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ABSTRACT 

A popular belief within exercise and sports science is that hypohydration and its associated 

perceptions negatively influence cognitive performance. Such detriment is thought to manifest when 

losses in body mass (BM) are approximately 2%, however, several recent publications report that 

most cognitive domains are preserved when this threshold is exceeded. Given these equivocal 

findings, this thesis explores the relationship between both hydration and thirst, and resultant 

cognitive function. This will be achieved by highlighting the conceptual intricacies concerning the 

evaluation of cognitive performance and hypohydration, and exploring the prospective mechanisms 

that may be enacted to preserve cognitive capability when this physiological stressor is encountered. 

As such, this thesis aims to i) determine whether hydration status is important for cognitive 

performance, specifically the appropriateness of recommendations to avoid an “excessive” (2%) loss 

in BM, ii) examine compensatory (neuro)physiological responses that may arise during 

hypohydration, and iii) investigate the existence of additional associations implicated with 

hypohydration and cognitive function.  

 

Prior to empirically investigating the hypotheses, it was important to first ascertain the current state of 

the literature concerning hypohydration and cognitive function. Thus, a meta-analysis was completed 

to determine whether this physiological stressor is likely to be of consequence to cognitive 

performance. Additionally, because current fluid recommendations encourage one to avoid moderate/ 

excessive dehydration (≥2% loss in BM), on the provision that such deficits might impair cognitive 

performance, this theoretical critical water deficit was also investigated. A systematic search revealed 

10 studies (14 trials), where cognitive performance data were extracted and aligned to respective 

cognitive domains (complex attention, executive function, learning and memory, and perceptual-

motor function). Overall, cognitive performance was not found to be impaired by hypohydration (g = 

-0.177; 95% CI = -0.532-0.179; P = 0.33). There was also no significant impairment of the underlying 

cognitive domains that were able to be examined (complex attention, executive function, learning and 

memory) (all P > 0.24), independent of the incurred fluid loss (less than or greater than 2% loss in 
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BM); although results were not always homogenous (I2 ranging between 0% and 93%). Collectively, 

these data suggest that hypohydration may not compromise cognitive function, nor any of the 

investigated subdomains more than if euhydration were maintained. Recommendations to avoid 

moderate hypohydration on the basis of maintaining optimal cognitive function are therefore not 

substantiated by this meta-analysis. 

 

Following the systematic literature search, it was apparent that poor methodological control was often 

implemented within studies investigating this topic, with resultant data often the product of several 

conflating factors, each of which could prospectively influence cognitive function. Therefore, study 1 

was undertaken to investigate the separate effects of hydration and cognitive function when 

implementing strong methodological controls to limit the influence of confounding factors that might 

arise during exercise-induced dehydration. Here, 15 participants (12 males and three females, means ± 

standard deviation (SD); age 27 ± 6 years; peak oxygen consumption (VO2PEAK) 49.0 ± 6.2 

mL/kg/min) completed a 90 min self-paced simulated military march in the heat (40.7 ± 1.2 degrees 

Celsius (°C) and 35 ± 7% relative humidity (RH)), either maintaining euhydration by consuming fluid 

ad libitum or becoming hypohydrated through fluid restriction. A cognitive testing battery that 

evaluated complex attention, executive function, learning and memory, and perceptual-motor function 

was administered pre-exercise and following a rest period after the cessation of the march, which was 

sufficient to return core temperature (TC) back to pre-exercise levels (55 ± 7 min). Subjective 

estimates of performance were also quantified using a visual analogue scale (VAS) that explored 

thirst, concentration, alertness, lethargy, and task difficulty. Aspects of memory and executive 

function were not comparable to pre-exercise data (both P ≤ 0.05), while a shift in the speed-accuracy 

trade-off was apparent in the switching attention task (executive function), with accuracy decreasing 

(P < 0.01), while reaction time was supplemented (P = 0.03). Despite BM losses of ~2.3%, 

performance in each of the measured cognitive domains was comparable between the conditions post-

march (all P ≥ 0.26). When hypohydrated, subjective estimates of thirst were significantly greater 

post-exercise (P < 0.01), and moderate effect sizes were found for lethargy and task difficulty post-

exercise (both d < 0.553). These results suggest that maintaining euhydration predominantly preserves 
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cognitive function, although, this does not produce superior cognitive performance compared with 

fluid restriction following an identical exercise task. As such, cognitive performance appears to 

remain largely stable, despite losses in BM exceeding 2%.  

 

In addition to the paucity of methodological rigor identified among the literature from the meta-

analysis, a lack of data pertaining to learning was also evident. Indeed, the learning and memory 

subdomain in the meta-analysis was largely informed by acute tests of memory function. Therefore, a 

novel study into the effects of hypohydration and motor sequence learning was conducted to 

determine whether this physiological stressor may compromise motor learning capability. This study 

also investigated whether neural activity increases during hypohydration, and considered whether this 

may be a plausible mechanism for equalising learning capacity. 20 males and 10 females were 

pseudo-randomised to either a control (10 males and five females, means ± SD; age 33 ± 10 years; 

VO2PEAK 40.1 ± 7.0 mL/kg/min) or hypohydrated (10 males and five females, means ± SD; age 34 ± 

10 years; VO2PEAK 42.3 ± 7.6 mL/kg/min) group. Motor sequence learning was quantified in each 

group using a serial reaction time task (SRTT). Prior to practicing the SRTT, the hypohydrated group 

completed an exercise induced dehydration regime to elicit fluid losses of greater than 2% of BM, 

which was followed by a rest period of sufficient duration to allow TC to return to pre-exercise levels 

(46 ± 16 min). The control group did not complete exercise prior to SRTT practice. All participants 

returned following a retention interval (302 ± 30 min) in a euhydrated state as confirmed by urine 

specific gravity and BM, and completed a retention and transfer test of the SRTT. Functional near-

infrared spectroscopy (fNIRS) was used throughout the SRTT to measure cerebral haemodynamics 

and neural activity. Speed and accuracy were obtained from the SRTT and collated into the inverse 

efficiency score (IES). Despite losses in BM of ~2.4%, IES performance in the hypohydrated group 

was similar to the control group (P = 0.36). The overall percentage improvement in learning over the 

practice trials was deemed similar between the groups, differing by only 2% (P = 0.91). All metrics of 

cerebral haemodynamics significantly changed with respect to a baseline collection taken immediately 

prior to practice (all P ≤ 0.01), however, oxyhaemoglobin (O2Hb) was elevated in the hypohydrated 

group during the initial practice block (P = 0.02). IES performance in both the retention and transfer 
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tests were similar between the groups (P = 0.36), and there were no differences in cerebral 

haemodynamics between the conditions during these trials (all P ≥ 0.46). These results suggest that 

SRTT practice was not influenced by hydration status, with compensatory neural activity likely 

implemented to equalise behavioural performance when fluid deficits approximate to 2% of BM. This 

compensation does not appear to have behavioural or neurophysiological ramifications during 

subsequent executions in comparable or novel contexts when in a euhydrated state.  

 

The preceding studies show that hypohydration of at least 2% of BM is likely to be of little 

consequence to one’s cognitive capability. Study 3 was conducted to explore alternative associations 

between hydration and cognition, and investigated whether mental fatigue may be exacerbated by the 

primordial emotion thirst, as these states appear to share a common neural representation. In a 

crossover design, thirst was monitored in 15 males (means ± SD, age 29 ± 7 years; VO2PEAK 49.9 ± 

6.1 mL/kg/min) during 60 min of cycling in normothermic conditions (means ± SD, 25.4 ± 0.8 °C, 60 

± 6% RH). Participants either had unlimited access to water to consume to the dictates of thirst 

(sated), or fluid was withheld and replaced with periodic salt water mouth rinses (thirst). Following 

thirst manipulation, a stroop task was completed for 60 min to evoke mental fatigue. Prefrontal cortex 

(PFC) O2Hb and deoxyhaemoglobin (HHb) were monitored throughout the prolonged cognitive task 

using fNIRS, and subjective perceptions of fatigue were reported through a VAS. Participants were 

instructed to complete as many iterations of the task as possible within the allotted time, and 

behavioural performance was quantified through the total number of stroop task iterations completed, 

and by the collated accuracy and response time outcome, the IES. Subjective thirst was greater in the 

thirst condition prior to commencing the mentally fatiguing task (P < 0.01). In addition to completing 

fewer stroop task iterations (P = 0.05), IES was also significantly poorer during thirst in the latter 

portion of the prolonged cognitive task (P ≤ 0.03). Each condition produced increased O2Hb in 

response to the prolonged stroop task. However, these differed temporally, being earlier during thirst. 

Subjective estimates of fatigue increased as time on task lengthened (P < 0.01), but were similar 

between the conditions (P = 0.83). Thirst resulted in the completion of less cognitive work, and 

greater compromises in IES during the mentally fatiguing task. This is likely the product of an 
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inability to sustain the synergy between neuroanatomical facilitation and inhibitory systems for a 

prolonged period of time, probably due to exacerbated inhibitory input produced by thirst. These data 

provide novel insight into the relationship between thirst and mental fatigue, and suggest that drinking 

to the dictates of thirst may be pertinent to sustaining prolonged cognitive task performance.   

 

Collectively, the findings of the meta-analysis and three completed studies indicate that hydration 

status is unlikely to be of significance to the modulation of cognitive performance, nor any specific 

underlying cognitive domains (complex attention, executive function, learning and memory, and 

perceptual-motor function) at least to the threshold examined in this thesis (~2.5%). Furthermore, 

there appears to be little evidence to support the recommendation that athletes should aim to avoid 

“excessive” (2% loss in BM) dehydration, at least with respect to preserving cognition. Instead, 

cognitive reserve is likely ensured by several compensatory responses that arise alongside 

hypohydration. Specifically, regional neural redistribution, indirect actioning of neurotransmitters or 

glucose from dehydration related hormones, and shifts in arousal. Seemingly, recommendations 

concerning hydration and cognitive performance need to be revised to more accurately reflect 

contemporary findings. Where, instead of adopting models based on the quantification of BM, 

consideration should instead be given to targeting the avoidance of thirst, as this appears to have a 

greater modulating effect on cognitive performance, particularly under contexts of sustained cognitive 

work.  
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CHAPTER ONE - Introduction 

Water is the single largest constituent within the human body, and is essential for physiological 

functioning and daily life (Jenkins, Kemnitz, & Tortora, 2007). Typically, processes such as 

expiration, perspiration and waste excretion are enacted to preserve such functioning, however, these 

result in water loss (Greenleaf, 1992; Zimmerman et al., 2016). Commonly, dehydration is described 

as the process by which body water is lost and conventionally occurs with respect to a euhydrated 

state or a steady state that represents normal bodily water content (Greenleaf, 1992; Murray, 2007). 

Consequently, this may result in hypohydration or a steady state of decreased bodily water content 

(Greenleaf, 1992; Murray, 2007). Previously, several reviews have provided comprehensive insight 

into the physiology and related compensatory mechanisms associated with dehydration (Cheuvront & 

Kenefick, 2014; Thornton, 2010), whilst also exploring the likely consequences that this physiological 

state may have on exercise performance (Cheuvront & Kenefick, 2014; Cheuvront, Kenefick, 

Montain, & Sawka, 2010). Such insights have prompted the development of fluid consumption 

guidelines for athletic and exercising cohorts, and often advocate for the avoidance of hypohydration, 

as this state may be detrimental to performance (Casa et al., 2000; Institute of Medicine, 2005; Sawka 

et al., 2007). Whilst other consensus statements emphasise that hydration advice be individualised to 

the athlete and event being completed (Hew-Butler, Verbalis, & Noakes, 2006). Additionally, more 

progressive attitudes have been adopted in a recent consensus statement (Burke et al., 2019). Where in 

addition to advocating for body mass (BM) reductions to be less than 3%, the role of supplemental 

factors such as climate and event type alongside this physiological stressor are more salient (Burke et 

al., 2019). Whilst dehydration might contribute to reduced exercise capacity, it is not established 

whether this physiological process is of consequence to one’s cognitive capability. Although this 

relationship is not well understood, cognitive function is likely integral to athletic success. Indeed, in 

order for one to produce a desired motor behaviour or implement favourable tactical decisions, 

navigating the emergent and dynamic contexts within sport and exercise is key (Voss, Kramer, Basak, 

Prakash, & Roberts, 2010). For example, in order to perform a predetermined play or movement 

sequence in a soccer match, an attacker is likely to continually inspect the spatial location of team 
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mates and opposing defenders whom may influence the anticipated sequence. The attacker must then 

evaluate the appropriateness of executing the play, which requires bridging both perception (collation 

of sensory inputs) with stored memory representations of the sequence. Consequently, a decision may 

then be produced to execute the play. But what if conditions do not accommodate implementation? 

Likely, as part of the decision making process, perception will inform the most suitable sequence to 

execute and will subsequently require the original program be inhibited (Diamond, 2013). This 

complex interaction of processes may be performed almost instantly and repeated indefinitely as 

environmental constraints change (i.e. player positioning)(Raab, Bar-Eli, Plessner, & Araujo, 2019). 

As such, it is important to identify particular stressors that may interfere and slow this process, as 

often within sports and exercise, only a narrow window of time exists in which to produce suitable 

cognitive decisions. 

 

Cognitive function is a broad term used to describe an array of brain-mediated processes and 

functions (Schmitt, Benton, & Kallus, 2005). Although this term may be used to globally express 

cognitive performance, subdomains also exist. Indeed, executive function, attention, and memory are 

several prominent cognitive domains consisting structurally of distinct neuroanatomical regions 

within the brain (Miyake, Friedman, Emerson, Witzki, & Howerter, 2000). Whilst, the 

aforementioned institutional position stands are founded on the optimisation of exercise performance, 

such doctrines also emphasise that cognitive/ mental performance probably declines when water 

deficits exceed 2% of BM (Institute of Medicine, 2005; Sawka et al., 2007; Thomas et al., 2016). 

Despite the advocating of such doctrines, this proposed critical deficit may still be eclipsed in sports 

such as soccer, basketball, tennis, or squash (Sawka et al., 2007). Interestingly, despite the inclusion 

of this recommendation, critical analysis of the literature over the past decade reveals a number of 

studies that report comparable cognitive performance, irrespective of hydration status (Adam et al., 

2008; Armstrong et al., 2012; D'Anci, Mahoney, Vibhakar, Kanter, & Taylor, 2009; MacLeod, 

Cooper, Bandelow, Malcolm, & Sunderland, 2018), even when losses in BM are ~4% (Ely, Sollanek, 

Cheuvront, Lieberman, & Kenefick, 2013). Typically, additional physiological stressors - such as 

elevated core temperature (TC) or exercise-induced fatigue accrue alongside exercise-induced 
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dehydration (Adan, 2012). However, each of these inputs are also known to have the capacity to 

independently modulate cognition (Moore, Romine, O'connor, & Tomporowski, 2012; Schmit, 

Hausswirth, Le Meur, & Duffield, 2017). Furthermore, discerning the contribution of a particular 

stressor within such a complex interaction is problematic, and has likely added to the indecision 

within the literature (Adan, 2012; Lieberman, 2007). Evidently, whether hypohydration is likely to 

compromise cognitive performance is more equivocal than the popular view would contend, and thus, 

warrants further insight.  

 

Physiological explanations for why cognitive performance might decline during states of 

hypohydration are often prioritised among the literature. However, insights concerning the plausible 

compensatory responses that may be enacted to preserve cognition, or alternative explanations for 

observed impairment are scarce. Consequently, this thesis will explore and consider those 

mechanisms that may be associated with ensuring stability of cognition during perturbative states such 

as hypohydration, and attempt to untangle the perhaps misguided belief that resultant losses in BM 

should be the benchmark for which cognitive decline might manifest. It is hoped that this knowledge 

will promote a better understanding about the relationship between hydration and cognition, and 

question the appropriateness of the current fluid consumption recommendations as they relate to 

cognitive function. 

 

1.1 Hypohydration, the brain, and cognition 

Reductions in total body water often manifest as a product of prolonged exercise, fluid deprivation, 

and/ or exposure to hyperthermic environments (Cheuvront & Kenefick, 2014). However, the location 

fluid loss is sustained is not universal, whereby differences among the intracellular and extracellular 

compartments will be subject to how dehydration is incurred (Cheuvront & Kenefick, 2014; Nguyen 

& Kurtz, 2006; Sawka & Coyle, 1999). For instance, if dehydration is the product of sweating, 

underlying osmotic gradients will dictate that fluid be lost predominantly from the intracellular 

compartment, as sweat is hypo-osmotic to plasma (Cheuvront & Kenefick, 2014). Arsing cellular 
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shrinkage is recognized via osmoreceptors, and compensatory neural and endocrinal responses are 

enacted to promote physiological functioning (Bourque, 2008). With respect to the periphery, the 

effects of dehydration have been extensively studied and applied to an array of contexts involving 

exercise and sport (Cheuvront & Kenefick, 2014; Nuccio, Barnes, Carter, & Baker, 2017; Thornton, 

2010). Centrally, the brain is thought to be no exception to the physiology of dehydration, however, 

considerably less is known about the association between this organ and this stressor. 

 

Whilst contributing modestly to total body weight, the brain is highly metabolic and requires ~15% of 

resting cardiac output (Trangmar & GonzáIez-Alonso, 2019). Despite a demand for oxygen and 

substrate to fuel cerebral activity, the brain is believed incapable of storing these (Trangmar & 

GonzáIez-Alonso, 2019). As such, cerebral perfusion needs to remain adequate to afford sufficient 

metabolic supply (Lundy-Ekman, 2013). Previous work by Fan et al. (2008) has indicated that mild 

losses in BM (1.5%) facilitate common carotid artery blood flow. Similarly, at higher ranges of 

hypohydration (3.1%), others (Trangmar et al., 2014) have reported that this indicator of cerebral 

blood flow (CBF) was greater at rest and remained unchanged throughout an exhaustive incremental 

cycling task in the heat (35.0 degrees Celsius (°C) and 50% relative humidity (RH)). Although, a 

mechanism explaining this finding remains somewhat elusive, it is possible that dehydration specific 

hormones such as arginine vasopressin (AVP) or angiotensin II (AII) may be involved due to the 

systemic pressor effects they enact (Andereoli, Reevees, & Bichet, 2000). Supplemental to perfusion 

may be the extraction rate of oxygen within the brain. In addition to exploring the hydration specific 

influences on CBF, Trangmar et al. (2014) also provide insight into the abundance and extraction of 

cerebral oxygen. Interestingly, the authors report that although the overall cerebral metabolic rate of 

oxygen was comparable between hypohydration and euhydration, oxygen extraction (cerebral a-v 

oxygen difference) was greater among the former (Trangmar et al., 2014). Similarly, Fan et al. (2008) 

also found that oxygen extraction was greater during hypohydration, however, the authors also 

speculate that this might be complemented by regional differences in cerebral perfusion, possibly due 

to prioritisation.  
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In addition to the hydration specific influences of perfusion and oxygen extraction, how reducing BM 

influences structural brain morphology has also been considered by employing functional magnetic 

resonance imaging (fMRI) (Dickson et al., 2005; Kempton et al., 2011; Kempton et al., 2009; Liu et 

al., 2013; Streitbuerger et al., 2012; Wittbrodt, Sawka, Mizelle, Wheaton, & Millard-Stafford, 2018). 

In their foundation study, Dickson et al. (2005) postulated that brain volume would decline due to 

fluid loss as a product of resultant hypovolemia. Whilst their data did not confirm their hypothesis, 

this prompted a number of subsequent studies to examine brain structure during hypohydration 

(Kempton et al., 2011; Kempton et al., 2009; Tan et al., 2019; Watson, Head, Pitiot, Morris, & 

Maughan, 2010; Wittbrodt et al., 2018). Consensus emerging from these studies is that net volume is 

largely preserved, with the largest reduction reported among these studies approximating to 0.7% 

(Tan et al., 2019). Seemingly, tonicity changes in cerebrospinal fluid likely evoke osmotic gradients, 

necessitating fluid transportation to preserve Gibbs-Donnan equilibrium (Nguyen & Kurtz, 2006), 

probably from the intracellular space, which in this instance is adjacent neural tissue (Kempton et al., 

2011; Kimelberg, 2004). Expansion of the neural ventricular system is therefore undertaken to 

accommodate the arising neuronal shrinkage of adjacent tissue (Dickson et al., 2005). Whilst some 

argue that this may be implicated with impaired neural functioning (Kempton et al., 2011; Kempton et 

al., 2009), recent data do not support this (Tan et al., 2019; Wittbrodt et al., 2018). In particular, 

Wittbrodt et al. (2018) report that participants with the greatest change in ventricular volume 

demonstrated the greatest stability in cognitive task performance. Thus, the authors emphasise that 

alternative mechanisms to those concerning brain structure are likely implicated with modulating 

cognitive performance.  

