deprivation results in a decrease in HR in healthy 

young individuals (Burgess et al., 1997; Chen, 1991; Kerkhof et al., 1998). This decline 

in HR is typically superimposed on a 24-h rhythm (Holmes et al., 2002), which could be 

a potential explanation for the increase in HR after 36 h of sleep deprivation in the current 

study. 

Nevertheless, this study also investigated the impact of AI inhalation on HR 

during shooting protocol while total sleep deprived. Our findings are in line with a 

previous study (Perry et al., 2016), which demonstrated that AI elicits a strong 

cardiovascular response that results in an elevation of HR compared to control trials 

without AI. Additionally, our results showed that this response was observed immediately 

after AI inhalation, with HR increasing in the first 15 seconds (7.3% compare to CON) 

and then gradually declining (Figure 8). That is consistent with prior reports indicating 

that the effect of AI on the cardiovascular system is typically short-term and may not 

provide a sustained ergogenic benefit beyond the initial 15 seconds of inhalation 

(Malecek & Tufano, 2021; Perry et al., 2016). 
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In sum, despite the consistency of our findings with those of the prior 

investigation, it is imperative to consider that the regulation of HR is predominantly 

controlled by the autonomic nervous system and the opposing actions of its sympathetic 

and parasympathetic components. This constitutes a complex system that may be 

impacted by various confounding factors during the prolonged experiments, as were 

conducted in this study, such as dietary intake, energy balance, hydration, physical 

activity, effect of shooting stress, temperature regulation, and psychological stress. Thus, 

the following potential studies should consider testing cardiovascular responses 

throughout the whole study period. 

8.5.3. Shooting accuracy 

Assuming that inhaling AIs could be associated with higher arousal (Malecek & 

Tufano, 2021), we had predicted that AI could attenuate the shooting accuracy 

decrements that would be caused by sleep deprivation (Torres & Kim, 2019). However, 

in the context of the present study, neither sleep deprivation nor the presence of AI  

(i.e., increased HR) affected shooting accuracy. The results of our study partially concur 

with previous research that found that the live-fire shooting accuracy of trained soldiers 

was not impacted by total sleep deprivation ranging from 24 to 36 h (McLellan et al., 

2016; Tomczak et al., 2017). However, it has been reported that similarly extended total 

sleep deprivation resulted in impaired live-fire shooting accuracy among conventional 

military personnel and non-military trained individuals (Dąbrowski et al., 2012; 

McLellan et al., 2016; Tikuisis et al., 2004). This possibly suggests that more experienced 

shooters (with longer training experience) may be more resilient to the possible adverse 

effects of total sleep deprivation, which may explain the consistent shoot accuracy found 

in the present study. 

Despite these fairly straightforward findings, some observations in our study 

diverged from previous findings. For example, one study shows that shooting accuracy 

decreased as HR increased in standing positions, but another study (Hoffman et al., 1992) 

suggests that low-intensity exercise, which leads to commensurate increases in HR, may 

initially enhance shooting accuracy before a decline is observed. Nonetheless, the 

different outcomes observed could be attributed to the substantial intra-individual 

variability in managing psychological factors, such as fatigue and stress, which may 

impact HR and, consequently, shooting accuracy among individuals (Vickers & 

Williams, 2007). Therefore, while our results agree with previous research (Tharion et 
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al., 2003; Tikuisis et al., 2004) that also evaluated shooting accuracy using small arms 

simulators rather than live fire, it is crucial to acknowledge that the use of simulated 

weapons in evaluating shooting performance may affect the applicability of the findings 

to real-life military situations (Vickers & Williams, 2007). 