 

Whilst fMRI is capable of mapping neurologic structure, this technology also has the capacity to 

provide insight into underlying neural activity and resource utilisation through quantification of the 

blood oxygen level dependant (BOLD) signal (Logothetis, 2008). As first shown by Kempton et al. 

(2011), elevated BOLD signalling often accompanies hypohydration (Liu et al., 2013; Wittbrodt et al., 

2018). However, in the absence of improved cognitive performance, such a response is typically 

interpreted to represent an inefficient use of neural resources (Kempton et al., 2011; Wittbrodt & 
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Millard-Stafford, 2018). Alternatively, this may indicate a compensatory mechanism affording 

preservation of cognitive performance, yet such a line of thinking is rare among the literature. In 

addition to insights from fMRI, electroencephalography (EEG) has also been used to investigate 

hypohydration during cognitive task performance. EEG is commonly used to measure neural activity 

by monitoring voltage fluctuations between electrodes placed on the scalp (Hatfield, Haufler, Hung, 

& Spaulding, 2004). Because of the rhythmic nature of neural activity, EEG is able to differentiate 

several waves depending on the activity state of the underlying cortical tissue (Hatfield et al., 2004). 

During states of pronounced cortical activity, beta (β) waves are present, while among less active 

states alpha (α) and theta (θ) waves may emerge (Hatfield et al., 2004). By analysing fluctuations in 

wavelength characteristics, inferences about brain cortical excitability and states of lethargy or 

reduced vigilance are able to be discerned (Campagne, Pebayle, & Muzlet, 2004; Kerstedt & Gilberg, 

1990). Interestingly, among the literature, findings emerging from this technology are mixed (Szinnai, 

Schachinger, Arnaud, Linder, & Keller, 2005; Watson, Whale, Mears, Reyner, & Maughan, 2015). At 

moderate ranges of hypohydration (~2.6%) imposed through prolonged fluid restriction, cognitive-

motor function was comparable to euhydration (Szinnai et al., 2005). However, in something of a 

contrast to the discussion above regarding BOLD signalling, the authors also report P300 latency and 

amplitude to be similar, independent of hydration status (Szinnai et al., 2005), suggesting that 

hypohydration did not change resource processing requirements (Donchin & Coles, 1988). Watson et 

al. (2015) also induced mild hypohydration (~1.1% of BM) by fluid restriction, and reported an 

increased number of driver errors during a prolonged driving task when hypohydrated. Alongside this, 

the authors also reported elevated α and θ power, which are likely indicative of greater lethargy and 

reduced vigilance (Campagne et al., 2004; Kerstedt & Gilberg, 1990). It is apparent that there is little 

consistency within the literature on how hypohydration modulates neural function, and conclusions 

appear strained through the considerable heterogeneity that exists between study methodologies 

(Lieberman, 2007).  
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1.2 Thirst, cognitive performance, and mental fatigue 

Often accompanying hypohydration is thirst, a common primordial emotion characterised by a desire 

to consume liquids, which typically intensifies as dehydration manifests (Gizowski & Bourque, 2018; 

Greenleaf, 1992). Previously, the neural basis of this homeostatic regulator has been reviewed 

(Gizowski & Bourque, 2018), and the anterior cingulate cortex (ACC) and the insular cortex (IC) 

have been nominated as key structures involved with the regulation of this sensation. Indeed, local 

activity within these structures increase as a product of osmoreceptor afferents, owing to elevated 

plasma tonicity (Leib, Zimmerman, & Knight, 2016). In turn this stimulates endocrinal release of 

AVP, and also enacts efferent behavioural responses prompting fluid consumption (Thornton, 2010). 

If acted upon, water seeking motivation will promote the act of drinking (provided opportunity is 

available) and subsequently facilitate satiety and restore intracellular and extracellular homeostasis 

(Bourque, 2008; Noakes, 2012). 

 

Previously thirst has been suggested to impair exercise performance (Sawka & Noakes, 2007), 

whereby its presence is thought to exacerbate negative psychological associations in a dose-dependent 

manner (Edwards & Noakes, 2009). This may result in increased perceptual effort, and may induce 

premature adjustments to behavioural (exercise) output (Edwards & Noakes, 2009; Pageaux, 2016). 

Within the scope of cognitive performance, similar logic has also been applied, whereby, symptoms 

of dehydration such as thirst and dry mouth have also been postulated to modulate mood state, and 

presumably impact resultant cognitive effort (Cheuvront & Kenefick, 2014). This association has 

been shown previously (Edmonds, Crombie, & Gardner, 2013; Rogers, Kainth, & Smit, 2001), but is 

not consistently reported (Armstrong et al., 2012; MacLeod et al., 2018; Wittbrodt, Millard-Stafford, 

Sherman, & Cheatham, 2015), possibly due to differences in the method used to induce thirst (passive 

versus active hypohydration), or the severity of this sensation. In addition to the modulation of mood 

state, the possibly detrimental effects of thirst on cognitive performance may also be explained 

through capacity models (Edmonds et al., 2013). For instance, attention is believed to be integral for 

information processing (Wickens, Derrick, Berringer, & Micalizzi, 1980), and is thus required for 
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cognition, but also to process sensations such as thirst. As attention is a finite resource, supplemental 

inputs may strain attentional distribution, and consequentially modify cognitive responses (Cheuvront 

& Kenefick, 2014). Whilst this explanation is postulated elsewhere within the literature (Cohen, 1983; 

Edmonds et al., 2013; Rogers et al., 2001), other avenues related to capacity models remain 

unexplored - namely those relating to mental or cognitive fatigue. 

 

The terms mental fatigue and cognitive fatigue are synonymously used within the literature and 

represent a phenomenon associated with the depletion of cognitive resources in response to sustained 

mental effort (Moreno & Park, 2010). Typically, mental fatigue is characterised by an increased 

perception of lethargy and seemingly imparts an aversion to continued cognitive work (Boksem & 

Tops, 2008; Pageaux & Lepers, 2018; Qi et al., 2019). In addition to subjective manifestations, this 

phenomena also has several objective representations, including behavioural modulations to cognitive 

performance, and (neuro)physiological expressions (Kluger, Krupp, & Enoka, 2013; Pageaux & 

Lepers, 2018). As the name implies, mental fatigue is represented largely within the brain, and the 

neural basis of this phenomena has been reviewed (Ishii, Tanaka, & Watanabe, 2014; Qi et al., 2019). 

Ishii et al. (2014) have previously proposed a dual regulation framework to account for this 

phenomenon, which comprises the synergistic interplay between faciliatory and inhibitory brain 

networks. Although the former of these networks is thought to comprise connectomes within the 

thalamic-frontal loop (frontal cortex, amygdala, hippocampus, thalamus, and the basal ganglia), the 

inhibitory portion of this system consists of the posterior cingulate cortex (PCC) and IC (Ishii et al., 

2014). Intuitively, thirst and mental fatigue share a common neural connection, the IC. However, 

whether an association between these stressors exists is yet to be confirmed among the literature. 

Given thirst is likely to accompany this stressor, presumably in order to promote the act of drinking, it 

is possible this perception rather than a given magnitude of BM loss may be influential in moderating 

cognitive performance. As such, the formation of recommendations concerning BM for cognitive 

performance may be erroneous, and has likely contributed to the present state of disarray within the 

literature concerning hydration and cognition; as too have the role of altered TC, or exercise-induced 

fatigue. Consequently, understanding these associations and the respective underlying mechanisms 
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are integral to guiding future fluid consumption recommendations within sport and exercise, as they 

relate to cognitive performance. 

 

1.3 Statement of the problem 

Ensuring adequate hydration is an essential tenet believed by many athletic stakeholders for 

optimising performance, yet debate continues as to the efficacy of recommendations concerning this 

stressor (Cheung et al., 2015; Kenefick, 2018). As cognitive performance is integral to sporting 

success (Voss et al., 2010), insight into whether hypohydration may be limiting is of practical 

significance within many exercise related contexts, particularly given the likelihood that this stressor 

may be incurred during training and competition (Duffield, McCall, Coutts, & Peiffer, 2012; 

Maughan & Shirreffs, 2004; Sawka et al., 2007). Institutional consensus statements presently 

communicated to athletes allude to the possibility that cognitive ability will diminish due to 

hypohydration, and nominate a critical water deficit of 2% of BM (Sawka et al., 2007). However, 

much of the evidence used to formulate these recommendations are ignorant to many of the 

complexities underpinning this association, while an abundance of recent literature invalidating this 

assertion continues to accumulate (Falcone et al., 2017; Irwin, Campagnolo, Iudakhina, Cox, & 

Desbrow, 2017; MacLeod et al., 2018; McCartney, Desbrow, Cox, & Irwin, 2019; van den Heuvel, 

Harberley, Hoyle, Taylor, & Croft, 2017). Accordingly, further insight is required to determine with 

more certainty, whether this stressor likely contributes to altering cognitive performance, or if humans 

enact compensatory neurophysiological responses to preserve optimal functioning during 

hypohydration. Such an understanding is assuredly not only critical for athletes and their hydration 

behaviours, but may also be extrapolated to inform those stakeholders responsible for devising fluid 

consumption guidelines as they relate to cognition.  
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1.4 Questions 

The principal research questions for this thesis were: 

1. What is the current consensus on whether hypohydration, in relation to euhydration, impairs 

cognition, and does this match the published empirical evidence? 

2. Is hypohydration that exceeds the current critical water deficit proposed to impair cognitive 

ability likely to compromise cognition? 

3. Does hypohydration influence neural activity, and if so, could this be involved in preserving 

cognitive performance? 

4. Is thirst associated with mental fatigue, and if so, might this association be of importance to the 

relationship between hydration and cognition? 

 

1.5 Hypotheses 

Hydration status and thirst are the primary variables manipulated in this thesis to investigate the 

potential effects on cognition. In contrast to current exercise and fluid consumption recommendations 

and in keeping with more contemporary literature on the topic, it is hypothesised that cognitive 

performance will be comparable between euhydration and hypohydration, even when BM exceeds the 

proposed critical water deficit thought to impair cognitive performance. Additionally, this stability 

will be attributed to several compensatory mechanisms that act to preserve cognitive function, whilst, 

supplemental factors such as mental fatigue may be overlooked factors modulating this complex 

relationship. 

 

1.6 Delimitations 

The following are the identified delimitations for the present thesis. 

• For each study, participants were instructed to avoid physical activity and alcohol in the 24 h prior 

to entering the testing facilities, and abstain from caffeine over the prior 12 h. Additionally, 

participants consumed two glasses of water before arrival to the testing facilities to promote 

euhydration upon arrival. 
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• For studies 1 and 2, rest periods were implemented following the cessation of exercise to 

determine the contributions of hypohydration to cognitive performance, independent of other 

confounding factors. 

• All female participants recruited in studies 1 and 2 were tested during the follicular phase of their 

menstrual cycle, when cognition is thought to be homogenous to males.  

• Studies 1 and 3 employed a crossover design, and testing was held at the same time of day in each 

instance to reduce the effects of circadian rhythm on the outcomes. Study 2 involved two groups, 

and timing was coordinated such that motor acquisition was completed at a comparable time of 

day between the groups.  

• Studies 2 and 3 examined cerebral haemodynamics during hypohydration and thirst respectively. 

Given the neuroanatomical location of the ACC, increased activation may partially be attributed 

to enhanced thirst. Thus, all haemodynamic data were normalised to a baseline sample obtained 

prior to commencing any cognitive assessments where participants were likely in a comparable 

neurophysiologic condition. 

• All studies were completed in a controlled laboratory setting, where identical equipment was used 

for each successive trial where appropriate.  

• The maximal reduction to mass in this thesis was ~2.5%. 
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CHAPTER TWO - Review of the literature 

2.1 The physiology of dehydration 

2.1.1 Water distribution, compartmentalisation and types of dehydration 

The distribution of water within the body is subdivided into the intracellular and extracellular 

compartments. While the intracellular compartment comprises the contents of the cell, the 

extracellular space is divided into the intravascular or plasma compartment, and the fluid surrounding 

the intracellular compartment (interstitial fluid) (Mack & Nadel, 1996; Nose, Mack, Shi, & Nadel, 

1988). Suspended within each respective compartment, are a number of negatively (anions - such as 

proteins or chloride) or positively (cations - including sodium or potassium) charged molecules, the 

abundance of which are circumstantial to the relative compartment (Nguyen & Kurtz, 2006; Sawka & 

Coyle, 1999). Specifically, large molecular weight proteins exist in the intracellular and plasma 

compartments, while smaller cations such as sodium or potassium are located in both the extracellular 

and intracellular space. These molecules are key in regulating Gibbs-Donnan equilibrium, which 

suggests that the sum of the diffusible and non-diffusible contents will be equal among compartments 

(Nguyen & Kurtz, 2006). Should there be a deviation from this homeostatic point, a potential 

difference will arise, and osmotic pressure will be altered. Although, active transportation of 

molecules through diffusion may be enacted to restore equilibrium, the capillary wall separating the 

plasma compartment form the interstitial fluid, and the cytoplasmic membrane surrounding cells, are 

only selectively permeable, such that larger molecules including housed proteins, may not easily cross 

these boundaries. Fortunately, water diffusion (osmosis) can be utilised to restore the incurred 

difference, and equalise changes in compartmental osmotic pressure (Caon, 2008; Thornton, 2010).  

 

Osmosis is the process of water transportation through a semipermeable membrane, and is driven by 

solute concentration and osmotic pressure (Hammel & Schlegel, 2005). Within the context of fluid 

compartments, and in accordance with Gibbs-Donnan equilibrium, elevation in solute concentration 

will consequently increase osmotic pressure, thus, osmosis will be enacted to restore the 

compartmental imbalance (osmoregulation). This process is preferred to diffusion, as water is more 
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freely transferable between compartments, and is not constrained by a large molecular weight. Losses 

in water, however, are an integral part of human physiology, whether for thermoregulation, a 

consequence of cellular respiration or the maintenance of homeostatic ranges, water loss is inevitable. 

Although, several processes can deplete body water, these are typically categorised based on how 

fluid compartments are affected. As comprehensively reviewed by Cheuvront and Kenefick (2014), 

losses in the intracellular compartment arise when losses in body fluid are hypo-osmotic to plasma. 

Bodily process such as expiration or urination may lead to only a minimal non-compensable solute 

loss (Mack & Nadel, 1996; Nose et al., 1988). Consequently, these processes may reduce plasma 

water content, elevating osmotic pressure, and enact osmosis to transport water from the neighbouring 

interstitial fluid. This in turn elevates the osmotic pressure of the interstitial fluid, with respect to the 

intracellular compartment, hence, osmosis among these compartments also occurs. Collectively, in 

order to maintain equilibrium, deficits are sustained in the intracellular, rather than the extracellular 

compartment. Comparatively, when fluid losses are accompanied by high concentrations of 

electrolytes, compartmental water losses are likely to diverge (Cheuvront & Kenefick, 2014). Indeed, 

the consequence of both constituents being excreted is likely to result in osmolality remaining iso-

osmotic to plasma, hence, there is little drive for water to be compensated from the intracellular 

compartment. Thus, the plasma compartment becomes more depleted. In the context of this thesis, 

extracellular dehydration is mostly likely to be incurred from the consumption of diuretics, which 

impair renal sodium reabsorption, or through water immersion (Knight & Horvath, 1990; Romano et 

al., 1999). Lastly, cellular water losses may also be shared among compartments when modest 

electrolyte and water losses occur simultaneously; as may be the case in exercise-induced and thermal 

dehydration (Cheuvront & Kenefick, 2014). In this instance, both water and solute may be excreted in 

the form of sweat, however, this remains slightly hypo-osmotic with respect to plasma. Therefore, 

depletion of the extracellular compartment will arise, however, osmosis from the intracellular 

compartment is likely to accompany this shift. In addition to osmosis to preserve adequate function 

despite fluid losses, several endocrine responses are also enacted by dehydration, and are explored in 

the subsequent section of this thesis (section 2.1.2, pages 35-36).   
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2.1.2 Hormonal responses to dehydration 

Probably the most influential dehydration related hormone within the context of this thesis is 

antidiuretic hormone, or AVP. In addition to being central to water retention within the kidney, AVP 

may also be implicated in regulating CBF, and hence nutritional supply for the brain. This hormone is 

synthesised by magnocellular neurons, located within the supraoptic (SON) and paraventricular nuclei 

of the hypothalamus (Wade & Claybaugh, 1980). The axons of these nuclei project through the 

infundibulum of the pituitary gland to the posterior section of this structure, where AVP is stored for 

release, thus, it is the posterior pituitary gland that is responsible for the secretion of this hormone into 

the circulatory system (Cheuvront, Kenefick, Charkoudian, & Sawka, 2013; Jenkins et al., 2007). The 

regulation of AVP is multifaceted, however, three key physiological mechanisms are central to its 

release - osmoreceptor and baroreceptor afferents, and circulating plasma AII (Andereoli et al., 2000; 

Bourque, 2008).  

 

Foremost, peripheral and central osmoreceptors monitor plasma osmotic pressure for deviation from 

its homeostatic range of about 280-290 mOs/mmol (Sawka et al., 2007; Thornton, 2010). At the 

peripheral level, osmoreceptors are located within the vasculature, while centrally these are more 

densely populated along structures external to the blood brain barrier (BBB), such as the SON and 

organum vasculosum of the lamina terminalis (OVLT) (Bourque, 2008). As water loss occurs, serum 

osmolality increases, signalling to the hypothalamus that water conservation is required to promote 

homeostasis, resulting in the liberation of AVP. Whilst water retention is promoted by AVP via 

downstream functioning about the nephron loops of the kidneys, this hormone also produces 

vasoconstriction of the vasculature it passes through, assisting with the correcting of extracellular 

compartmental tonicity (Andereoli et al., 2000). Should reductions in plasma volume continue, at 

~10% of loss, inhibitory baroreceptor signalling will cease and AVP release will become pronounced 

(Andereoli et al., 2000; Den Ouden & Meinders, 2005). Whilst vasoconstriction is a key function of 

AVP, AII is another potent vasoconstriction hormone that is abundant, due to its synthesis from the 

renin-angiotensin-aldosterone system during hypohydration (Saladin, 2007; Wade, 1996). 
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Independently, AII is also capable of interacting with many of the AVP producing neurons within the 

hypothalamus, and therefore, can directly be implicated with the synergistic release of AVP 

(Andereoli et al., 2000).  

 

2.1.3 Section summary: The physiology of dehydration 

Dehydration is the process of body water losses and may occur within different cellular compartments 

(intracellular or extracellular). Inducing cellular shrinkage is likely to mandate elevations in 

osmolality, which drive the process of osmosis and other hormonal responses in an effort to regulate 

tonicity, i.e. release of antidiuretic hormones such as AVP or AII. 

 

2.2 Thirst  

Although several endocrine responses are initiated for antiduresis, preserving extracellular fluid 

tonicity remains temporary. This is essentially because human physiology has evolved a sensitive 

mechanism promoting water consumption - the primordial emotion known as thirst. Thirst is often 

described as a desire or motivation to consume water or liquids (Greenleaf, 1992; Saker, Farrell, 

Egan, McKinley, & Denton, 2018), and is the premier stimulus used to evoke water consumption to 

correct body tonicity changes. Importantly, humans are not capable of storing large volumes of water, 

rather fluid deficit is ongoing, owing to physiological processes such as expiration or perspiration, or 

for preserving cellular functioning and thermoregulation (Leib et al., 2016). Thus, humans will 

typically consume water in small regular amounts to manage deficits (Noakes, 2012). Indeed, thirst is 

a potent reactive stimulus required to restore cellular deficits, maintain extracellular tonicity, and is 

mediated by several neuroanatomical structures (Gizowski & Bourque, 2018; McKinley & Johnson, 

2004; Zerbe & Robertson, 1983). The following section (section 2.2.1, pages 37-38) will explore the 

neural basis of thirst, including the relevant neurophysiological structures and pathways before 

examining efferent responses associated with thirst. Finally, section 2.2.2 (pages 38-40) will describe 

satiety of this sensation when achieved through drinking. 
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2.2.1 The neural basis of thirst 

Thirst is generally considered a centrally driven process, whereby the ACC and IC are reported to be 

the principal structures associated with its genesis (Farrell et al., 2011; Saker et al., 2014). 

Additionally, neuroimaging studies employing fMRI have provided insight into the neuroanatomical 

pathways thought to transmit somatosensory information - the medial thalamic nuclei (Farrell et al., 

2011; Hollis, McKinley, D'Souza, Kampe, & Oldfield, 2008). The anterior section of the cingulate 

cortex is located dorsally to the corpus collosum, and in addition to contributing to homeostatic 

regulation, is also implicated in decision making, anticipation and motivation (Gizowski & Bourque, 

2018). Similarly, the IC is also understood to be a stakeholder in regulating body homeostasis and 

contributing to cognitive control, and is located deep within the lateral sulcus of the cerebral cortex 

(Gizowski & Bourque, 2018; Sridharan, Levitin, & Menon, 2008). Although both the ACC and IC are 

reported to increase in activity as thirst intensifies (McKinley, Denton, Oldfield, De Oliveira, & 

Mathai, 2006), the role each structure has in regulating thirst may not be homogenous (Bourque, 

2008). Rather, it has been suggested that the IC may be more attuned to the presence of thirst, that is, 

as homeostatic deficit increases, IC activity intensifies, whilst the ACC appears to be pivotal in 

motivating behavioural responses to mediate such homeostatic perturbations (Bourque, 2008; Craig, 

2002). Thus, both operate in unison to identify and rectify homeostatic disruptions.  

 

Recently, the neural basis of thirst has been reviewed by Gizowski and Bourque (2018), who 

articulate several types of thirst underpinned by either feedback (homeostatic) or feedforward 

(anticipatory) mechanisms. The authors highlight that osmotic, natraemic and volemic thirst are 

mediated through homeostatic regulation, whereby, negative feedback loops arise to correct 

extracellular fluid alterations (Gizowski & Bourque, 2018; Zerbe & Robertson, 1983). Due to the 

intertwined relationship of sodium concentration, water and osmolality, it is not surprising that the 

pathways conveying afferents to thirst centres are similar. Specifically, tonicity abnormality within 

extracellular fluid will be detected by peripheral sodium and osmoreceptors, and be conveyed to the 

ACC and IC via the lamina terminalis, which comprises the median preoptic nucleus, OVLT, and 
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subfornical organ (SFO) (Gizowski & Bourque, 2018). Alternatively, volemic thirst is stimulated in 

response to extracellular fluid volume reduction, regardless of composition, with somatosensory 

information promoted via baroreceptor and volume receptor stimulation that are relayed through the 

brainstem (Gizowski & Bourque, 2018). Additionally, reductions in volume will also effect AII 

secretion, which is identified  by AII sensitive receptors along external BBB structures such as the 

SFO and OVLT (Leib et al., 2016). Although thirst may be induced reactively in response to 

deviations from homeostatic mid points, anticipatory water consumption strategies may also be 

elicited to pre-empt water or solute deficits associated with perturbations, such as hot or humid 

environments, which represent feedforward processes. The existence of thermal thirst, has previously 

been substantiated among rodents, where those exposed to high ambient temperatures were more 

liberal in consuming water, despite factors mediating extracellular fluid tonicity remaining within 

homeostatic ranges (Lund, Barker, Dellow, & Stevenson, 1969). Notably, disruptions to homeostatic 

tonicity in the presence of greater TC but not skin temperature, appear to induce greater perceptions of 

thirst (Takamata, Mack, Stachenfeld, & Nadel, 1995). Within this model, Gizowski and Bourque 

(2018) have speculated that visceral thermoreceptors may also be involved with communicating thirst 

afferents to regulatory centres, possibly either directly to the preoptic area (before being 

communicated upstream), or via the nucleus tractus solitaries, or parabrachial nucleus.  

 

2.2.2 Efferent responses of thirst - drinking, satiety, and homeostasis 

Although insight recognising the neural basis of thirst are becoming increasingly comprehensive, 

responses to this primordial emotion - namely the act of drinking, remain a decisive factor in attaining 

satiety and restoring homeostasis. As definition dictates, thirst is motivational, and described as 

having both positive and negative valence mechanisms that drive one’s drinking strategy (Farrell et 

al., 2011; Saker et al., 2014; Saker et al., 2018). When thirsty, the reward sensory properties of water 

become magnified during water consumption (positive valance), whilst thirst by its nature is an 

unpleasant experience, needing to be sated (negative valance) (Leib et al., 2016). Following satiety, 

continued water consumption may enact a state of unpleasantness where the reward properties 
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associated with water are diminished. Consequently, negative valance will also be alleviated in order 

to prevent over drinking (Leib et al., 2016; Saker et al., 2014).  

 

Ingested water descends the gastro-intestinal system where reabsorption occurs to correct osmotic 

differences in extracellular fluid (Gisolfi & Ryan, 1996). Repletion of osmotic deficits however, are 

delayed, yet humans will often cease drinking prior to this (Bourque, 2008). Likely the above 

mentioned valance mechanisms implicated in preventing over-drinking will operate synergistically 

alongside oropharangeal, gustatory, and osmoreceptors which communicate to higher thirst centres, 

the impending osmotic restoration - ceasing the act of drinking (Rolls & Rolls, 1982; Zimmerman, 

Leib, & Knight, 2017). Although the direct pathway communicating afferents from oropharangeal and 

gustatory receptors to higher thirst centres is not clearly understood, it has been proposed that this 

information is conveyed to precursor thirst centres such as the SFO, via the trigeminal nerve (Krashes, 

2016; Zimmerman et al., 2017). Furthermore, ingestion of the consumed liquid will also generate 

gastro distension of the stomach, which may contribute further feedback regarding the consumed 

bolus, and pending duration before reabsorption (Stricker & Hoffman, 2007). Consequently, afferents 

transmitted to the SFO presumably then continue to thirst regulatory centres (ACC and IC), which 

following the consumption of water during states of thirst, are noted to rapidly reduce in activity 

(Farrell et al., 2011; Saker et al., 2014). However, the OVLT appears to remain active following 

ingestion, as this structure may have an ongoing role in monitoring for plasma osmotic imbalances 

(Egan et al., 2003). 

 

Following the cessation of drinking, the mouth is moistened by residual water and sensations of dry 

mouth are often alleviated (Bourque, 2008). Physiologically, circulating plasma AVP concentration 

will rapidly reduce following drinking (Geelen et al., 1984). Presumably, this is attributed to 

inhibitory signalling from several of the aforementioned neuroanatomical structures, and the resultant 

afferent communication with the SON and paraventricular hypothalamus, which are pivotal precursor 

regions associated with liberating this hormone from the posterior pituitary gland (Mandelblat-Cerf et 

al., 2017; Zimmerman et al., 2016). Such a response has likely developed as compensatory water 
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conservation through renal mechanisms is no longer required, pending water reabsorption via the 

consumed fluid. Similarly, the concentration of AII declines following drinking, likely because 

vasoconstriction of vasculature is no longer required, given pending plasma tonicity restoration 

(Knowles & Phillips, 1980). Following water reabsorption, cellular fluid tonicity and volume may be 

restored, provided the consumed bolus is sufficient. Such confirmation is conveyed to thirst regulatory 

centres via osmotic and volume receptors, reaffirming satiety, and extending it beyond an anticipatory 

state, until homeostatic disruption again arises from fluid loss.  

 

2.2.3 Section summary: Thirst 

Thirst is a primordial emotion that is often stimulated in an attempt to drive the behavioural process of 

drinking. Several prominent neural structures govern thirst perception, namely the ACC and IC, 

which locally increase activity as thirst is heightened. Elevated neural activity about these structures 

quickly decline when drinking commences. 

 

2.3 Cognitive function 

The term cognitive function is commonly used as a holistic term to describe an array of brain-

mediated processes and functions (Schmitt et al., 2005). It may be catalogued to several taxonomies 

iterating an array of cognitive domains, some of which include attention, executive function, memory, 

and psychomotor domains (Miyake, Friedman, Emerson, Witzki, & Howerter, 2000; Schmitt et al., 

2005; Strauss, Sherman, & Spreen, 2006). Presently, there is a lack of consistency within the literature 

as to how cognitive functions are categorised, which may in part be due to the varied frameworks 

adopted by commercial manufacturers of testing batteries. As such this may then be conveyed onto 

and adopted by the researcher. For instance, a choice reaction time task may be stratified as an 

assessment of information processing efficiency (D'Anci et al., 2009), or inform the researcher about 

simple reaction time (Ely et al., 2013; Wittbrodt & Millard-Stafford, 2018). Given such discrepancies, 

the present thesis will incorporate an established framework in which to align and discuss cognitive 

functions - the diagnostic and statistical manual of mental disorders - 5th version (DSM-5; Figure 1, 
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page 41) (Sachdev et al., 2014). Although this framework is designed for clinical contexts, the DSM-5 

model is an explicitly organised and transparent classification tool that reduces organisational 

ambiguity. Ingrained within this approach are six cognitive domains that each comprise explicit 

underlying subdomains. These domains include i) complex attention, ii) executive function, iii) 

language, iv) learning and memory, v) perceptual-motor function, and vi) social cognition. 

Collectively, this model affords great insight into both the specific and more general effects of an 

intervention on cognition. However, the focus of the subsequent sections of this thesis (section 2.31 - 

2.3.4, pages 41-52) will focus on those domains that are most pertinent to exercise contexts; namely, 

executive function, complex attention, and learning and memory.  

 

 

Figure 1. The diagnostic and statistical manual of mental disorders - 5th version framework for 

classifying cognitive functions. Adapted from Sachdev et al. (2014). 

 
2.3.1 Attention 

Attention is often described as a finite resource that is acutely distributed during cognitive effort to 

process information and ensure task performance (Beilock, Wierenga, & Carr, 2002; Magill & 

Anderson, 2017). Historically, an array of theoretical explanations have been developed to explain the 

phenomena of human attention, which include bottleneck theory, Kahneman’s attention theory, and 
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more recently multiple-resource theory (Neumann, 1996; Wickens, 2008). Common to several 

theories of attention is the notion of a resource pool, which is drawn from in order to process 

cognitive information, elicit a decision, or perform a task (Magill & Anderson, 2017). For those 

theories stemming from Kahneman’s model of attention, the capacity of the central resource pool has 

been defined as being flexible and inherently linked with arousal (Tombu & Peierre, 2005). Whereby 

an inverted-U relationship has been suggested to exist between the two, with low or high arousal 

detracting from the resource pool, whilst optimal arousal will equate to a larger number of available 

resources (Magill & Anderson, 2017). More contemporary theories of attention such as multiple-

resource theory instead contend that cognitive resources are not represented within a single central 

store, but rather smaller defined pools, which service dedicated information processing activities 

(Wickens, 2008). Though still impacted by the constraints of resource availability, this model presents 

a rationale for why multiple (unconnected) tasks could feasibly be performed simultaneously, or why 

interrelated tasks that share a common pool might result in behavioural performance decline 

(Hancock, Oron-Gilad, & Szalma, 2007). 

 

Given attention is implicated with information processing, this cognitive function is also integral to 

other aspects of cognition - such as those discussed in the remaining portion of this section (pages 42-

52). In addition to the role attention might play in these other elements, other facets of attention also 

exist, and orient around the concept of attentional focus - or the ability to prolong, narrow, or widen 

attentional allocation (Magill & Anderson, 2017). For instance, a tennis player may narrow their 

attentional focus during the serve to detect visual cues from their opponent to integrate into their 

tactical decision making. Sustained attention is attributed with the ability to prolong focus for a period 

of time (Esterman & Rothlein, 2019), and may be required in combat sports, where if focus should 

waiver throughout a bout, an opponent may be able to exploit a tactical advantage. Divided attention 

is considered as the ability to attend two or more tasks simultaneously (Magill & Anderson, 2017) and 

is arguably required in almost any ball sport, where object manipulation and tactical decision making 

is required. Lastly, selective attention is the ability to orient focus onto a goal specific stimulus - i.e. 

differentiating signal from noise (Gazzaley & Nobre, 2012; Sarter, Givens, & Bruno, 2001). This 
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form of attention is pertinent within sports and exercise and may be epitomised by a basketball 

player’s ability to block out distractions from the crowd when shooting a free-throw.  

 

Given the role of attention in cognition, the neural basis of this aspect is elaborate, spanning across the 

frontoparietal network and consisting of several structures and their associated neuro circuitry 

(Scolari, Seidl-Rathkopf, & Kastner, 2015). Within the parietal cortex are seven distinguished areas 

implicated with attention. Six of these structures sit along the intraparietal sulcus (intraparietal sulcus 

areas 0 through 5), whilst the superior parietal lobule is the final area within this region (Scolari et al., 

2015). Additionally, two areas reside within the frontal cortex, and include the superior and inferior 

precentral cortex (Scolari et al., 2015; Szczepanski, Konen, & Kastner, 2010). Whilst these structures 

comprise the cortical regions associated with attention, it is still not clear how these neuroanatomical 

structures are able to flexibly reconfigure or sequence to meet specific task demands (Esterman & 

Rothlein, 2019; Scolari et al., 2015). However, additional cortical and subcortical areas such as the 

basal forebrain, superior colliculus in the midbrain, and the pulvinars nucleus within the thalamus 

may be implicated (Sarter, Gehring, & Kozak, 2006; Sarter et al., 2001; Shipp, 2004).  

 

Conceptually, attentional efficiency has also been suggested to arise from top-down processing, which 

refers to the intuitive use of existing knowledge from higher cortical areas (frontal cortex) to lower 

order sensory neurons where processing may be carried out (Gazzaley & Nobre, 2012; Sarter et al., 

2001). This existing perceptual knowledge can be directed to these sites, expedite processing, and 

hence, free up resources for other common neuronal functions (Katsuki & Constantinidis, 2013). 

Whilst this type of efficiency is ideal among settings where information is pre-existing, feedforward 

inputs may not always be afforded, thus, feedback can be achieved from bottom-up processes (Sarter 

et al., 2001). This type of process involves the ascent of information up the cognitive hierarchy, where 

higher order cortical areas may be recruited in order to process and encode salient features of a signal. 

This enhances the ability to identify these features, whilst simultaneously facilitates the ability to 

supress irrelevant representations (Gazzaley & Nobre, 2012). Whilst historically differentiated within 

the literature, contemporary thinking highlights that these processes act in an interrelated way to 
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afford a more optimal use of attentional processing in accordance with circumstantial regulatory 

conditions (Katsuki & Constantinidis, 2013; Sarter et al., 2001). Evidence circumstancing this is 

apparent when one considers the neural correlates of the attentional system (frontoparietal regions), 

that is, the role of higher order functioning (frontal cortex), and sensory processing (parietal cortex) 

(Katsuki & Constantinidis, 2013).  

 

2.3.2 Executive function 

Executive function is a term that represents a collection of cognitive processes involved with higher 

order mental functioning (Logue & Gould, 2014). Within the DSM-5 framework, planning, working 

memory, responding to feedback, inhibition, cognitive flexibility, and decision-making each 

contribute to this aspect of cognition and act in an interrelated way alongside the information 

processing constraints of attention (Magill & Anderson, 2017; Sachdev et al., 2014). Planning is 

regarded as the ability to intuitively manage current and future task demands (Diamond, 2013; 

Miyake et al., 2000). Working memory (discussed further in section 2.3.3, pages 48-49), may be 

thought of as an adaptive workspace that facilitates the integration of information with current 

movement schema (Furley & Memmert, 2010). Responding to feedback entails the identification of a 

sensory stimulus and an appropriate resultant response (Shumway-Cook & Woolacott, 2017). 

Inhibition or inhibitory control is apparent when a conventional response may be supressed in order to 

produce a more favourable outcome (Diamond, 2013; Miyake et al., 2000). Cognitive flexibility or set 

shifting is regarded as an adaptive function that encompasses one’s capability to shift between 

outcomes under dynamic circumstances (Diamond, 2013; Vandierendonck, 2000). Decision making is 

regarded as a deliberative process that results in the commitment to an outcome (Gold & Shadlen, 

2007), and is arguably the result of the net interaction from each of the aforementioned elements of 

executive function.  

 

Executive function is prominent in many applied settings. Within the sport and exercise context, this 

cognitive domain helps to meet the dynamic and unpredictable demands of various motor and 
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cognitive performance tasks that often require the interpretation of an abundance of exteroceptive 

information to optimise movement strategies in pursuit of abstract goal attainment (Gilbert & 

Burgess, 2008). As alluded to above, executive functioning is multifactorial and each element is 

unlikely to be required independently within sports and exercise (Diamond, 2013). For example, 

within the sport of basketball, planning is essential in order to optimise not only a required movement 

sequence or play, but also offer tactical intuition - such as game or shot clock management. Planning 

in this context would also be an ongoing process, collating inputs from additional cognitive domains 

(learning and memory or perceptual-motor function), and/ or other sub-domains of executive function. 

For instance, one may implement their plan based on expected movement parameters, however, 

during execution, identify that an opposition defender is out of position. In order to respond to this 

feedback and elicit a new decision or movement outcome, the individual would have to inhibit 

elements of the original plan and suppress its continuance; integrate sensory afferents into the 

movement plan through working memory; switch between motor programs or sequences according to 

the new regulatory parameters; and resultantly enact that movement. Clearly executive function is the 

result of a complex interplay of factors that are continually being appraised and inhibited in 

accordance with existing regulatory constraints (Vandierendonck, 2000), and is thus integral to sports 

and exercise contexts for success (Diamond, 2013; Voss et al., 2010).  

 

With the importance of executive function having been established, the neural basis of these 

components will now be discussed. Fundamentally, the locus of executive function is thought to 

originate within the prefrontal cortex (PFC), an area of the frontal cortex that is commonly divided 

into the dorsolateral, ventrolateral, and orbitofrontal areas (Patton & Thibodeau, 2019). Integral to 

executive function, however, is the medial and orbital aspects of the PFC which reside in the 

ventrolateral and orbitofrontal areas respectively (Logue & Gould, 2014; Robbins, 2000). Importantly, 

the medial PFC appears to be associated with regulating cognitive flexibility or set-shifting and 

planning, whilst the orbital aspect is implicated with response inhibition, the ability to respond to 

feedback, and decision making (Logue & Gould, 2014; Robbins, 2000; Sachdev et al., 2014). How 

these sites influence these functions, however, is not necessarily due to manipulation of local neural 
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activity, but rather through the differential neurochemical interactions that are stimulated from these 

sites - namely that of dopamine, norepinephrine, and serotonin (Logue & Gould, 2014; Robbins, 

2000). Figure 2 provides an overview of this interplay (page 47). 

 

Dopamine is generally regarded as a reward encoding neurotransmitter, which despite having an array 

of functions within the central nervous system (CNS), is integral for regulating select executive 

functions (Logue & Gould, 2014; Miyake et al., 2000; Robbins, 2000). The reason that dopamine has 

a more discerning effect on cognition is likely due to the differences in efferent projections from the 

medial and orbital PFC to the ventral tegmental area; a site implicated in release of dopamine (Logue 

& Gould, 2014; Robbins, 2000). Specifically, the medial aspect is capable of facilitating and 

inhibiting precursor receptors, whilst the orbital PFC is affiliated only with inhibition (Lodge, 2011). 