In the present study, it is challenging to differentiate the various effects of HR as 

an indicator of physiological exertion or mechanical perturbation. This intra-individual 

variability may be attributed to the heightened mechanical impact of the heartbeat on 

shooting dynamics or may indicate an "over-arousal" that results in a decrease in 

performance, as demonstrated by the Yerkes-Dodson performance-arousal curve (Tenan 

et al., 2017). With all these points in mind, further research should delve into the 

interaction between these mechanical, physiological, and psychological factors that 

influence shooting more deeply to better understand the interplay of these elements. In 

summary, this study highlights that although AI did not improve handgun shooting 

accuracy, it was posed no negative effect either. It is still important to keep in mind the 

parameters of our study (observed effect sizes). However, the unaffected shooting 

accuracy, combined with the decreased SRT noted in the previous section, can be relevant 

in real-life military contexts where a soldier may need to react quickly and shoot 

accurately. 

8.5.4. Rifle disassembly and reassembly 

Many occupations that require prolonged periods of wakefulness, including 

soldiers, also demand the ability to maintain manual dexterity. Previous research has 

indicated that impaired manual dexterity can be observed after 24 h of total sleep 

deprivation among medical professions (Banfi et al., 2019). As previously discussed, 

while AI has been assumed to be an effective countermeasure for preserving vigilance 

and attention (Malecek & Tufano, 2021), concerns have arisen about its potential adverse 

effects on tasks involving manual dexterity, particularly in terms of increased tearfulness 

or hand tremors - a typical reaction to inhalations of AI. However, in our results we did 

not observe any impact on rifle disassembly and reassembly time as a result of total sleep 

deprivation or the usage of AI. The current findings align with the results of previous 

studies that have been conducted on military personnel, demonstrating that a 24 h period 

of total sleep deprivation did not impact the manual dexterity in rifle disassembly and 

reassembly (Zhang et al., 2016) or the laboratory-based Grooved Pegboard test (Killgore 

& Kamimori, 2020). 
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The disparities between studies outcomes may likely be attributed to the various 

methods used for measuring manual dexterity in medical personnel, such as the virtual 

laparoscopy simulator, or to the possibility of movement automation that soldiers may 

develop as a result of frequent repetition of tasks during their service, referred to as a 

"drill." Although the present study did not specifically evaluate variables as hand 

steadiness, but only total time to finish a task, collectively, the evidence suggests that 

neither total sleep deprivation nor usage of AI has an impact on manual dexterity in 

military personnel. 

8.5.5. Countermovement jump height and rating of perceived exertion 

The presented study found that the mean countermovement jump (CMJ) height 

was higher among participants during the evenings as compared to all morning 

measurements (3.0-4.7%). The observed outcome aligns with the circadian rhythm 

reported in the preceding sections. Specifically, the pattern of results associated with total 

sleep deprivation adheres to expectations, whereas the morning session conducted after 

24 h of total sleep deprivation (a point where participants were reported to be most tired 

based on ESS scores) does not yield worse results than those obtained after 0 h, and 

following 8 h of recovery sleep. Additionally, evening sessions conducted after 36 h of 

total sleep deprivation did not yield worse outcomes than those obtained after 12 h (Figure 

10) This finding can be attributed to the increased performance in the CMJ, which 

demonstrates a clear circadian rhythm, with superior outcomes recorded during the 

afternoon relative to the morning, as described in previous research studies (Bernard et 

al., 1997; Thun et al., 2015). Total sleep deprivation has been suggested to affect short-

term anaerobic performance, such as jumping, by reducing motivation (Blumert et al., 

2007) and increased mental fatigue (Van Cutsem et al., 2017). However, this study did 

not collect any of such measures, leaving this interpretation of results as speculative. 

Based on previous studies (Bond et al., 1986; Skein et al., 2010), total sleep 

deprivation may also lead to changes in the perception of effort. The RPE increased after 

24 to 30 h of total sleep deprivation alongside a decrease in performance (Bond et al., 

1986; Skein et al., 2010). These previous observations partly align with the results of the 

present study, where the highest RPE was reported after 24 h of total sleep deprivation 

(Figure 11A), which also corresponded with the highest level of subjective sleepiness 

reported by our participants (Figure 11B). Although our participants reported feeling less 

tired at 36 h than after 24 h (28.6%) of total sleep deprivation, this apparent 
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"improvement" should not be interpreted as an actual improvement, but it is rather a 

continuation of the circadian rhythm. Eventually, the night of recovery sleep seemed to 

more or less returned the perception of sleepiness to levels in line with the 0 h of total 

sleep deprivation and normal circadian rhythm. 