Consequently, when in abundance, functions related to the medial PFC (cognitive flexibility and 

planning), are reportedly considered more optimal than when only trace levels of dopamine are 

apparent (Logue & Gould, 2014; Robbins, 2000). In a similar manner, norepinephrine is also 

selectively regulated by the medial and orbital areas of the PFC, where the medial aspect projects to 

the locus coeruleus within the brainstem, which is implicated with cortical norepinephrine (Hoover & 

Vertes, 2011; Patton & Thibodeau, 2019). However, despite facilitation from only the medial PFC, 

norepinephrine is thought to interact with both the medial and orbital prefrontal cortices (Logue & 

Gould, 2014; Robbins, 2000), and hence modulates each facet of executive function. Furthermore, the 

release of norepinephrine appears to be modulated by arousal, whereby different receptors are 

engaged at higher arousal levels (Li & Mei, 1994; Ramos et al., 2005). Consequently, altering the 

activation of particular receptors results in greater release of norepinephrine, and therefore, has the 

potential to more greatly manipulate executive functions. Cortical serotonin is known to be stimulated 

from the dorsal raphe (Enge, Fleishhauer, Lesch, Reif, & Strobel, 2011), and both the medial and 

orbital aspects of the PFC are thought to project to the structure, hence each have the ability to 

regulate serotonin activity (Logue & Gould, 2014; Robbins, 2000). However, the implications of this 

neurotransmitter for executive function appear to be more explicitly linked to functions about the 

orbital PFC - namely response inhibition (Cools, Roberts, & Robbins, 2008), and little modulation of 
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medial PFC functions are apparent even in the presence of low concentrations of serotonin (Clarke et 

al., 2005). Collectively, these neurotransmitters will operate synergistically with one another, to 

regulate select aspects of executive function, and enable prioritisation if required. Current thinking 

highlights that this regulation might also be influenced by the cholinergic system, whereby 

acetylcholine may act either directly or indirectly on each of the respective release sites of the 

aforementioned neurotransmitters (Logue & Gould, 2014; Robbins, 2000). Hence, acetylcholine 

might offer an additional mechanism that could be implemented to compensate for any prospective 

offsets that might arise - ensuring cognitive reserve for executive function.  

 

 

Figure 2. Projections between the prefrontal cortex and the brainstem and the neurotransmitters 

stimulated. The solid lines represent the afferent projections to the brainstem. Note both the medial 

and orbital regions of the prefrontal cortex project to each structure within the brainstem, except the 

locus coeruleus, which is only stimulated by the medial aspect. The dashed lines represent the efferent 

projections from the brainstem to the prefrontal cortex. DR is the dorsal raphe, LC is the locus 

coeruleus, PFC is pre-frontal cortex, and VTA is the ventral tegmental area. 
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2.3.3 Memory 

Memory is often implicated with the processing, retrieval, and storage of information (Shumway-

Cook & Woolacott, 2017). Historically, memory was subdivided into either short- and long-term 

storages, however the former also extends to include working memory (Baddeley, 1983). Principally, 

the differences between short- and long-term memory relate to storage capability and decay, where 

the short-term storage is typically only capable of spanning a few items that decay rapidly, whilst 

long-term stores are relatively uncapped and believed to be more permanent (Shumway-Cook & 

Woolacott, 2017; Spittle, 2013). Informing short-term memory are two control subsystems, the 

phonological loop and visuospatial sketch pad, which hold information pertaining to acoustic or 

speech-based items, and visual and spatial details respectively (Furley & Memmert, 2010). Working 

memory however, operates as an interactive workspace or buffer between memory stores and other 

aspects of cognition, namely attention (Furley & Memmert, 2010). Here, afferent information or 

inputs from short-term memory stores can be integrated or adapted to the current long-term memory 

store (motor program) (Baddeley, 2002; Furley & Memmert, 2010). For example, when serving in 

tennis, the server may view the positioning of their opponent on the court (visuospatial sketch pad), 

and then configure this via working memory into the overall movement pattern required to complete 

the serve (long-term storage). In a training environment where distraction may be minimal, the ability 

to more efficiently utilise attentional resources is likely afforded, and thus, optimise working memory 

function to encourage a successful movement outcome. Comparatively, if regulatory conditions were 

more challenging, attentional resource allocation for working memory function may become strained, 

requiring longer information processing times, and hence discourage an optimal movement outcome 

(Conway, Jarrold, Kane, Miyake, & Towse, 2007; Furley & Memmert, 2010).  

 

Several neural structures are affiliated with memory, with the predominant regions subserving this 

function being the PFC, temporal lobe, and the parietotemporal association cortex (Furley & 

Memmert, 2010; Lundy-Ekman, 2013; Shumway-Cook & Woolacott, 2017). Though historically 

understood to not have anatomical fixation points (Miyake & Shah, 1999), fMRI studies have mapped 
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the spatial locations of the phonological loop (left parietotemporal region) and the visuospatial (right 

hemisphere) (Smith, Jonides, & Koeppe, 1996; Valler, DiBetta, & Silveri, 1997). The working 

memory space however is less localised, with neuro circuitry extending into storage sites for memory 

(cerebral cortex, association areas, hippocampus), and operational sites (dorsolateral and ventral PFC) 

(Furley & Memmert, 2010). As alluded to above, working memory efficiency is also reliant on 

attentional resource availability (Furley & Memmert, 2010), and seemingly, the two share a common 

top-down neuroanatomical basis (Gazzaley & Nobre, 2012) Thus, those areas listed previously within 

the frontoparietal network that relate to attention (the intraparietal sulcus, superior parietal lobule, and 

both the superior and inferior precentral cortex) also appear to be implicated here to regulate 

processing capability (Mayer et al., 2007; Scolari et al., 2015). 

 

2.3.4 Sequence learning 

Learning is closely affiliated with memory (Krakauer & Shadmehr, 2006), and many of the residing 

principles and processes are similar, hence, these are grouped within the same cognitive domain 

within the DSM-5 classification model (Sachdev et al., 2014). Commonly, human motor behaviour is 

imbedded with sequences. Whether typing words using a key board, numbers into a phone, or 

shooting a basketball free throw, a learner is required to execute a specific series of ordered 

movements to facilitate successful movement outcomes. Typically, sequence learning is categorised 

as a form of procedural knowledge and requires aspects of attention, memory, and executive function 

to refine an internalised movement plan that is rich with associated information (Daltrozzo & 

Conway, 2014). Previous models developed to explain how cognitive control moderates the 

acquisition of sequential actions are expressed as being either stimulus-, or response-based planning, 

and are strategically implemented according to the nature of the input and stage of the learner 

(Immink, Colzato, Stolte, & Hommel, 2017; Tubau, Lopez-Moliner, & Hommel, 2007).  

 

Stimulus-based planning draws many parallels to that of bottom-up control processes (as discussed in 

section 2.3.1, pages 41-44), whereby select cognitive information from a detected signal will be 
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processed by higher cognitive areas, and a tailored pre-prepared response can be formed (Chan, 

Immink, & Lushington, 2017). Central to this model is that cognitive control remains high among 

these regions - awaiting the presentation of the relevant signal cue to enact the associated response 

(Amer, Campbell, & Hasher, 2016). Thus, stimulus-based responding requires attentional resources 

be oriented towards sustained attention to distinguish relevant target information from irrelevant 

elements (Immink et al., 2017). Consequently, this may render one inflexible to perceiving emerging 

relationships between signal cues, and hence, improved motor performance may not necessarily be 

due to sequence specific learning, but rather due to general improvements in cognitive processing, 

which delegate cognitive control to lower structures within the cognitive hierarchy (Immink et al., 

2017). In contrast to this form of reflexive learning, response-based planning emphasises the 

emergence of an action plan, which develops with practice due to the goals of learning (Chan et al., 

2017; Tubau et al., 2007). Within this model, cognitive control is more relaxed, facilitating selective 

rather than sustained attentional processing of the signal and its elements (Keele, Ivry, Mayr, & 

Hazeltine, 2003; Tubau et al., 2007). In turn, this promotes cognitive flexibility about the information, 

better enabling the formation of element linkages (via utilisation of top-down control processes; see 

section 2.3.1, pages 41-44), and strengthens the overall action plan (Chan et al., 2017; Immink et al., 

2017; Tubau et al., 2007). As the action plan develops, reduced response latency arises, however, 

these are specific to the individual sequence structure, and are therefore poorly transferable to other 

contexts (Immink et al., 2017).  

 

Although sequence learning may be interpreted through the theoretical models described above, 

emphasis has also been placed on the selective implementation of these models by learners during 

practice (Abrahamse, Jiménez, Verwey, & Clegg, 2010; Abrahamse & Noordjij, 2011). Initially, a 

learner may respond to stimuli in a reactive manner, consistent with implementation of stimulus-based 

control (Abrahamse et al., 2010; Abrahamse & Noordjij, 2011). However as practice continues, 

learners will enter an associative mode whereby sequence automatisation is facilitated, and 

associations with the action plan develop (Abrahamse, Ruitenberg, de Kleine, & Verwey, 2013). 

Continued practice then results in further automatisation, with sequences becoming chunked together 
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within working memory stores (Tubau et al., 2007). Abstracted information that is pre-loaded into 

working memory can then be rapidly implemented in a pre-emptive manner (Jiménez, 2008). An 

additional consideration pertaining to motor sequence learning is that of awareness, where one may 

remain ignorant towards a series or pattern (implicit learning), or become attuned to its existence 

throughout practice (explicit learning) (Abrahamse et al., 2013). Explicit knowledge of the existence 

of a sequence is likely to encourage sequence specific learning (Abrahamse et al., 2013), however, it 

is likely such awareness will shift from implicit as practice continues, perhaps complementing the 

natural transition between stimulus- and response-based planning, subsequently accelerating sequence 

automatisation (Abrahamse & Noordjij, 2011; Robertson, 2007). 

 

There is substantial insight into the neural underpinnings of motor sequence learning (Robertson, 

2007). Given the relationship between learning and memory, it is not surprising that the frontal and 

temporal lobes are implicated in housing much of the underlying neuro circuitry involved in 

mediating sequence learning (Robertson, 2007). Specifically, the dorsolateral PFC given its 

operational and integrative functionality, is thought to be integral here (Robertson, Tormos, Maeda, & 

Pascual-Leone, 2001). Indeed, this structure is thought to be affiliated with either attentional 

requirements of skill acquisition, until automatisation can arise (Passingham, 1998), or have an 

executive role in sequence organisation (Schwartz, Reed, Montgomery, Palmer, & Mayer, 1991). 

Whilst working memory circuitry about this structure also emphasise its likely importance (Wolford, 

Miller, & Gazzniga, 2000). Although the PFC is essential to sequence learning, the complexity of 

sequences may outweigh the storage capability of working memory (Smith & Jonides, 1999), thus, 

requiring contributions from supplemental cortical and subcortical structures (Robertson, 2007). For 

example, the hippocampus is an important memory structure that is thought to assist in temporal 

sequencing, while the striatum may be affiliated with organisational aspects of sequencing (Bailey & 

Mair, 2006; Schendan, Searl, Melrose, & Stern, 2003). Moreover, the motor enactment of a learned 

sequence adds a further complexity, whereby, the anterior portion of the supplementary motor cortex - 

the presupplementary motor area, is believed to be responsible for activating the associated sequence 

motor program or action plan (Shumway-Cook & Woolacott, 2017). However, as overlearning 
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occurs, control shifts downstream to a structure lower in the cognitive hierarchy - the primary motor 

cortex (Krakauer & Getz, 2000). Thus, optimised sequence storage within working memory, 

alongside altered motor control are essential to synergistically facilitating motor sequence learning. 

 

2.3.5 Section summary: Cognitive performance 

Cognitive performance is a holistic term used to describe global cognition, however is underpinned by 

several domains that consist of structurally distinct neuroanatomical networks. Although an array of 

models exist quantifying various domains, this thesis adopts the framework of the DSM-5, and 

identifies complex attention, executive function, and learning and memory as key functions of 

importance to exercise and sporting contexts.  

 

2.4 Mental fatigue 

Fatigue is generally regarded as a complex phenomenon, with many possible definitions depending on 

the applied context. In an exercise setting, fatigue is often associated with a reduction in maximal 

skeletal muscle force generating capacity, due to changes in central and/ or peripheral factors 

governing motor control (Gandevia, 2001). In addition to such physiological associations, 

psychological aspects mediating motivation may also be ingrained with this phenomenon (Marcora, 

2008). The psychobiological model emphasises that one’s belief that maximal effort is being 

produced, and/ or their willingness to exert effort to meet task demands, may also contribute to 

disengagement (Marcora, 2008; Wright, 1996). Thus, fatigue may be viewed holistically to define a 

suboptimal psychophysiological condition (Phillips, 2015). Whilst such a definition can be readily 

applied to exercise settings, extrapolation to other contexts, such as those arising from cognitive or 

mental exertion, is also afforded. Indeed, during sustained cognitive work, task disengagement will 

likely arise, evoking compensatory behavioural, neurophysiological, or perceptual changes, which are 

likely indicative of mental or cognitive fatigue (Van der Linden, 2011).  

Cognitive or mental fatigue is often associated with excessive demand on neural and cognitive 

systems, resulting in elevated perceptions of lethargy, and an aversion to continuing a given cognitive 
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task (Boksem & Tops, 2008; Pageaux & Lepers, 2018; Qi et al., 2019). Evidently, this state is thought 

to comprise both subjective and objective manifestations, with perceptions of fatigue or lethargy 

reflecting the former, while behavioural and physiological aspects may encompass objective 

quantifications (Kluger et al., 2013; Pageaux & Lepers, 2018). Behavioural manifestations may be 

indicative of compromises in task response speed, accuracy, or the trade-off between these (Borragan, 

Slama, Bartolomei, & Peigneux, 2017), whilst altered heart rate variability and increased salivary 

cortisol have previously been used to ascertain physiological responses to mental fatigue (Van 

Cutsem, De Pauw, et al., 2017; Van Cutsem, De Pauw, Marcora, Meeusen, & Roelands, 2018). A 

subset of physiological responses commonly used within the literature to appraise mental fatigue are 

neurophysiological compensations to the phenomena, namely those reflecting neural activity (Wang, 

Trongnetrpunya, Samuel, Ding, & Kluger, 2016). Presently, several technologies are capable of 

monitoring compensatory brain activity, including EEG, positron emission tomography, fMRI, and 

functional near-infrared spectroscopy (fNIRS) (Qi et al., 2019), the latter of which provide superior 

spatial insights into the neuroanatomical governors of this stressor. 

 

2.4.1 The neural basis of mental fatigue 

Despite the systemic physiological representations of mental fatigue, this phenomena is largely the 

product of altered neural and cognitive functionality (Qi et al., 2019; Van Cutsem, Marcora, et al., 

2017). Previously, the neural basis of mental fatigue has been reviewed summating several pivotal 

neuroimaging studies that have investigated this phenomena (Ishii et al., 2014; Qi et al., 2019). 

Seemingly, neuroanatomical structures such as the thalamus, frontal and cingulate cortices, the IC and 

regions of the limbic system are reported to be central to the reorganisation of neural networks 

thought to govern mental fatigue (Ishii et al., 2014; Qi et al., 2019). Whilst Qi et al. (2019) emphasise 

further insight is required into the underlying brain network connectomes governing mental fatigue, 

Ishii et al. (2014) have previously proposed the operation of a dual regulation system that manages 

sustained cognitive task performance. Here the authors describe this phenomena as being not only 

triggered by task specific neural regions, but also through the interaction of global mental facilitation 
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and inhibition systems. The former is thought to comprise the interaction among those structures 

residing within the thalamic-frontal loop (frontal cortex, amygdala, hippocampus, thalamus, and the 

basal ganglia), whilst the inhibitory system is thought to be regulated by the PCC and IC (Ishii et al., 

2014). Within this framework, cognitive workload is thought to stimulate activation of mental 

facilitation circuitry to supplement cognitive performance, however, cognitive work also enacts the 

inhibitory system to limit and protect from mental exhaustion (Figure 3, page 54). Both systems 

therefore exist and operate in tandem and regulate whether cognitive task performance is improved, 

hindered or maintained (Ishii et al., 2014).   

 

 

Figure 3. The dual-regulation system framework for mental fatigue. Image adapted from Ishii, et al., 

(2014). 

 
As mental workload persists, Ishii et al. (2014) describe that mental fatigue may arise in one of three 

ways; i) insufficient activation among facilitation system circuitry is produced, perhaps due to 

limitations in neural resources or incurred oxidative damage; ii) hyperactivity of inhibition system 

structures may arise, possibly owing to classical conditioning or central sensitization; or iii) the 

balance between these systems becomes strained, probably due to the collective interaction among the 

aforementioned explanations. The authors also postulate that supplemental factors such as sleep 

deprivation or uncomfortable ambient temperatures might also interact with mental facilitation and 
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inhibition circuitries, and hence may also be implicated in the regulation of mental fatigue (Ishii et al., 

2014). Presently, few insights are available within the literature circumstancing this, however, Liu et 

al. (2013) have previously explored the effects of passive hyperthermia on attention specific 

connectomes (alerting, orienting, and executive networks). Interestingly, the authors reported that 

despite incurred hyperthermia, greater activation among these networks were elicited, presumably to 

preserve behavioural task performance (Liu et al., 2013). Although the adopted attentional task lasted 

only 20 min, others have found shorter durations can be sufficient to induce mental fatigue (Borragan, 

Slama, Destrebecqz, & Peigneux, 2016; O'Keeffe, Hodder, & Lloyd, 2019). Given the involvement of 

the frontal cortex and thalamus among some of the connectomes examined by Liu et al. (2013), one 

may intuitively apply the dual regulation framework of Ishii et al. (2014), and suggest that mental 

fatigue may have been deterred due to sufficient activity among faciliatory system circuitry 

(specifically the frontal cortex and thalamus). With this in mind, it is plausible that alternative 

stressors that share common neural representations to those within the dual regulation system, could 

exacerbate mental fatigue. As highlighted previously, thirst is known to manifest neurally within the 

ACC and IC (Gizowski & Bourque, 2018). Given the latter structures proposed role within the 

inhibitory aspect of the dual regulation system, an association between these may exist (Ishii et al., 

2014). However, such a relationship is yet to be sufficiently explored within the literature.   

 

2.4.2 Section summary: Mental fatigue 

Mental fatigue is an altered psychophysiological state that may arise from performing taxing or 

sustained cognitive work. This phenomenon is characterised subjectively through elevations in 

lethargy, while objectively, behavioural (often cognitive task performance) or neurophysiological 

responses may arise. Within the brain, mental fatigue may be managed through a dual interacting 

regulatory system, which consists of a facilitation and inhibition system that encompasses several 

pertinent neural structures such as those within the thalamic-frontal loop, the PCC, and the IC.   
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2.5 Cognitive function, thirst, and hypohydration 

Ensuring optimal cognitive function is desirable in most exercise contexts since tactical decision 

making can offer a competitive advantage over opponents. As such, less than optimal cognitive 

function can be detrimental to performance. Given hydration status may fluctuate throughout sport 

and exercise, depending on fluid availability or one’s consumption strategy (McCartney, Desbrow, & 

Irwin, 2017; Noakes, 2007), dehydration may arise. Thus, determination of whether this physiological 

stressor is implicated with modulating cognition may be significant for many athletes. Several studies 

have previously explored the effects of hypohydration on various cognitive domains such as executive 

function, memory, and aspects of attention (Cian, Barraud, Melin, & Raphel, 2001; Cian et al., 2000; 

Gopinathan, Pichan, & Sharma, 1988). Collectively, these studies feature prominently in several 

narrative reviews on the topic (Adan, 2012; Casals Vázquez, Vázquez Sánchez, Casals Sánchez, & 

Suárez-Cadenas, 2015; Lieberman, 2007, 2010), and ultimately contend that there is a negative 

relationship between this physiological state and such cognitive domains. Although, a more critical 

analysis reveals a number of recent studies that report no change in cognitive function (Irwin et al., 

2017; MacLeod et al., 2018; van den Heuvel et al., 2017), even when losses in BM approximate to 4% 

(Ely et al., 2013). Generally, information pertaining to this topic is communicated to athletes and 

coaches through institutional position stands on exercise and fluid replacement (Institute of Medicine, 

2005; Sawka et al., 2007; Thomas et al., 2016), with recommendations describing the existence of a 

critical water deficit, whereby losses in BM exceeding 2% might degrade cognitive performance 

(Sawka et al., 2007; Thomas et al., 2016). Recently, Wittbrodt and Millard-Stafford (2018) have 

substantiated this theoretical critical water deficit meta-analytically. Indeed, the authors, highlight that 

cognitive domains such as attention, executive function, and motor coordination are impaired, while 

information processing capability, memory, and reaction time tasks remain unaffected by dehydration 

(Wittbrodt & Millard-Stafford, 2018). Although seemingly comprehensive, a number of 

considerations (reviewed in detail below in section 2.5.1, pages 57-60) described by several narrative 

reviews on this topic (Adan, 2012; Lieberman, 2010) appear to have been paid little serious attention 

by these authors. Indeed, Wittbrodt and Millard-Stafford (2018) opt to collate the 33 studies identified 
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through the systematic literature search, despite considerable inter-study variability in the method 

used to dehydrate individuals (passive, active, or mixed), the research designs used, and the presence 

and duration of rest periods following the cessation of dehydration. Importantly, the authors use what 

would appear to be inappropriately collated data to then make inferences about sports-specific 

recommendations concerning hypohydration and cognition (i.e. the existence of the 2% critical water 

deficit). Consequently, the conclusions derived by Wittbrodt and Millard-Stafford (2018) may be 

more questionable than initially perceived due to these overlooked considerations. 

 

2.5.1 Methodological perspectives on the relationship between cognitive function, thirst, and 

hypohydration 

Methodological considerations such as differences in how hypohydration is elicited, the existence of 

confounding variables, poor contrasts to suitable control conditions, and inadequate test sensitivity 

among assessments all feature as important elements within this topic. However, supplemental factors 

such as the role of thirst or performance motivation may also feature as prospective areas relevant 

within this discussion (Cotter, Thornton, Lee, & Laursen, 2014). Foremost, dehydration can be 

induced passively via fluid restriction or deprivation, and through active means. The former will 

likely result in depletion of the intracellular compartment, as losses will largely be attributed to 

homeostatic functions such as respiration, hence, compensatory osmosis is required from the 

intracellular to the extracellular compartment to maintain tonicity (Cheuvront & Kenefick, 2014; 

Sawka & Coyle, 1999). Alternatively, active dehydration requires exercise, and/or thermal exposure, 

and may incorporate passive practices to facilitate rapid fluid loss. Consequently, both water and 

solutes will be excreted as sweat, yet remain hypo-tonic with respect to plasma, thus, fluid loss will 

likely be shared among both intracellular and extracellular compartments (Cheuvront & Kenefick, 

2014). Generally, narrative reviews have suggested that passive dehydration be adopted to investigate 

this relationship, as this may alleviate confounding factors such as TC and fatigue produced from 

active dehydration protocols such as exercise (Adan, 2012; Lieberman, 2010). Though this may enact 

strong experimental control from a physiological perspective, prolonging the suppression of drinking 
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has the potential to modulate thirst and perceptual condition (Adan, 2012). Furthermore, it is 

questionable as to whether this may be replicative of exercise contexts, where resultant cognitive 

performance is likely to be the net interaction of the aforementioned factors and hydration status 

(Irwin et al., 2017; Tomporowski, Beasman, Ganio, & Cureton, 2007). 

 

The effect of exercise on cognitive function has previously been subjected to meta-analysis (Chang, 

Labban, Gapin, & Etnier, 2012; Lambourne & Tomporowski, 2010), and irrespective of the mode or 

intensity, a positive effect is generally produced during and up to 15 min after the cessation of 

exercise (Chang et al., 2012). Furthermore, a recent narrative review exploring the effect of 

hyperthermia on cognition highlights an inverted-U response (Schmit et al., 2017), whereby 

improvement in cognitive ability occurs when TC rises from resting to ~38.5 °C, while impairment 

may arise should ~39.0 °C be exceeded. The product of prolonged exercise will likely induce 

elevations in TC, however, exercise-induced fatigue may also manifest and modulate cognitive 

performance (Grandjean & Grandjean, 2007). Previously, the effects of exercise-induced fatigue on a 

simple and complex perceptual-discrimination task have been investigated (Moore et al., 2012). Due 

to ceiling effects in the simple task, the authors were unable to ascertain whether fatigue compromised 

this assessment. However, performance in the complex variant was significantly impaired. 

Collectively, quantifying the net effect of these confounding variables may be important, as cognitive 

challenges will likely be encountered by athletes when these effects are cumulative. Hence, some 

studies examining cognitive function and hypohydration opt to conduct cognitive testing during 

(Grego et al., 2005; Serwah & Marino, 2006), or shortly following the cessation of exercise (Falcone 

et al., 2017; Wittbrodt et al., 2015). Unfortunately, this model has a limited capacity to distinguish the 

contributions of particular stressors, such as hypohydration. However, by implementing a rest period 

following active dehydration where fluid restriction is maintained, the confounding effects of 

additional stressors may be minimised, while participants remain hypohydrated. This strategy is 

inherently unique to this physiological stressor, however, as recovery will likely mask the 

contributions to cognition from fatigue, TC or completed exercise, due to recovery.  
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Study design may feature as an important consideration as to why ambiguity is currently expressed 

within the literature. For instance, post-intervention data have been compared to pre-intervention 

baselines (Falcone et al., 2017; Morley et al., 2012; Tomporowski et al., 2007), among conditions that 

did not complete identical exercise and/or thermal exposure (Cian et al., 2000), or between 

independent groups that may have been underpowered to detect between group differences (Cullen et 

al., 2015). Although study design may be driven by a studies respective aims and research questions, 

Adan (2012) have previously expressed that cross-over designs may prove beneficial when 

investigating the effects of hypohydration on cognitive performance (Adan, 2012). Principally, such 

an approach may afford participants the opportunity to complete identical exercise conditions 

(duration or type), within comparable environmental contexts (temperature or humidity), whilst fluid 

can be provided or withheld to induce hypohydration or preserve euhydration. Comparatively, 

longitudinal comparisons (pre- to post-intervention) may not provide an equitable contrast, where 

post-intervention data (hypohydration) may be evaluated against a baseline sample, that has not yet 

completed exercise, thermal exposure etc. (euhydration/ control). Thus, conclusions stemming from 

such approaches may not provide adequate insight into whether maintaining euhydration should be 

prioritised over hypohydration, while cross-over designs may better provide such insights.  

 

Standardisation is also evidently lacking among the literature. Although numerous tests are available 

to assess a given cognitive domain, the sensitivity of each assessment to an intervention may not be 

equivalent (Lieberman, 2010). Previously, it has been suggested that researchers include assessments 

that have previously demonstrated sensitivity to hypohydration (Lieberman, 2010). Despite this, 

investigators rarely administer similar testing batteries and often do not provide a rationale for the 

selection of cognitive assessments included when investigating the effects of hypohydration and 

cognitive function (McCartney et al., 2017). Rather, ‘shotgun’ style approaches to investigation may 

be employed, where selected tests will align to an array of cognitive domains, and not necessarily be 

informed by rationale, nor selected due to previous demonstrations of sensitivity (McCartney et al., 

2017; Schmitt et al., 2005). Although this approach has been endorsed by a previous review (Hillyer, 

Menton, & Singh, 2015), Falcone et al. (2017) argue that such approaches may produce data that do 
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not necessarily translate well to athletic populations. Consequently, such findings may produce 

irrelevant data or increase the likelihood of type II error, and may consequently hinder the formulation 

of meaningful practical conclusions. Lastly, it has also been suggested that because many commercial 

testing batteries are designed for clinical cohorts, healthy populations may produce more normative 

data, and prospectively mask true effects (Adan, 2012; Lieberman, 2010). Discrepancies within the 

literature may also be attributed to the varied models used by commercial testing batteries to align 

cognitive assessments. For instance, choice reaction time may be classified as an assessment of 

information processing efficiency (D'Anci et al., 2009), or simply denote reaction time (Ely et al., 

2013; Wittbrodt & Millard-Stafford, 2018). In the absence of an established framework to align 

assessments to, review articles commonly group findings by the domains described by authors. With 

this in mind, researchers could instead quantify data from cognitive assessments into representative 

cognitive domains and adapt these to a standardised published model such as the one adopted by this 

thesis (DSM-5 approach; Sachdev et al., 2014).  

 

Other factors not reviewed by previous narrative reviews (Adan, 2012; Lieberman, 2007) should also 

feature as methodological considerations within the context of hypohydration and cognition. Indeed, 

Cotter et al. (2014) have previously highlighted the often overlooked role thirst might hold in 

moderating mental task performance, and importantly the disparities in reporting of this outcome 

among studies. Previously, Edmonds et al. (2013) have shown that thirst will moderate cognitive 

performance independent of hypohydration and expectancies of water consumption. But thirst may 

also moderate cognitive perceptions of effort (Shirreffs, Merson, Fraser, & Archer, 2004), and 

therefore alter ones motivation to engage in cognitive activities or mental tasks (Cotter et al., 2014). 

Further detail into the role thirst may hold in moderating cognition and psychological effort is 

provided below in section 2.5.2 (pages 61-75). 

 



61 
 

2.5.2 Proposed mechanisms of how hypohydration impairs cognitive function 

Several psychophysiological mechanisms have been proposed to account for why cognitive 

performance might decline when hypohydrated. Indeed, reduced brain volume, altered 

neurotransmitter functionality, finite attentional resource capacity, and/or accompanying perceptual 

strain owing to thirst or fatigue have each been suggested to modulate cognition (Cohen, 1983; 

Lieberman, 2007; Watson, Black, Clark, & Maughan, 2006; Wittbrodt & Millard-Stafford, 2018). 

 

Historically, reduced brain volume has been postulated to arise when hypohydrated (Cohen, 1983). 

However, this is not substantiated within the literature (Kempton et al., 2009; Watson et al., 2010; 

Wittbrodt et al., 2018), with the greatest decline observed approximating to only 0.7% (Tan et al., 

2019). Recently, Wittbrodt et al. (2018) have confirmed the findings of others (Kempton et al., 2011; 

Kempton et al., 2009; Streitbuerger et al., 2012), reporting expansion of the neural ventricular system. 

Principally, as dehydration persists, tonicity alterations within cerebrospinal fluid that perfuse the 

ventricles arise, requiring osmotic shifts from adjacent astrocytes and neuronal tissue, which comprise 

the intracellular space (Gullans & Verbalis, 1993; Kempton et al., 2011). As neuronal shrinkage 

occurs, ventricular expansion is required to accommodate the enlarging subarachnoid space (Gullans 

& Verbalis, 1993; Kempton et al., 2011). Whilst one may be tempted to conclude that alteration in 

structural brain morphology may subsequently compromise typical functioning, Wittbrodt et al. 

(2018) suggest this is unlikely, reporting that those with the greatest ventricular alterations 

demonstrated stability in cognitive performance. Instead the authors emphasise that mechanisms 

unrelated to hypohydration related brain structural alterations are more likely associated with 

impaired cognitive functioning (Wittbrodt et al., 2018). In addition to structural neuroimaging, 

Wittbrodt et al. (2018) also quantified neural activity during an assessment of complex attention. 

Consistent with others (Kempton et al., 2011; Liu et al., 2013), BOLD signalling was greater during 

hypohydration, suggesting greater underlying neural activity (Strangman, Boas, & Sutton, 2002). 

Previous interpretations of this phenomena contend that this may be limited to acute situations or  

indicate poorer neural efficiency, as increased activity is likely the product of elevated cerebral 
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metabolism of finite substrate (Kempton et al., 2011; Wittbrodt & Millard-Stafford, 2018). 

Alternatively, one might consider this to be a compensatory neural response to ensure the preservation 

of cognitive performance. However, this and the temporal persistence of such a phenomenon are not 

well understood.    

 

Altered neurotransmitter system functionality is also thought to arise during hypohydration. 

Previously, BBB permeability has been shown to be modulated by fluid loss (Watson et al., 2006). 

Indeed, the authors contrasted fluid restriction to complete replacement of sweat losses throughout a 

cycling trial comprising six bouts of 15 min at ~55% peak oxygen consumption (VO2PEAK) (Watson et 

al., 2006) in a hyperthermic environment (35.0 ºC, 56% RH). This protocol was adequate to produce a 

2.8% loss in BM, and at the cessation of cycling (~80 min), S100β concentration were reportedly 

elevated compared to the fluid consuming group (Watson et al., 2006), suggestive of a greater 

disruption to BBB integrity (Marchi et al., 2004). The same research group have also examined the 

effects of hyperthermia and exercise on this protein (Watson, Shirreffs, & Maughan, 2005). In a 

crossover study, participants completed water immersion at either a hot (39.0 ºC) or moderate (35.0 

ºC) temperature, and then cycled respectively in either hyperthermic (35.0 ºC, 60% RH) or 

normothermic (18.3 ºC, 60% RH) conditions at 60% VO2PEAK for 60 min (Watson et al., 2005). 

Consistent with the previous study, the authors reported significantly larger elevations to S100β 

concentration in the hyperthermic condition. Interestingly, the absolute values of this protein are 

comparable between the no fluid trial in Watson et al. (2006), and the hyperthermic group in Watson 

et al. (2005), as attained through digitisation and shown in Table 1 (page 64) Furthermore, blood 

sampling used to derive these findings were obtained when exercise had ceased, where TC exceeded 

39.2 ºC in each group, thus indicating hyperthermia to be evident (Table 1, page 64). Collectively, it is 

unclear whether altered BBB integrity is attributed to hypohydration per se, or if this response may 

instead have been evoked by hyperthermia. Evidence favouring the latter may be evident in the data 

of Watson et al. (2006), where the authors also report the concentration of serum S100β following a 

20 min rest period in normothermic conditions (environmental data not reported) after the cessation of 

exercise. Interestingly, the concentration of this protein declined as TC reduced and was similar 
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independent of hydration status, despite the presence of hypohydration remaining in one of the 

conditions. Seemingly, these conclusions appear to be the product of the complex nature of this topic, 

and provide evidence of the importance of implementing strong methodological controls to more 

independently review stresses such as hypohydration.  
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Table 1. Extrapolated serum S100β and core temperature data from Watson et al. (2005) and Watson et al. (2006). Data were obtained via digitisation and are 

reported as means ± standard deviations. 

 

Note: cycling exercise was ceased following 60 and ~80 min for Watson et al. (2005) and Watson et al. (2006) respectively. NR is data that was not reported 

by the authors, and TC is core temperature. 

 

 

 Watson et al. (2005) Watson et al. (2006) 

 Temperate Hyperthermic 100% fluid replacement No fluid 

 End of exercise Following Rest 
period 

End of exercise Following Rest 
period 

End of exercise Following Rest 
period 

End of exercise Following Rest 
period 

S100β 
concentration 
(µg/L) 

0.12 ±  0.13 NR 0.19 ±   0.12 NR 0.13 ±  0.03 0.10 ±   0.02 0.20 ±  0.06 0.12 ±   0.05 

TC (ºC) 38.9 ± 0.3 38.0.22 39.5 ± 0.2 39.1 ± 0.3 38.9 ± 0.3 38.1 ± 0.4 39.2 ± 0.2 38.7 ± 0.4 
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Increased perceptual strain is also common alongside hypohydration (Armstrong et al., 2012; Cian et 

al., 2001; Szinnai et al., 2005), and several publications have previously labelled altered mood to be 

an important factor that may modulate cognitive performance (Cheuvront & Kenefick, 2014; Ganio et 

al., 2011; Lieberman et al., 2005). Seemingly, the unpleasant symptomology produced by dehydration 

has led researchers to label these as distractors (Cheuvront & Kenefick, 2014). Similar to the ideal of 

underload theories posed previously, thirst, dry mouth, and headaches may disturb the individual 

resulting in suboptimal cognitive performance. Alternatively, the presence of such symptoms or 

altered mood may also be of consequence to resource capacity. Principally, information processing is 

finite due to a limited availability of neural resources (Wickens et al., 1980). As outlined previously, 

symptoms of hypohydration including thirst have neural manifestations, and therefore require 

processing to enact subsequent behavioural responses such as water seeking (Revol et al., 2019). 

Similarly, altered mood state may evoke greater effort to ensure performance stability (Sinclair & 

Mark, 1995). Collectively, the addition of such atypical inputs may create competition for habitual 

resource allocation, thus requiring compensatory lengthening of processing duration to maintain 

cognitive performance. Arguably, such a line of thinking is commonly used to explain differences in 

the speed/accuracy trade off that might arise for a given task (Falcone et al., 2017; Grego et al., 2005; 

Tomporowski et al., 2007). 

 

Despite the proposed mechanisms thought to be implicated with why cognitive performance might 

decline during hypohydration, consistency is not found within the literature. Indeed, as summarised in 

Table 2 (pages 66-74), an abundance of studies examining this relationship report comparable and 

even improved cognitive performance during hypohydration. In fact, among those studies reported in 

the table below, only a meagre 48 outcomes (19%) were found to support the notion that 

hypohydration impairs cognitive function. Yet narrative reviews (Choma, Sforzo, & Keller, 1998; 

Cian et al., 2001; Cian et al., 2000; Ganio et al., 2011) continue to perpetuate the stance that 

hypohydration is detrimental to cognitive function regardless of the existence of a critical water 

deficit.  
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Table 2. Summary of all relevant studies examining hypohydration and cognitive function.  

Citation BM loss (%) Method of 
dehydration 

Study design Cognitive domains 
examined (DSM-5 

approach) 

Cognitive tasks administered (outcome 
measures) 

Findings 

Adam et al. (2008) 3.0 ± 0.8  Active 
(passive heat 
stress) 

Crossover Complex attention Simulated sentry duty (target detection, 
accuracy, total latency, discrimination, and 
number of targets hit) 
Scanning visual vigilance task (hits, false 
alarms, and response time) 
 

No effects evident 

Armstrong et al. 
(2012) 

1.4 ± 0.2 Mixed 
(exercise 
and diuretic 
use) 

Crossover Complex attention; 
Executive function; 
Learning and memory  

Scanning visual vigilance test (correct 
responses, response time, and false alarms) 
Psychomotor vigilance test (correct hits, 
premature errors, and response time) 
Choice reaction time (response time, incorrect 
responses, and time-out errors) 
Grammatical reasoning (correct responses, 
time-out errors, and response time) 
Repeated acquisition test (incorrect responses 
and time to complete) 
Matching to sample (response time, correct, 
incorrect, and no responses) 
 

Increased number of false 
alarms during the scanning 
visual vigilance task (SMD 
= -0.367; 95% CI = -0.926 
to 0.192) 

Barley, Chapman, 
Blazevich, and 
Abbiss (2018) 

3.2 ± 1.1 Active 
(passive heat 
stress) 

Crossover 
(immediately 
post) 

Complex attention; 
Executive function; 
Learning and memory 

Detection test (response time and accuracy) 
Identification test (response time and accuracy) 
One card learning test (response time and 
accuracy) 
One back test (response time and accuracy) 
Groton maze learning test (errors) 
 

Improved response speed 
(SMD = 0.234; 95% CI = -
0.509 to 0.977) and reduced 
accuracy (SMD = -0.822; 
95% CI = -1.594 to -0.051) 
in the one card learning task 
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Barroso et al. 
(2014) 

1.8 ± 0.3 Active 
(exercise)  

Pre-Post None Simple reaction time (response time) Improved reaction time 
(SMD = 2.687; 95% CI = 
1.584 to 3.791) 

Caldwell et al. 
(2018) 

1.1 ± 0.5  Passive 
(fluid 
restriction) 

Crossover Complex attention; 
Learning and memory; 
Perceptual-motor 
function 
 

ImPACT concussion test (various) No effects evident 

Choma, Sforzo, 
and Keller (1998) 

6.2 ± NS  Passive 
(fluid 
restriction) 

Pre-Post Learning and memory Numerical digit span (number) 
Letter cancellation (number) 
Trail making test  (response time) 
Digit symbol task (number) 
Verbal recall (number) 
 

Impaired verbal recall (SMD 
= -1.090; 95% CI = -1.870 
to -0.309) 

Cian et al. (2000) 2.7 ± 0.2, and 
2.9 ± 0.2 

Mixed (EHS 
and fluid 
restriction) 

Crossover Complex attention; 
Executive function; 
Learning and memory; 
Perceptual-motor 
function 

Picture recall (correct responses) 
Choice reaction time (response time) 
Perceptive discrimination task (percentage 
correct and response time) 
Numerical digit span (correct responses) 
Unstable tracking task (mean deviation error) 
 

Fewer picture recall items 
(SMD = -0.764; 95% CI = -
1.531 to 0.004); Impaired 
perceptive discrimination 
reaction time (SMD = -
1.015; 95% CI = -2.056 to 
0.027); Greater deviation in 
tracking task (SMD = -
2.263; 95% CI = -4.038 to -
0.488) 
 