Our results also suggest that using AI may enhance performance in CMJ height 

by 1.5% and concurrently reduces RPE by 9.4%, regardless of total sleep deprivation. 

Notably, the observed improvements may be attributed to the psychological arousal 

effects of AI, such as heightened alertness, which have been documented in previous 

research  (Campbell et al., 2022; R. R. Rogers et al., 2022). This phenomenon commonly 

referred to as the "psyching-up" effect of AI, may enhance short-term performance by 

activating the sympathetic branch of the autonomic nervous system and increasing 

psychological activation (Malecek & Tufano, 2021). Based on that, previous studies 

showed an increased peak rate of force development during the isometric mid-thigh pull 

exercise (Bartolomei et al., 2018; Perry et al., 2016), an explosive isometric strength task 

using a slow stretch-shortening cycle, the same as during CMJ. Additionally, the usage 

of AI increased power output over repeated high-intensity sprint exercises (R. R. Rogers 

et al., 2022). Regarding the following facts, while assuming a correlation between CMJ 

performance and short sprints (Carr et al., 2015), the usage of AI may have potential 

applications in some specific military scenarios, but more studies delineating optimum 

protocols and delivery methods are necessary. 

Although previous studies have investigated the effects of total sleep deprivation 

and AI independently, none included the combination of these conditions. Furthermore, 

these studies all used various measuring techniques (CMJ with arm movement vs without; 

peak jump height vs average jump height; different rest periods between jumps; estimated 

power output vs direct assessment, etc.), all of which can impact the data, decreasing 

comparativeness of their findings to ours. Therefore, we acknowledge that the data from 

those studies bring interesting insights, but more studies with consistent methodology are 

still needed in order to make justifiable comparisons.  

To sum up, when considering our data and the data from previous studies 

collectively, AI may positively impact explosive performance, regardless of the 

individual's sleep status. Our results also indicate that this effect may have some transfers 

to real-world dynamic exercises, such as jumping performance. Consequently, even 

though a decrease in RPE after the physical performance and improvement in short-term 
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movements, such as jumping over a barrier or sprinting across a battlefield, may even 

have life-or-death consequences in military contexts, it is still necessary to take these 

results with caution. There is currently a shortage of published research examining the 

effect of AI on performance, and further research in this area is necessary to establish a 

more robust evidence base regarding its effect. 

8.5.6. Limitations 

This study's strengths comprise the tightly controlled protocol and crossover 

randomized controlled trial design, which allowed for direct within-subject repeated-

measures investigation of the effects of total sleep deprivation and ammonia inhalation. 

However, study is not without limitations. For example, we were not able to perform any 

military-specific physically demanding tasks (e.g., casualty drag, wall climb, sprinting 

with personal protective equipment, loaded carries, etc.) because of limited space in the 

sterile laboratory-based setup. Nevertheless, the CMJ is a commonly used physical task 

to assess explosive neuromuscular performance, and the linear position transducer that 

we used is a reliable and space friendly tool for assessing CMJ. Therefore, as AI increased 

CMJ height, increased HR, and improved SRT in our study, future researchers should 

investigate the effects of AI on more demanding military-specific tasks (or tasks that last 

longer than the CMJ) where increasing HR or improving SRT may help aid performance. 