Cian et al. (2001) 2.8 ± 0.4 Mixed (EHS 
and fluid 
restriction) 

Crossover Complex attention; 
Executive function; 
Learning and memory; 
Perceptual-motor 
function 

Picture recall (correct responses) 
Choice reaction time (response time) 
Perceptive discrimination task (percentage 
correct and response time) 
Numerical digit span (correct responses) 
Unstable tracking task (mean deviation error) 
 

Reduced digit span (SMD = 
-1.020; 95% CI = -2.134 to 
0.094); Longer perceptive 
discrimination response time 
(SMD = -0.129; 95% CI = -
1.778 to 0.920) 
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D'Anci et al. 
(2009) 

1.8 ± 0.4 Active 
(EHS) 

Crossover Complex attention; 
Executive function; 
Learning and memory; 
Perceptual-motor 
function 

Choice reaction time (response time) 
Numerical digit span (number) 
Continuous performance task (response time 
and errors) 
Map planning (completion time) 
Mental rotation (number of rotations) 
Serial addition test (correct responses and 
response time) 
 

Longer duration to complete 
the continuous performance 
task (SMD = -1.295; 95% CI 
= -2.056 to -0.532) 

Dinu et al. (2018) 2.1 ± 0.5 Active 
(EHS) 
 

Crossover Perceptual-motor 
function 

Simulated basketball shooting (success rate 
and number) 

No effects evident 

Dolan, Cullen, 
McGoldrick, and 
Warrington (2013) 

3.6 ± 0.9  Mixed 
(exercise 
and fluid 
restriction) 
 

Pre-Post Complex attention; 
Executive function 

Choice reaction time (response time) 
Stroop test (response time) 
Rapid visual information processing task 
(response time, hits, misses, and false alarms) 

No effects evident 

Edwards et al. 
(2007) 

2.4 ± 0.8 Active 
(exercise) 
 

Complex Complex attention Mental concentration test (words/min) No effects evident 

Ely et al. (2013) 4.2 ± 0.2 Active 
(EHS) 

Crossover Complex attention; 
Executive function; 
Learning and memory 

Psychomotor visual vigilance test (response 
time) 
Choice reaction time (correct responses) 
Matching to sample (correct responses) 
Grammatical reasoning (correct responses) 
 

No effects evident 

Falcone et al. 
(2017) 

2.1 ± 0.1 Active 
(exercise 
and passive 
heat stress) 

Pre-Post Complex attention; 
Executive function; 
Perceptual-motor 
function 

Finger tapping test (number - left and right) 
Symbol digit coding test (correct responses and 
errors) 
Stroop task (response and stroop response time 
of correct responses, and stroop commission 
errors) 
Shifting attention test (correct responses, 
errors, and response time of correct responses) 
 
 

Improved stroop reaction 
time (SMD = 0.420; 95% CI 
= -0.119 to 0.960); Improved 
shifting attention reaction 
time (SMD = 0.451; 95% CI 
= -0.088 to 0.992) 
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Fortes, 
Nascimento-Júnior, 
Mortatti, Lima-
Júnior, and Ferreira 
(2018) 

1.8 ± NS Active 
(exercise) 

Independent 
groups 

Perceptual-motor 
function 

Soccer specific passing task (decision making 
index) 

No effects evident during the 
simulated 80 min game, but 
decision making index was 
impaired during overtime 
(SMD = -0.484; 95% CI = -
0.928 to -0.039) 
 

Ganio et al. (2011) 1.6 ± 0.4 Mixed 
(exercise 
and diuretic 
use) 

Crossover Complex attention; 
Executive function; 
Learning and memory  

Scanning visual vigilance test (correct 
responses, response time, and false alarms) 
Psychomotor vigilance test (correct responses, 
response time, and false alarms) 
Choice reaction time (response time, incorrect 
responses, and time out errors) 
Grammatical reasoning (response time, 
correct, and incorrect responses) 
Repeated acquisition test (incorrect responses, 
time to complete) 
Matching to sample (correct responses, 
response time, and time out errors) 
 

Longer matching to sample 
task duration (SMD = -
0.263; 95% CI = -0.809 to 
0.283) 

Gopinathan et al. 
(1988) 

1.3 ± 0.1 
2.4 ± 0.1  
3.3 ± 0.1 
4.3 ± 0.2 

 

Active 
(EHS) 

Crossover Executive function; 
Learning and memory 

Serial addition test (accuracy) 
Trial making test (response time) 
Word recall test (accuracy) 

Poorer in all administered 
tests (word recall SMD = -
1.450; 95% CI = -2.322 to -
0.577, serial addition SMD = 
-1.289; 95% CI = -2.143 to -
0.436, trial making test; 
SMD = -1.521; 95% CI = -
2.402 to -0.640), which 
worsened with further loss in 
BM (4%, word recall SMD 
= -3.452; 95% CI = -4.671 
to -2.233, serial addition 
SMD = -4.142; 95% CI = -
5.511 to -2.774, trial making 
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test; SMD = -5.747; 95% CI 
= -7.492 to -4.002) 
 

Grego et al. (2005) 4.1 ± NS Active 
(EHS) 

Crossover Complex attention; 
Learning and memory 

Critical flicker fusion (response time) 
Map recognition task (response time and 
percentage errors) 
 

Fewer recall items (SMD = -
1.218; 95% CI = -2.285 to -
00.151), but improved 
response time (SMD = 
0.208; 95% CI = -0.774 to 
1.191) 
 

Herculano et al. 
(2019) 

3.2 ± 0.6 Active 
(EHS) 

Pre-Post Learning and memory; 
Perceptual-motor 
function 

Word recall (number) 
Finger to nose test (seconds) 
Ruler drop task (centimetres)  
 

No effects evident 

Irwin et al. (2017) 2.5 ± 0.6 Active 
(exercise) 
 

Crossover Complex attention Choice reaction time (response time) Improved response time 
(SMD = 1.818; 95% CI = 
0.776 to 2.860) 
 

Jose et al. (2018) >3 NS  Pre-Post None Simple reaction time (response time) 
 

Impaired response time 
(SMD = -0.485; 95% CI = -
1.188 to 0.218) 
 

Landers, Arent, 
and Lutz (2001) 

6.34 ± NS NS Independent 
groups 

Complex attention; 
Executive function; 
Learning and memory 

Choice reaction time (response and movement 
time) 
Stroop task (percentage correct) 
Trail making test A (completion time) 
Trail making test B (completion time) 
Digit span (correct responses) 
 

No effects evident 
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Lindseth, Lindseth, 
Petros, Jensen, and 
Caspers (2013) 

1-3 Passive 
(fluid 
restriction) 

Independent 
groups 

Complex attention; 
Executive function; 
Perceptual-motor 
function; Learning and 
memory 
 

Simulated flight performance (errors) 
Sternberg memory test (correct responses) 
Vandenberg mental rotation test (correct 
responses) 

Greater simulator error 
(SMD = -4.287; 95% CI = -
5.412 to -3.161); Poorer 
mental rotation scores 
(situational awareness) 
(SMD = -0.730; 95% CI = -
1.371 to -0.091) 
 

MacLeod et al. 
(2018) 

H: 2.6 ± 0.6 
N: 2.1 ± 0.4 

Active 
(EHS) 

Crossover Complex attention; 
Executive function; 
Learning and memory 

Stroop task (response time and accuracy) 
Visual search task (response time and 
accuracy) 
Sternberg memory test - 1, 3, and 5 item 
(response time and accuracy) 
 

No effects evident 

McMorris et al. 
(2006) 

2.8 ± 0.6  Active 
(EHS) 

Crossover Complex attention; 
Learning and memory 

Choice reaction time (response time) 
Random movement generation (number) 
Verbal recall (correct responses) 
Visual recall (correct responses) 
 

Fewer novel movements in 
random movement task 
during heat stress (SMD = -
3.162; 95% CI = -4.632 to -
1.692) 
 

Mollica, Desbrow, 
and Irwin (2019) 

1.2 ± 0.2 
2.9 ± 0.3 

Active 
(passive heat 
stress) 
 

Crossover and 
Pre-Post 

Perceptual-motor 
function 

Simulated driving performance (lap time)  No effects evident 

Morley et al. 
(2012) 

1.6 ± NS Active 
(EHS) 

Pre-Post Complex attention; 
Learning and memory 

Psychomotor vigilance task (response time and 
false alarms) 
Repeated episodic memory task (correct 
responses) 

No effects evident 

Patel, Mihalik, 
Notebaert, 
Guskiewicz, and 
Prentice (2007)  
 

2.5 ± 0.6 Mixed 
(exercise 
and fluid 
restriction) 

Crossover Executive function; 
Learning and memory 

Serial addition test (response time) 
Mathematics processing (correct responses) 
Match to sample task test (correct responses) 
Sternberg memory task (correct responses) 

No effects evident 

Patsalos and 
Thoma (2019) 

NS Passive 
(fluid 
restriction) 

Crossover Complex attention; 
Executive function; 

Simple reaction time (response time) 
Choice reaction time (response time) 

No effects evident 
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Perceptual-motor 
function 

Rapid visual information processing task 
(total error rate) 
Intra-dimensional set shifting (total errors) 
 

Pill et al. (2018) H: 2.1 ± NS 
N: 2.0 ± NS 

Active 
(EHS) 

Crossover Executive function; 
Perceptual-motor 
function 

Pinch task (deviation from target) 
Serial addition (errors) 
Dual tasking - pinching and serial addition 
(aggregated score) 
Visuomotor task (time on target) 
 

More equation errors during 
hot condition (SMD = -
1.134; 95% CI = -2.180 to -
0.078) 

Serwah and Marino 
(2006) 
 

1.7 ± 0.2 Active 
(EHS) 

Crossover Complex attention Choice reaction time (response time) No effects evident 

Sharma, Sridharan, 
Pichan, and Panwar 
(1986) 

1.3 ± 0.2 
2.3 ± 0.2 
3.3 ± 0.3  

Active 
(EHS) 

Crossover Executive function; 
Learning and memory; 
Perceptual-motor 
function 

Psychomotor test (collated time and accuracy) 
Serial substitution test (correct responses) 
Prolonged concentration test (correct 
responses) 
 

Performance impaired in 
each test when deficit 
exceeded 2% (SMD not 
calculable) 

Smith, Newell, and 
Baker (2012) 

1.5 ± 0.5 Passive 
(fluid 
restriction) 

Crossover Perceptual-motor 
function 

Distance estimation (meters) 
Golf-specific motor performance task 
(distance from target) 

Impaired distance judgement 
(SMD = -0.486; 95% CI = -
1.549 to 0.577) 

Stachenfeld, 
Leone, Mitchell, 
Freese, and 
Harkness (2018) 

1.0 ± 0.6 Passive 
(fluid 
restriction) 

Crossover Complex attention; 
Executive function; 
Learning and memory 

Detection task (response time) 
Identification task (response time) 
Gorton maze chase test (number of moves)  
Gorton maze learning test (total errors) 
One card learning task (accuracy) 
One and two back test (accuracy) 
Paired associative learning (total errors) 
Set shifting test (total errors) 
 
 

More errors in paired 
associative learning (SMD = 
-1.499; 95% CI = -2.404 to -
0.593); More errors in the 
Gorton maze learning test 
(SMD = -2.533; 95% CI = -
3.607 to -1.459) 

Szinnai et al. 
(2005) 

2.6 ± 0.7 Passive 
(fluid 
restriction) 

Crossover Complex attention; 
Executive function; 
Perceptual-motor 
function 

Serial addition task (accuracy and response 
time) 
Stroop task A (stroop and congruent response 
time) 

No effects evident 
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Stroop task B (stroop and congruent response 
time) 
Manual tracking task (distance tracked) 
Choice reaction time (response time and inter-
stimulus interval) 
 

Tomporowski et al. 
(2007) 
 

3.7 ± 0.5 Active 
(EHS) 

Pre-Post Executive function; 
Learning and memory 

Category switching task (response time) 
Short term memory (number) 

No effects evident 

Turner, Marsteller, 
Luxkaranayagam, 
Fletcher, and 
Stachenfeld (2017) 

1.4 ± 0.8 Active 
(EHS) 

Crossover Complex attention; 
Executive function; 
Learning and memory 

Detection task (response time) 
Identification task (response time) 
Gorton maze chase test (number of moves) 
Gorton maze learning test (total errors) 
One card learning task (accuracy) 
One and two back test (accuracy) 
Paired associative learning (total errors) 
Set shifting test (total errors) 
 

No effects evident 

van den Heuvel et 
al. (2017) 

N: 2.9 ± 0.2, 
4.9 ± 0.1  

H: 3.2 ± 0.6, 
5.0 ± 0.7 

 

Active 
(EHS) 

Crossover Executive function; 
Perceptual-motor 
function 

Two back test (accuracy and response time) 
Visual perception task (accuracy and response 
time) 

Improved visual perception 
reaction time (SMD = 1.041; 
95% CI = 0.112 to 1.970) 

Watson et al. 
(2015) 

1.1 ± 0.7 Passive 
(fluid 
restriction) 
 

Crossover Complex attention Driving simulation (total errors) More driver errors after 30 
min (SMD = -0.777; 95% CI 
= -1.607 to 0.053) 

Weber et al. (2013) 4.8 ± 3.4 Mixed 
(exercise 
and fluid 
restriction) 

Pre-Post Complex attention; 
Learning and memory 

Standardised assessment of concussion 
(various) 
Simple reaction time (response time) 

No effects evident 

Wilson et al. 
(2014) 
 

1.8 ± 0.3 Active 
(exercise) 

Crossover Executive function Go/no-go test (response time) No effects evident 
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Wittbrodt et al. 
(2015) 

1.5 ± 0.6 Active 
(EHS) 

Crossover Complex attention; 
Executive function; 
Learning and memory 

Letter-digit substitution (accuracy) 
Pattern comparison (accuracy) 
Perceptual vigilance (accuracy) 
Trail making test (percentage correct and 
response time) 
Match-to-sample (response times) 
 

No effects evident 

Wittbrodt et al. 
(2018) 
 
 

2.8 ± 0.3 Active 
(EHS) 

Crossover Complex attention Visuomotor task (accuracy and response time) Impaired visuomotor 
accuracy (SMD = -0.683; 
95% CI = -1.474 to 0.108) 

Zhang, Du, Zhang, 
and Ma (2019) 

1.0 ± NS Passive 
(fluid 
restriction) 

Crossover Complex attention; 
Executive function; 
Learning and memory 

Forward digit span (number) 
Backward digit span (number) 
Digit symbol substitution (number) 
Stroop task (response time and number of 
correct responses) 
Dose-work (reading speed, error rate, and 
mental work ability index) 

Improved stroop task 
reaction time (SMD = 0.367; 
95% CI = -0.126 to 0.890); 
More errors in dose-work 
(SMD = -0.917; 95% CI = -
1.758 to -0.076) and slower 
reading speed (SMD = -
1.657; 95% CI = -2.584 to -
0.729) 

Note: Active versus passive fluid loss differ depending on whether electrolyte loss likely accompanied water loss (active). All findings are those significant 

effects reported in each respective study for the hypohydration condition. 95% CI is 95% confidence intervals, BM is body mass, EHS is exercise and heat 

stress, H is hyperthermic condition, N is normothermic condition, NS is not stated, and SMD is standardised mean difference, where Cohen’s d effect sizes 

are used as the convention and negative implies impairment due to hypohydration.  
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Hydration is thought to be an important element of most exercise performance contexts, and should a 

particular threshold (2% loss in body mass; Sawka et al., (2007)) be exceeded, athletic performance 

may be compromised. Although, predominantly oriented towards physical performance 

characteristics, current position stands (Sawka et al., 2007; Institute of Medicine et al., 2005; Thomas 

et al., 2016) also iterate the existence of a similar critical water deficit for compromised cognitive 

performance. As articulated throughout this literature review, the relationship between hydration and 

cognition is complicated, and interestingly would appear to lack adequate empirical evidence (Table 

2). Furthermore, consensus around a mechanism evoked around these approximate ranges to drive 

such impairment is also lacking. Collectively, an opportunity exists to take a different approach to 

examining this relationship. Where instead of attempting to rationalise those findings that conform to 

the current consensus, consideration could instead be paid to investigating those responses that might 

be enacted to preserve cognitive function, and consider alternative elements implicated within this 

relationship.  

 
2.5.2 Section summary: Cognitive performance, thirst, and hypohydration 

Cognitive function is a key aspect of sports and exercise. Through engaging in physical activity and 

depending on one’s consumption strategy, dehydration and thirst may arise. Current recommendations 

suggest a deficit of 2% BM is likely to impair cognitive performance and therefore, may hinder one’s 

tactical decision making and overall performance. However, the appropriateness of this claim is 

difficult to accept, given the increasing abundance of contemporary literature that invalidates this 

claim, and the methodological challenges involved with determining this association. For instance, 

disentangling the effects of hypohydration from other accompanying stressors is difficult to do. 

Additionally, there remains no detectable mechanism to account for why when BM is reduced by 2%, 

cognitive function becomes impaired. Among those reasons proposed to account for this detriment, 

findings are inconsistent.  
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CHAPTER THREE - Meta-analysis: The effect of hypohydration on 

cognitive function 

3.1 Introduction  

A recent meta-analysis has examined the effects of dehydration on cognitive performance (Wittbrodt 

& Millard-Stafford, 2018). The authors aimed to confirm the existence of the theoretical critical water 

deficit for impaired cognition, as articulated in the current American College of Sports Medicine 

(ACSM) exercise and fluid recommendations (BM loss exceeding 2%; Sawka et al., 2007). Through 

collating the included 33 studies, the authors concluded that cognitive performance is likely to be 

impaired to a small extent, and that this may be more pronounced for tasks requiring attention, 

executive function, and motor coordination (Wittbrodt & Millard-Stafford, 2018). Though seemingly 

comprehensive, several narrative reviews have articulated a number of considerations that are thought 

to have contributed to the heterogeneity among this topic (Adan, 2012; Lieberman, 2007, 2010). For 

instance, Adan (2012) has previously advocated that studies should employ crossover rather than 

longitudinal designs when investigating the relationship between hydration and cognition. Principally, 

participants should complete identical exercise and thermal conditions, but either have access to fluid 

to preserve euhydration, or abstain from drinking (hypohydration). Interestingly, longitudinal 

comparisons are abundant within the literature (Table 2, pages 66-74). Such approaches involve 

contrasting a given population at least twice over time (Salkind, 2010), and usually involve the 

quantification of cognitive performance during a rested state (pre-dehydrating exercise), which is then 

contrasted to performance on the same testing battery post-dehydrating exercise, where any number of 

cumulative factors supplemental to hydration may also be implicated. Additionally, the method used 

to induce hypohydration may result in physiological differences. As highlighted in Section 2.1 (pages 

33-34), when losses in body water are accompanied by electrolytes (as may be the case with sweat), 

resultant compensatory water shifts will likely result in water losses being shared among intracellular 

and extracellular fluid compartments (Cheuvront & Kenefick, 2014). Contrastingly, when fluid loss is 

unaccompanied by electrolytes, water deficits will be predominantly experienced within the 
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intracellular compartment alone (Cheuvront & Kenefick, 2014). Intuitively, the method used to 

dehydrate participants will be critical in determining where fluid deficit is sustained, but importantly, 

such deficits should closely mimic those likely to be produced in exercise contexts, rather than 

achieved through passive practices. Despite the apparent complexities concerning dehydration and 

cognition, the meta-analysis of Wittbrodt and Millard-Stafford (2018) appears to be insufficiently 

critical of these important factors. For instance, the authors opt to collate studies irrespective of 

whether the control condition is indeed comparable - that is data from longitudinal and crossover 

designs are combined. Secondly, the authors largely ignore the importance of the method used to 

induce hypohydration, subsequently collating studies that employed active and/ or passive practices 

(Wittbrodt & Millard-Stafford, 2018). As an extension of this oversight, there is also no delineation 

between rest periods following active dehydration, therefore, the extent that confounding variables 

such as exercise or fatigue may be present are also heterogenous. With these factors in mind, it is  

apparent that the breadth of the analysis by Wittbrodt and Millard-Stafford (2018) does not 

necessarily provide insight into the critical question of whether hypohydration is more detrimental to 

cognitive performance than if euhydration is maintained. Given the aims of this thesis, and the 

abundance of studies published since this seminal work (Caldwell et al., 2018; Fortes et al., 2018; 

MacLeod et al., 2018; Pill et al., 2018; Ucan, 2018; Wittbrodt et al., 2018) including study 1 of this 

thesis (Goodman, Moreland, & Marino, 2019), a meta-analysis with greater methodological rigor is 

required to determine the current state of the literature pertaining to hydration and cognitive function, 

and determine the current evidence for the proposed critical water deficit (≥2% loss in BM).  

 

3.1.1 Purpose 

The primary purpose of this meta-analysis was to systematically analyse the quality of methodologies 

and quantitatively determine the consensus within the literature pertaining to the effects of exercise-

induced hypohydration on cognitive function, and its underlying domains. Additionally, the analysis 

aimed to investigate the proposed critical water deficit (≥2% loss in BM) thought to impair cognitive 

capability. 
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3.1.2 Questions 

The questions addressed in this study were:  

1. Does hypohydration impair cognitive performance to a greater extent than if euhydration is 

maintained? 

2. Is hypohydration likely to impair performance in particular cognitive domains, to a greater extent 

than if euhydration is maintained? 

3. Is there evidence to suggest losses in BM of greater than 2% will compromise cognitive function, 

or performance in particular cognitive domains? 

 

3.2 Methods 

3.2.1 Data acquisition and study selection 

Studies investigating the relationship between hypohydration and cognitive function were analysed 

for this meta-analysis. Initially, a systematic search of the literature was conducted in December 2018, 

through the PubMed, Scopus and SPORTDiscus databases. The search terms (dehydration OR 

hypohydration OR fluid loss) AND (cognitive function OR cognitive performance OR cognition OR 

neuropsychology) were used, and citations were limited to published journal articles, written in the 

English language, and using human participants. Following this, literature alerts were set up to 

continually scan for citations that may meet the inclusion criteria for this analysis. A final search of 

the literature was completed in September 2019 where the initial search was recompleted¸ however no 

additional studies were included in the quantitative synthesis. The final literature search is shown in 

Appendix A (page 195) and Appendix B (pages 196-201) depicts the protocol document that was 

developed and used throughout the review process.  

  

A total of 937 prospective studies were identified from the initial database search. An extensive 

manual search of the literature was then undertaken, with all identified citations first being uploaded 

into EndNote v7.1 where duplicates were removed, before the titles of the remaining citations were 

examined for relevance to cognition and hypohydration. In addition to the author of this thesis, two 
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external reviewers (FM and AM) also examined the titles independently, and discrepancies were 

reconciled by consensus among the group following screening. Each reviewer (SG, FM, and AM) 

then examined titles for review articles, which were excluded (but examined for additional citations 

that may not have been captured in the literature search). The full text of the remaining studies were 

then screened for those meeting the following inclusion criteria developed a priori: (1) hypohydration 

elicited during the intervention encompassed electrolyte and water loss, with or without elevated 

thermal exposure; (2) that a rest period ≥ 15 min was completed prior to post-intervention cognitive 

testing to enable insight into the effects of hydration status, when attempts to control for confounding 

stressors were made - such as exercise, exercise-induced fatigue, or TC; (3) a crossover design was 

employed, where the control condition completed identical exercise and thermal conditions as the 

dehydration trial, but replaced fluid to maintain euhydration; (4) that no additional confounding 

variables were evident through the study - such as caffeine ingestion, cognitive tests being 

administered in a non-normothermic environment, or glucose being added to the fluid consumed in 

the euhydrated control condition; and (5) all data could be obtained to perform meta-analytic 

procedures. Citations were also excluded if adolescent or elderly populations were the focus of 

investigation, or if emphasis was placed on neurological conditions, as these may have added separate 

sources of confound to the analysis. Figure 4 (page 80) depicts the full detailed search protocol of the 

initial search. 
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Figure 4. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow 

diagram. DEH is dehydration. 

 

3.2.2 Data synthesis and analysis 

Prior to the extraction of all data, the administered neuropsychological tests of each study were 

organised into various cognitive domains consistent with the DSM-5 approach (Sachdev et al., 2014). 

Included domains were complex attention, executive function, learning and memory, and perceptual-

motor function. The alignment of each test is shown in Table 3 (page 82) and was achieved through 

consensus among the author of this thesis (SG), and the aforementioned external academics (FM and 

AM), who each independently categorised these subdomains, with no discrepancies amongst the 
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reviewers. The means and corresponding standard deviations (SD) or standard errors (SE) were then 

extracted. SE was converted into SD by using the equation SD = SE × the square root of the number 

of participants. If data could not be extracted from the included studies, the corresponding author was 

contacted. If data were still not able to be produced, extrapolation via digitisation of figures was 

completed to calculate the mean and SD/ SE (WebPlotDigitizer v3.8). In the case that a corresponding 

author was contacted to confirm study methodology or data, they were also asked if they were aware 

of any grey literature that may meet the above inclusion criteria. One prospective data set was 

identified from this approach, but did not meet the eligibility criteria. If more than one outcome 

measure was provided for a given neuropsychological test, or if several assessments were considered 

to denote a particular cognitive domain in a given study, a single representative domain effect size 

was calculated by combining the effect size of each reported outcome measure. All outcome measure 

data was catalogued into a Microsoft Excel spreadsheet by SG and then checked by the other 

reviewers (AM, FM) before data were analysed. 
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Table 3. Neuropsychological tests of the studies included in the meta-analysis and their 

corresponding cognitive domain of the DSM-5 classification model (Sachdev et al., 2014). 

Cognitive domain Administered test 
Complex attention: Choice reaction time 

 Psychomotor vigilance task 
 Scanning vigilance task 
 Continuous performance task 

 Visuomotor pacing task 
 

Executive function: Grammatical reasoning test 
 Verbal interference task 
 Go/ no-go test 
 Switching attention 
 Trail-making test 
 N-back test 

Random movement generation 
 

Learning and memory: Match to sample 
 Repeated acquisition test 
 Picture recall 
 Digit span length 
 Map memory test 
 Repeated acquisition test 
 Immediate and delayed recall  
 Verbal recall 
 Word recognition test 

 

Perceptual-motor function: Visual perception task 
 Motor tapping test 
 Unstable tracking test 
 Perceptive discrimination task 

Mental rotation task 

 
 

Outcome data were transferred into Comprehensive Meta-analysis v3 (Comprehensive Meta-analysis, 

BioStat, USA) and analysed using a generic inverse variance, random-effects model with 95% 

confidence intervals (CI). A random effects model was used due to the potential differences between 

the included studies, namely the percentage of hypohydration, mode of intervention, or possible sex 

differences. Effect sizes were calculated as Hedges g to minimise bias that Cohen’s d can produce 

with smaller sample sizes (Borenstein, Hedges, Higgins, & Rothstein, 2009). The magnitude of the 

effect was determined using standardised conventions, where small, moderate, and large are 
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represented by values of 0.2, 0.5, and 0.8 respectively (Durlak, 2009). Significance was investigated 

through examination of P values, where P ≤ 0.05 was deemed to be statistically significant. Between 

studies heterogeneity was measured through evaluation of Cochrane’s Q, where P ≤ 0.10 was deemed 

to indicate significant heterogeneity, and the I2 statistic used to stratify the magnitude, with 25% being 

considered low, 50% moderate and 75% signifying high heterogeneity (Higgins, Thompson, Deeks, & 

Altman, 2003). Where high heterogeneity was observed, subgroup and sensitivity analyses were 

conducted, which included a leave one out analysis and subgroup analyses of cognitive domain 

(complex attention, executive function, learning and memory, and perceptual-motor function). 

Furthermore, given that current exercise and fluid replacement guidelines report that a critical water 

deficit of 2% loss in BM might compromise cognitive performance (Sawka et al., 2007; Thomas et 

al., 2016), subgroup analysis dividing each cognitive domains into losses of < 2%, and ≥ 2% was also 

conducted. Publication bias was investigated statistically through the Begg and Mazumdar’s rank 

correlation test and Eggers linear regression method (Borenstein et al., 2009), which were applied to 

both the overall data set (all study outcomes combined into a single score), and each cognitive domain 

(complex attention, executive function, learning and memory, perceptual-motor function). If 

publication bias was detected, Duval and Tweedie’s trim and fill correction was applied, and the 

resultant effects on Hedges g and the 95% CI were explored.  

 

3.2.3 Methodological quality and risk of bias assessment 

Assessments of study methodological quality and bias were assessed using the Rosendal scale (van 

Rosendal, Osborne, Fassett, & Coombes, 2010), a flexible scoring system collating questions from 

several validated tools (Jadad et al., 1996; Maher, Moseley, Sherrington, Elkins, & Herbert, 2008; 

Moher, Schultz, & Altman, 2001; Verhagen et al., 1998) to determine the quality of randomised 

controlled trials, and is thought to be particularly suitable for use among exercise contexts (van 

Rosendal et al., 2010). Due to the nature of this topic, blinding participants to the fluid condition is 

not possible - i.e. it is known whether fluid is either received or withheld. Therefore, questions 

relating to blinding were answered as not applicable (N/A) for the Rosendal scale, as was performed 
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previously by McCartney et al. (2017). Consistent with the scoring method described by van Rosendal 

et al. (2010) the number of ‘yes’ responses were then divided by the total number of applicable items 

(16 minus the total number of N/A items). SG, AM, FM each independently reviewed all citations that 

were included for consideration in the quantitative synthesis of the systematic search, and any 

discrepancies were settled by consensus. Only studies scoring ≥ 50% on the scale were considered for 

the subsequent analysis, while excellent methodological quality was indicated by a Rosendal score of 

≥ 60% (van Rosendal et al., 2010). 

 

3.3 Results 

3.3.1 Literature search and assessment of quality 

A total of 10 peer-reviewed studies (Armstrong et al., 2012; Cian et al., 2001; D'Anci et al., 2009; Ely 

et al., 2013; Ganio et al., 2011; Goodman et al., 2019; Gopinathan et al., 1988; McMorris et al., 2006; 

van den Heuvel, Croft, Harberley, Hoyle, & Taylor, 2013; Wittbrodt et al., 2018) were identified as 

meeting all inclusion criteria. Data sets reported in van den Heuvel et al. (2013) and van den Heuvel 

et al. (2017) were identical, thus, both were used to inform data extraction and study quality, but will 

be henceforth referred to as van den Heuvel et al. (2013). Independent interventions or groups were 

identified in two studies (Cian et al., 2001; D'Anci et al., 2009). Additionally, both Gopinathan et al. 

(1988) and van den Heuvel et al. (2013) contrasted cognitive performance between a range of fluid 

deficits and a corresponding control condition, thus, data were pooled into single comparisons. A 

detailed overview of study descriptive data and quality are reported in Table 4 (pages 85-87). All 

Rosendal scores of the included studies were ≥ 50% and the average of all 14 trials was 62 ± 8%. 

Collectively, 14 trials were identified and utilised in the present analysis. 
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Table 4. Characteristics of studies included in the meta-analysis. Data are reported as mean ± standard deviations where appropriate. 

Trial Number of 
participants, 

sex 

Age (yr) Level of 
hypohydration 

(%) 

Rest period 
duration 

(min) 

Exercise 
mode, duration 

(min), grade 
(%) 

Ambient 
temperature 

(°C), RH (%), 
wind speed 

(m/s) 

Cognitive tests included Rosendal 
score (%)  

Armstrong, 
2012 

25, Female 23 ± 1 1.4 ± 0.2 20 Walking, 
3x40, 5 

27.6, 49, 3.5 Scanning visual 
vigilance test 
Psychomotor vigilance 
test 
Choice reaction time  
Grammatical reasoning 
Repeated acquisition test 
Matching to sample  
 

69 

Cian, 2001a 7, Male 25 ± 4 2.8 ± 0.4 30 None Alternated 
between 

45,70, NS, and 
50, 20, NS  

Picture recall†† 
Numerical digit span 
Perceptive 
discrimination†† 

 

54 

Cian, 2001b 7, Male 25 ± 4 2.4 ± 0.4 30 Running, 120, 
NS 

25.5, 40, NS Picture recall†† 
Numerical digit span 
Perceptive 
discrimination 
 

54 

D’Anci,  
2009a 

16, Male 20 ± 1 2.0 ± 0.4 30† High-intensity 
rowing, 60, 

N/A 

NS, NS, NS Choice reaction time†† 
Numerical digit span†† 
Continuous performance 
task†† 

62 
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D’Anci, 2009b 15, Female 21 ± 1 1.7 ± 0.3 30† High-intensity 
rowing and 

team practice, 
60 and 75 

respectively, 
N/A 

 

NS, NS, NS Choice reaction time†† 
Numerical digit span 
Continuous performance 
task†† 62 

D’Anci, 2009c 12 (6 Male) 20 ± 1 1.2 ± 0.4 30† Team practice, 
NS, N/A 

 

NS, NS, NS Map memory test 
 62 

Ely, 2013a 8, Male 22 ± 4 4.1 ± 0.5 90 Walking, 
3x30, 3.5 

50.0, NS, NS Psychomotor visual 
vigilance test 
Choice reaction time  
Matching to sample 
Grammatical reasoning 
 

62 

Ely, 2013b 8, Male 22 ± 4 4.2 ± 0.2 90 Walking, 
3x30, 3.5  

50.0, NS, NS Psychomotor visual 
vigilance test 
Choice reaction time  
Matching to sample 
Grammatical reasoning 
 

62 

Ganio, 2011 26, Male 20 ± 1 1.6 ± 0.4 20 Walking, 
3x40, 5 

27.7, 42, 3.5 Scanning visual 
vigilance test 
Psychomotor vigilance 
test 
Choice reaction time  
Matching to sample 
Grammatical reasoning 
Repeated acquisition test 

85 
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Goodman, 
2019 

15 (12 Male) 28 ± 6 2.3 ± 0.6 55 Walking, 90, 0 40.7, 35, 0 Choice reaction time  
Matching to sample 
Grammatical reasoning 
Verbal interference tasks 
Go/no-go test 
Switching of attention†† 
Verbal recall 
Digit span 
Motor tapping task  
 

69 

Gopinathan, 
1988 

11, Male Between 
20-25* 

2.5 ± 1.1  ≥ 30* Stepping (15 
steps/min), 

varied 
 

45.0, 30, NS Serial addition test†† 
Trial making test†† 
Word recall test†† 

54 

McMorris, 
2006 

8, Male 22 ± 3 2.8 ± 0.6 20 Cycling, 2x20, 
N/A 

36, 75, NS Choice reaction time 
Random movement 
generation 
Verbal recall 
Visual recall 
 

54 

Van den 
Heuvel, 2013 

8, Male 25 ± 7 3.9 ± 0.2  ≥ 30* Water 
immersion, 
N/A, N/A 

 

N/A, N/A, 
N/A 

 

N back test†† 
Visual perception tasks† 

 
62 

Wittbrodt, 
2018 

13 (7 Male) 24 ± 4 2.8 ± 0.3 45 Walking, 150, 
5 
 

45, 15, NS Visuomotor pacing 
task†† 62 

 

Pooled data 
 

179 (69% 
Male) 

 

23 ± 3 
 

2.3 ± 0.4 
 

41 ± 24  
 
 

  
 

Note: * Data did not contribute to pooled mean calculations. † Confirmed by corresponding author of citation. †† Assessment where at least one outcome was 

deemed sensitive to hypohydration based on the methodology of Balkin et al. (2004). N/A is not applicable, NS is not specified, RH is relative humidity. 
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3.3.2 Meta-analyses 

Figure 5 (page 88) shows a forest plot examining the overall effect of hypohydration on cognitive 

function. When all outcomes were collated for each trial, data were not found to be different among 

hydration status and cognitive function (g = -0.177; 95% CI = -0.532-0.179; P = 0.33), although 

moderate to high heterogeneity was identified (I2
 = 68%). To investigate the source of heterogeneity, 

data were moderated by the proposed critical water deficit (≥2% loss in BM). When the deficit was 

less than this value, cognitive performance did not differ based on hydration status (g = 0.013; 95% CI 

= -0.627-0.654; P = 0.99; I2
 = 0%). Similarly, the effect remained small when data were grouped by 

exceeding this threshold (g = -0.261; 95% CI = -0.689-0.167; P = 0.23), despite high heterogeneity (I2
 

= 76%). Subsequent application of a leave one out sensitivity analysis revealed that effect sizes 

remained small (g ranging from -0.392 to -0.045) and insignificant (all P > 0.06), while removal of 

Gopinathan et al. (1988), resulted in heterogeneity being insignificant and low (Q(8) = 11.146; P = 

0.19; I2 = 28%). 

 

 

Figure 5. Forest plot of the combined effect of hypohydration on cognitive function. Data are 

subdivided using the proposed critical water deficit. Size of squares is proportional to the weight of 

the study. 
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Subgroup analysis of each primary domain (complex attention, executive function, learning and 

memory, and perceptual-motor function) and the proposed critical water deficit (2% loss in BM) were 

also completed. Within the complex attention domain, the overall effect was small, insignificant, and 

homogenous (g = -0.160; 95% CI = -0.345-0.085; P = 0.24; I2 = 0%; Figure 6, page 89). Furthermore, 

when data were grouped by the proposed critical water deficit (2% loss in BM), effect sizes were 

small and insignificant regardless of whether the deficit was less than or exceeded this theoretical 

criterion (g = -0.160; 95% CI = -0.481-0.160, and g = -0.105; -0.394-0.185 respectively; both P > 

0.33), and groups were both deemed homogenous (both I2 = 0).  

 

 

Figure 6. The overall effect for the attention domain in the meta-analysis. Data are subdivided using 

the proposed critical water deficit. Size of squares is proportional to the weight of the study. 

 

The overall effect for the executive function, and learning and memory domains are shown in Figures 

7 and 8 (page 91), and were both small and insignificant (g = -0.119; 95% CI = -0.464-0.224, and g = 

0.044; 95% CI = -0.233-0.321 respectively; both P > 0.61). However, heterogeneity was significant 

and moderate to high for each of these outcomes (both Q < 0.001; both I2 > 73%). Subgroup analyses 

of the executive function and learning and memory domains were completed using the proposed 

critical water deficit (2% loss in BM). When deficits were less than 2%, data were comparable 

between hypohydration and euhydration for both executive function and learning and memory 
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domains (g = -0.101; 95% CI = -0.465-0.263, and g = 0.119; 95% CI = -0.188-0.427 respectively; 

both P > 0.45; both I2 = 0%). Although in the executive function domain, only a small effect 

favouring euhydration was observed when deficits exceeded 2% (g = -0.265; 95% CI = -1.295-0.765), 

this was not significant (P = 0.61), and significantly high heterogeneity was found (Q(4) = 80.081; P 

< 0.01; I2 = 94%). A subsequent leave one out sensitivity analysis resulted in the effect size ranging 

from small to medium in favour of euhydration to small in favour of hypohydration (g ranging from -

0.494 to 0.085), however these results remained insignificant (all P > 0.35). Furthermore, when 

Gopinathan et al. (1988) was removed from the analysis, resultant heterogeneity was insignificant in 

both the overall effect and the >2% subgroup (both Q < 7.575; P > 0.13). For the learning and 

memory domain, a small effect size favouring euhydration was found when fluid deficit exceeded the 

theoretical water criterion (g = -0.280; 95% CI = -0.919-0.359), although this was not significant (P = 

0.39), and significantly high heterogeneity was observed (Q(7) = 35.911; P < 0.01; I2 = 81%). Upon 

completion of the leave one out sensitivity analysis, small to medium effect sizes favouring 

euhydration were still reported for both the overall and >2% subgroup (g ranging from -0.475 to 

0.002). Although these remained insignificant (P > 0.12), despite significant moderate to high 

heterogeneity remaining (Q > 12.920; P < 0.04; I2 > 54). All studies that reported an assessment 

within the perceptual-motor function domain reported losses in BM that exceeded 2% (except for 

D’Anci, 2009b). Analysis was not conducted on this subdomain as data were only able to be 

extrapolated for two of the six studies. Data from these studies did however contribute to the overall 

effect of hypohydration of cognitive performance (Figure 5, page 88). 
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Figure 7. The overall effect for the executive function domain in the meta-analysis. Data are 

subdivided using the proposed critical water deficit. Size of squares is proportional to the weight of 

the study. 