8.6. Conclusion 

Overall, despite the lack of reduction in the adverse effects of total sleep deprivation, 

the use of AI was found to cause a short-term increase in HR and enhance SRT without 

increasing the number of errors and increase CMJ height while concurrently decreasing 

the RPE. However, no changes were observed in handgun shooting accuracy and manual 

dexterity performance. These findings suggest that the utilization of AI may have 

potential applications in specific military scenarios, no matter the length of sleep 

deprivation. 
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9. Overall conclusion 

The significance of optimal sleep in the military context cannot be understated, yet 

sleep deprivation remains a prevalent issue, adversely impacting performance. Therefore, 

the main objective of this dissertation thesis was to investigate the effects of ammonia 

inhalants as a fast-acting ergogenic aid, specifically assessing its ability to counteract the 

adverse effects of sleep deprivation and enhance performance under such challenging 

conditions that military personnel often operate under. 

In our first research (Chapter 4), we started with collecting essential insights 

regarding the use and effects of ammonia inhalants on physical and cognitive 

performance. This review found that ammonia inhalants, while frequently used by 

strength-based athletes, do not substantially enhance maximal muscular strength or 

endurance or decrease reaction time. Notably, however, we identified limited evidence 

suggesting that ammonia inhalants may improve laboratory-tested explosive strength or 

anaerobic power performance in already fatigued athletes. The review also point to 

significant cardiovascular, cerebrovascular, and respiratory responses up to 30 seconds 

following the use of ammonia inhalants, suggesting that the timing of their use could be 

a critical factor in their utility as an ergogenic aid. Additionally, the review suggested that 

ammonia inhalants may temporarily increase beat-to-beat middle cerebral artery blood 

flow velocity, which has been shown to be positively associated with improved cognitive 

function. Our findings also discusses a potential risk factor related to ammonia inhalants 

use and the diagnosis of concussion, thus highlighting the need for users of ammonia 

inhalants athletes and their coaches to have a comprehensive understanding of ammonia 

inhalants use, including both potential risks and benefits. Moreover, the notion that 

ammonia inhalants may induce a psychological state optimal for performance warrants 

further examination and additional research is needed to deepen our understanding of the 

effects of ammonia inhalants on human physiology and cognitive performance.  

Therefore, all of these understudied relationships prompted us to investigate them 

further in follow-up research, particularly with regard to the potential use of ammonia 

inhalants on military-related tasks, explicitly targeting their potential application in 

mitigating the adverse effects on sleep-deprived soldiers. However, before investigating 

the effects of ammonia inhalants on sleep-deprived soldiers, it was necessary to establish 

reliable testing parameters for shooting accuracy, which formed the basis of our second 
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research. This preliminary step was essential, as it laid the foundation for evaluating the 

potential changes in soldiers' performance under the influence of sleep deprivation and 

ammonia inhalants. 

Thus, our second research (Chapter 6) aimed to assess the test-retest reliability of 

static and dynamic shooting protocols using a laser-based handgun simulator system. 

Twenty soldiers participated in two trials of both shooting protocols over three separate 

days, with shooting accuracy analyzed using an intra-class correlation coefficient. Our 

results demonstrated that the tested protocols displayed good to moderate reliability 

between and within days. Additionally, there was no significant variation in shooting 

accuracy scores either between or within days, underscoring the reliability of our adopted 

protocols lending confidence in utilizing these static and dynamic shooting protocols in 

future research. This study not only contributed valuable insights into the reliable 

execution of shooting protocols but also, most importantly, laid a needed robust 

foundation for our subsequent main investigations, where we explored the effects of 

ammonia inhalants on military-specific physical and psychological performance in sleep-

deprived soldiers. 

Our last presented research (Chapter 8) investigated the potential effect of ammonia 

inhalants usage on simple reaction time, shooting accuracy, countermovement jump 

height, and rifle disassembly and reassembly time during 36 hours of total sleep 

deprivation, followed by 8 hours of recovery sleep on eighteen soldiers. The principal 

findings of our investigation were that although both total sleep deprivation and ammonia 

inhalants separately influenced specific parameters within the study's protocol, using 

ammonia inhalants did not have a sufficient effect during the sleep deprivation phase of 

the study. Nevertheless, regardless of sleep deprivation, results have shown that using 

ammonia inhalants increased heart rate for the first 15 seconds after inhalation, decreased 

mean simple reaction time without increasing the number of errors, and increased 

countermovement jump height while simultaneously decreasing the rating of perceived 

exertion. On the other hand, using ammonia inhalants resulted in no significant changes 

in shooting accuracy and the total time needed for disassembling and reassembling a rifle. 

In conclusion, it is noteworthy that the observed effect of ammonia inhalants and 

total sleep deprivation on various performance parameters although small, may represent 

important in a military setting. Even though the observed differences in simple reaction 

time induced by ammonia inhalants were on the scale of units of milliseconds, the 
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improvements in reaction time could be a decisive factor in military contexts where high-

performance demands necessitate swift responses, potentially making the difference 

between life and death. In addition to that, despite ammonia inhalants not enhancing 

shooting accuracy, it is crucial to acknowledge that it did not lead to any degradation of 

any of the investigated skills. The maintained shooting accuracy and faster reaction time 

may prove advantageous in real-world military settings, possibly enabling soldiers to 

react faster in engagements. 

Interestingly, lack of sleep nor the use of ammonia inhalants seemed to interfere with 

manual dexterity measured as the time taken to disassemble and reassemble a rifle. This 

may be interesting given the potential automation of movements soldiers might develop 

due to frequent task repetition during their service, often referred to as a “drill”. 

Additionally, our results point towards some positive influence of ammonia inhalants' on 

explosive performance, independent of sleep deprivation. Increased jump height and 

decreased perceived exertion could prove particularly valuable in dynamic military 

operations, for instance, jumping over obstacles or quick sprints over the battlefield. 

In sum, finding of this dissertation thesis presents the potential effects of ammonia 

inhalants and sleep deprivation on various aspects of performance, which we believe 

could have relevant for applications in military settings. However, we recognize that this 

investigation is merely the beginning and that further follow up and more comprehensive 

research is needed to fully understand these findings for improving performance in the 

military and other similar high-demand environments. 

9.1. Conclusion of my doctoral study 

During my doctoral studies, I had the privilege of cooperating with many experts 

in the research of strength and conditioning. The cultural and intellectual exchange of 

ideas with colleagues and peers from across the globe broadened my perspective and 

significantly enriched my knowledge and personal life. Involvement in grant projects and 

a team-based initiative strengthened my collaborative skills. I believe working 

collectively towards a common objective cultivated my ability to communicate 

effectively and solve problems within a diverse team structure. This insightful experience, 

which refined my research abilities and enhanced my interpersonal competencies, 

culminated in the production of several manuscripts and other written works to which I 

have had the opportunity to contribute. The opportunities to present our research findings 
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at several international scientific conferences were a tremendous experience. Engaging 

with a global audience of researchers and academics exposed me to various perspectives 

and feedback that further enhanced my work. 

Moreover, my internship at the Neuromuscular Research Laboratory/Warrior 

Human Performance Research Center at the University of Pittsburgh was an unforgettable 

part of my academic journey. The possibility of participating in projects focused on 

neuromuscular performance during sustained military operational stress expanded my 

understanding of the field, and the hands-on experience in this domain was invaluable in 

improving my practical knowledge. These experiences during my doctoral studies 

significantly shape my approach conduct research and guide students in their pre-graduate 

theses at the military department of our faculty. The expertise gained has also allowed me 

to better mentor and guide students in their academic plans. In effect, I feel confident I 

am able to further contribute to the growth and development of strength and conditioning 

researchers in the field of military science. 

In closing, I am incredibly grateful for these opportunities, which have allowed me 

to grow both academically and personally. I believe this is merely the beginning of a 

lifelong journey of education, exploration, discovery, and contribution to the world of 

science.  
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