 

 

Figure 8. The overall effect for the learning and memory domain in the meta-analysis. Data are 

subdivided using the proposed critical water deficit. Size of squares is proportional to the weight of 

the study. 

 



92 
 

3.3.3 Publication bias 

Possible publication bias was investigated on the overall effect of hypohydration on cognitive 

performance, and the overall effect on each domain. No bias was detected for the overall combined 

effect, and both the complex attention, and learning and memory domains (Kendall’s τ ranging 

between -0.333 and -0.091; all P ≥ 0.11, one tailed). Moreover, application of eggers regression test to 

these domains demonstrated no publication bias (intercept ranging between -2.225 and -0736; all P ≥ 

0.34, two tailed). Although no bias was reported in the executive function domain using Begg and 

Mazumdar’s rank correlation test (Kendall’s τ = 0.142; P = 0.33, one tailed), Eggers linear regression 

method revealed significant publication bias (intercept = 9.532; 95% CI = 5.229-13.834; P < 0.01, 

two tailed). Subsequent application of Duval and Tweedie’s trim and fill method to this domain 

revealed that two studies with large effects (g of ~-1.0 and -1.8) favouring euhydration would be 

needed to minimise publication bias, resulting in a small to medium effect size (g = -0.468; 95% CI = 

-1.125-0.190). Given that the present perception is that hypohydration is detrimental to cognitive 

performance (Sawka et al., 2007; Wittbrodt & Millard-Stafford, 2018), it is unlikely that studies with 

such overly conforming findings would not have been published. Thus, the modified outcomes from 

this analysis were ignored. 

 

3.4 Discussion 

Despite a number of narrative reviews concluding that hypohydration is detrimental to cognitive 

function (Adan, 2012; Grandjean & Grandjean, 2007; Lieberman, 2007), many studies exist 

contradicting this position (Ely et al., 2013; Falcone et al., 2017; Irwin et al., 2017; MacLeod et al., 

2018). Given that this physiological state may be encountered during many sporting and exercise 

contexts, and the importance of cognition among such settings, a more decisive answer on whether 

hypohydration is detrimental to cognitive performance is warranted. This meta-analysis aimed to 

determine whether exercise-induced hypohydration would compromise cognitive function to a greater 

extent than if euhydration were maintained via fluid consumption. To achieve this, only contrasts 

between hypohydrated and a control condition that had been exposed to the dehydration procedure, 
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but was provided fluid to maintain euhydration, were included in the present analysis. Additionally, to 

ensure findings were more contextualised to athletic and exercising contexts, only studies employing 

dehydration methodologies that resulted in electrolyte and water loss were considered, as the resultant 

fluid compartmental losses from fluid restriction alone may not be accurately reflected in sport and 

exercise. Also, in an attempt to limit the possible confounding effects on cognitive performance that 

may arise from active dehydration, only citations employing a rest period of at least 15 min were 

included in the analysis. Consequently, it was found that hypohydration did not impair cognitive 

function to a greater extent than when euhydration was maintained. Similarly, cognitive domains 

underlying cognitive function (complex attention, executive function, and learning and memory) were 

not impaired by this physiological state. Although heterogeneity was observed at times, this meta-

analysis suggests that preserving euhydration through fluid consumption may not be crucial to 

maintaining optimal cognitive performance, irrespective of the cognitive domain being utilised.  

 

The meta-analysis also endeavoured to affirm whether a critical water deficit of greater than 2% 

would be the threshold for the impairment of cognitive function. The present analysis found that when 

fluid deficit was less than 2% of BM, performance in all prospective cognitive domains is 

comparable, independent of hydration status. Similarly, when losses exceed this, performance of 

complex attention, executive function, and learning and memory domains also appears to be 

preserved. Collectively, these findings do not support the statement that fluid loss exceeding 2% of 

BM will compromise cognitive or mental performance as alluded by position stands on exercise and 

fluid replacement (Institute of Medicine, 2005; Sawka et al., 2007; Thomas et al., 2016), and 

articulated by a recent meta-analysis (Wittbrodt & Millard-Stafford, 2018). Rather, it would appear 

the rationale to avoid moderate or “excessive” dehydration may not be founded on maintaining 

cognitive performance, and alongside other quantitative analyses (Goulet, 2011; Goulet & Hoffman, 

2019), questions the validity of using the 2% loss in BM criterion as a threshold for diminished 

exercise and sporting performance. The findings of this meta-analysis, however, should not suggest 

that a critical water deficit does not exist, but rather that this threshold may be higher than that 

currently reported among the literature. Sports adopting weight cutting practices may greatly exceed 
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this value (Choma et al., 1998; Cullen et al., 2015; Dolan et al., 2013), and therefore provide an 

excellent population to further investigate prospective thresholds, in which cognitive performance 

may be impaired.  

 

As iterated in the introduction for this chapter (pages 76-77), this review was required due to the 

aforementioned flaws in the analysis on this topic by Wittbrodt and Millard-Stafford (2018). 

Interestingly, the conclusions reported here differ to the findings of Wittbrodt and Millard-Stafford 

(2018) who indicated dehydration (overall), and in excess of 2% of BM, would impair attention, 

executive function, motor coordination, and collated cognitive performance. Therefore, further 

investigation into the analysis of Wittbrodt and Millard-Stafford (2018) was conducted to reconcile 

these differences. Principally, Wittbrodt and Millard-Stafford (2018) aimed to quantify the effects of 

dehydration, rather than attempt to affirm whether maintaining euhydration would be more 

advantageous to cognition than if hypohydration were incurred. As such, 33 studies were included in 

the analysis of Wittbrodt and Millard-Stafford (2018), and data were collated irrespective of; the 

method used to induce dehydration (active and passive), the experimental design type (crossover or 

longitudinal); and the rest period (or lack thereof) following the cessation of exercise. Furthermore, an 

assessment of study quality was not completed by Wittbrodt and Millard-Stafford (2018), due to the 

constraints of the scale used (PEDro scale). Comparatively, the present analysis employed a more 

flexible scale (Rosendal scale) to investigate methodological quality and bias. Interestingly, a 

previous systematic review and meta-analysis (McCartney et al., 2017) used this flexible scale, and 

omitted from quantitative synthesis one of the studies (Grego et al., 2005) that was included in the 

analysis by Wittbrodt and Millard-Stafford (2018), due to insufficient methodological rigor. 

Seemingly, additional studies may also have been excluded based on this principle. Collectively, by 

imposing fewer constraints for study inclusion, sample size was considerably larger than that of the 

present analysis, likely increasing statistical power, and making the detection of significant 

differences more likely (Borenstein et al., 2009). Given the specificity and precision employed in the 

present analysis, the conclusions reached here may therefore be considerably more robust than that of 

the previous analysis (Wittbrodt & Millard-Stafford, 2018).  
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The present analysis also employed a more explicit categorical model for which cognitive assessments 

were aligned to (DSM-5 approach; Sachdev et al. 2014). Comparatively, Wittbrodt and Millard-

Stafford (2018) divided assessments into attention, executive function, memory, information 

processing, motor coordination, and reaction time task domains, and report that information 

processing and reaction time tasks were not significant in the subgroup analysis, while dehydration 

significantly impaired attention (Wittbrodt & Millard-Stafford, 2018). Interestingly, under the DSM-5 

approach, these domains would have been collated into the attention domain, which was undoubtedly 

one of the most robust non-significant findings in this analysis, alongside data homogeneity. Clearly, 

such discrepancies highlight the importance of adopting a common classification model by future 

researchers in order to facilitate consistency and bolster understanding about cognition and 

physiological stressors such as hypohydration.  

 

Despite the conclusions of the present meta-analysis, several factors must be considered when 

interpreting these findings. Foremost, medium to high heterogeneity was evident when examining the 

overall effect of hypohydration and cognitive function, and in the overall effect for the executive 

function and learning and memory subdomains (all I2 > 68%). Although, the completed sensitivity 

analysis revealed most of the variance was attributed to a single study (Gopinathan et al., 1988), 

which when removed, failed to produce significance favouring euhydration, but did result in 

heterogeneity being not significant (all P > 0.12). Further exploration into Gopinathan et al. (1988) 

was conducted, and it is apparent that several variables may have contributed to the overwhelmingly 

conclusive findings in favour of euhydration reported by the authors. Foremost, to elicit the desired 

level of hypohydration required in the dehydration conditions, the duration that participants engaged 

in active dehydration was likely not equivalent. Compounding this, detail concerning the euhydrated 

control group (0% loss in BM) is evidently lacking. Thus, one must assume that this group completed 

identical exercise and thermal exposure to one of the dehydration conditions, however determining 

which is not possible. Therefore, whether the conclusions made against this control group are an 

appropriate contrast among hydration status is left to interpretation. Additionally, no data or statistics 

are available concerning the stability of pre-intervention cognitive performance for any of the 
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completed conditions. Although such data of this variable was seldomly reported among any of the 

studies included in this meta-analysis, ensuring stability is key to evaluating true change (Duff, 2012). 

For instance, if large test-retest variability resulted in poor pre-intervention performance of a 

cognitive testing battery, it is likely that at least some of the post-intervention performance may be 

attributed to this variability, and not the intervention per se. With this in mind, researchers should be 

encouraged to report correlational data of pre-intervention cognition to better establish stability at this 

time point, or alternatively include relative change scores of hydration conditions to ensure effects are 

not impeded by variability at baseline. This will likely assist readers in evaluating the true effects of 

manipulating hydration status, other nutritional interventions, or prospective ergogenic aids. Despite 

the inherent limitations of Gopinathan et al. (1988), this and a similar study by Sharma et al. (1986) 

are often touted as some of the most comprehensive and robust studies to evaluate cognitive function 

and hypohydration (Institute of Medicine, 2005; Lieberman, 2007; Sawka et al., 2007). For this 

reason, it was conservatively assumed that the data reported in the control condition of Gopinathan et 

al. (1988) was adequate to enable appropriate contrasts among hypohydration and euhydration, and 

the study was therefore included in the analysis.  

 

The sensitivity of a cognitive assessment must also be considered when reviewing the findings of this 

analysis, as it is believed to have contributed to the current ambiguity among the literature (Adan, 

2012; Lieberman, 2007). It is understood that if sensitivity is inherently low for an assessment, it may 

consequently underestimate the effects of an intervention (Lieberman, 2007). Of the studies included 

in this meta-analysis, only 18% of the outcome measures reported, which corresponded to 

components of 13 tests (picture recall, perceptual discrimination, digit span length, choice reaction 

time, continuous performance task, switching attention task, N-back test, visual perception task, 

visuomotor pacing task, and the three pen and paper tasks conducted by Gopinathan et al. (1988)) 

were deemed sensitive to the intervention, according to the method previously described by Balkin et 

al. (2004). Although, studies did not uniformly report impairment due to hypohydration (Goodman et 

al., 2019; van den Heuval et al., 2013), nor was sensitivity consistently displayed among studies 

utilising the same test. For instance, choice reaction time was deemed sensitive by D'Anci et al. 
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(2009), but not so by others (Armstrong et al., 2012; Ganio et al., 2011; Goodman et al., 2019). Such 

inconsistency is likely to be present in most of the literature concerning hypohydration and cognitive 

performance, however, it remains possible that a number of studies reporting non-significant findings 

may actually be underestimating the true effects of hypohydration. This may explain why researchers 

generally believe this physiological state impairs cognitive performance (Adan, 2012; Lieberman, 

2007). Reflecting on the method outlined to derive sensitivity, Balkin et al. (2004) contrast the effect 

size to the range of the 95% CI, which may inherently constitute a bias in favour of studies reporting 

significant findings. For instance, this meta-analysis reports that cognitive function is predominantly 

preserved irrespective of hydration status, thus, performance would be similar between conditions, 

producing small effects. Therefore, for sensitivity to be deemed evident, the corresponding 95% CI 

range would be required to demonstrate exceptionally low variability, while studies reporting larger 

effect sizes would be considerably more robust to greater variability with wider intervals. 

Furthermore, as sample size increases, the CI may become narrower. Although researchers could 

theoretically manipulate this to induce sensitivity, if reviewed meta-analytically, the calculation of 

weighted means would undoubtedly favour the data from the larger study, and consequently may be 

consistent with the findings of the present meta-analysis regardless. Collectively, when rationalising 

why studies might not have detected significant findings, one must question the validity of discussions 

concerning sensitivity, and instead evaluate study methodologies more stringently. 

 

3.5 Conclusions  

Hypohydration, when contrasted to an appropriate euhydrated control condition, does not appear to 

significantly impair cognitive function, nor any particular underlying domains. Furthermore, this 

analysis fails to substantiate the theorised critical water deficit of a 2% loss in BM, which is currently 

believed to result in declined cognitive performance. This should not rule out the possibility that a 

threshold might exist, but rather that it may occur at deficits greater than 2%, or that other modulating 

factors might be of importance here.   
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CHAPTER FOUR - Study 1: Euhydration preserves cognitive 

performance, but is not superior to hypohydration in military 

personnel 

4.1 Introduction  

Discerning the independent effects of hydration status on cognitive function is difficult, and 

oftentimes, cognitive testing may reflect the net interaction of exercise, exercise-induced fatigue, TC, 

ambient temperature, and hydration status (Tomporowski et al., 2007; Wittbrodt et al., 2015). As 

evidenced in the meta-analysis (Chapter 3, pages 76-98), an abundance of studies make comparisons 

longitudinally (pre- to post-intervention), utilise passive means of dehydrating participants, or 

implement post-intervention cognitive testing immediately or shortly after the cessation of exercise or 

thermal exposure when TC is likely elevated. One of the primary aims of the present study was to 

investigate the effects of hypohydration independent of possible confounding factors, by 

implementing a rest period after the cessation of hydration status manipulation.  

 

Consistent with current position stands regarding fluid consumption and dehydration (Institute of 

Medicine, 2005; Sawka et al., 2007; Thomas et al., 2016), military personnel are also instructed to 

avoid dehydration (Kolka et al., 2003; Montain, Latzka, & Sawka, 1999). Recently, the efficacy of 

current fluid replacement strategies employed by Defence were examined by Luippold et al. (2018) 

who report that within training contexts, compliance with these recommendations resulted in only 

1.2% of observations exceeding a BM loss of ≥2%; the criteria some believe to be the critical water 

deficit proposed to impair cognitive function (Sawka et al., 2007; Wittbrodt & Millard-Stafford, 

2018). Evidently, this cohort were used to explore the effects of hypohydration in excess of a 2% loss 

in body mass, independent of other possible confounding factors such as elevated core-temperature 

and exercise.   
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4.1.1 Purpose 

The purpose of the study was to investigate whether hypohydration at magnitudes presently thought to 

impair cognitive performance were more detrimental to cognition than if euhydration were maintained 

during an identical exercise task, when attempts are made to control for confounding variables.  

 

4.1.2 Questions 

The questions addressed in this study were:  

1. When confounding factors are controlled for, does hypohydration impair cognitive performance to 

a larger extent than if euhydration is maintained? 

2. Is there evidence to suggest cognitive performance is compromised when fluid deficits exceed 2% 

of BM? 

 

4.2 Methods 

4.2.1 Participants 

The number of participants required for study 1 was determined a priori through a power analysis 

with G*Power v3 (Faul, Erdfelder, Lang, & Buchner, 1996). It was estimated that 15 participants 

would be adequate to determine statistical significance based on a repeated measures analysis of 

variance (ANOVA), with one group and four repetitions, and the following parameters: f = 0.20, α = 

0.05, power = 0.80, correlation among measures = 0.80, non-sphericity correction = 1. For inclusion 

in the study, participants were required to be free from any contraindicated conditions such as 

neurologic pathology, speak fluent English, and were currently or recently (within the preceding six 

months before data collection) serving within the Australian Defence Force (ADF). Furthermore, 

because iron deficiency has been shown to impair cognitive ability (Murray-Kolb & Beard, 2007), 

iron status of participants was also screened via a blood sample provided during familiarisation and all 

participants were deemed iron sufficient (iron level = 17.2 ± 6.8 μmol/L; reference range between 7.0-

29.0 μmol/L). This study was approved by the Institutional Ethics Committee (approval number 

H17001), in accordance with the Declaration of Helsinki and its later amendments. 15 participants (12 
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male, three female; age 28 ± 7 years; height 177 ± 7 cm; mass 84 ± 12 kg; body fat 23 ± 6%; VO2PEAK 

49.0 ± 6.2 mL/kg/min) were recruited and provided written informed consent to all study procedures. 

Participants were informed that the aim of this study was to investigate how hypohydration might 

influence cognitive performance and the hypotheses of the study. All participants received financial 

compensation for their involvement in the study, receiving a stipend of $100 following completion of 

their final testing session 

 

4.2.2 Study design and procedure 

Participants reported to the testing facilities on three occasions. First, a familiarisation session was 

completed, where anthropometric measures including height (S+M Height Measure, Aaxis Pacific, 

Australia), mass (HW-150K, A&D Weighing, Australia), and body composition (dual x-ray 

absorptiometry; GE Lunar Prodigy, GE Healthcare, USA) were obtained. Participants were then 

familiarised with the cognitive testing battery utilised in the study (WebNeuro, Brain Resource 

Company Ltd, Australia), and were introduced to the experimental procedures and equipment 

required in the remaining testing sessions. Each participant was instructed to avoid strenuous physical 

activity and alcohol in the 24 hr preceding the remaining sessions, and to abstain from caffeine in the 

prior 12 hr. Additionally, to promote euhydration when reporting to the facilities, participants were 

also asked to consume at least two glasses of water before arrival. Participants were then informed of 

their randomised condition allocation, which had been determined a priori via coin flip, and exited the 

testing facilities. Although this study was not intended to be counterbalanced, the first experimental 

session was consistent with a counterbalanced approach given the number of participants recruited 

(8:7 in favour of the euhydration condition). 

 

In a crossover manner, testing sessions two and three required participants to first enter the testing 

facilities in a euhydrated state, as confirmed by urine specific gravity (USG), through refractometry  

(PAL-10S, ATAGO®, Japan). Participants were considered euhydrated if USG was less than 1.020 

mmol/L (Sawka et al., 2007). If this concentration was exceeded, the session was rescheduled for a 
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later date (n = 1 and was prior to their euhydration trial). Once euhydration was confirmed, nude BM 

(NBM) was obtained prior to the participant completing the cognitive testing battery, and subjective 

assessment as detailed in section 4.2.3 (pages 102-103). The participant then proceeded to complete a 

brief warm up in normothermic conditions and was fitted with a sensor belt (Equivital™ EQ02 

LifeMonitor Sensor Belt, Hidalgo, UK) designed to monitor TC via an ingestible telemetric sensor 

(VitalSense® Core Body Temperature Capsule, Respironics Inc., PA) that had been ingested 5 h prior 

to arriving at the testing facilities. Participants were then fitted in standard-issued military attire and a 

20 kg weighted backpack (24 ± 3 kg relative pack mass), before entering the climate chamber (40.7 ± 

1.2 °C and 35 ± 8 % RH), to complete a 90 min self-paced march. Although speed could be freely 

manipulated by the participant, they were instructed to cover as much distance as possible over the 

allotted time. Hypohydration was produced by withholding fluid throughout the testing session, or 

participants were provided with unlimited access to water to consume ad libitum during the exercise 

period. Ad libitum fluid consumption was used in the present study, as this strategy has been shown to 

preserve euhydration throughout prolonged bipedal aerobic exercise (Hoffman, Snipe, & Costa, 

2018). At the conclusion of exercise, participants exited the climate chamber, removed any affixed 

instruments, towelled off any visible sweat on their body, and provided NBM. The percentage loss in 

BM was then calculated using the pre- and post-exercise mass in the following formula: ((MASSPOST 

– MASSPRE)/ MASSPRE) × 100, and a urine sample was then provided to quantify hydration status 

using USG. In order to mitigate the confounding effects from elevated TC, exercise, or exercise-

induced fatigue, which are known to have independent effects on cognitive performance (Chang et al., 

2012; Moore et al., 2012; Schmit et al., 2017), participants proceeded to complete a rest period (55 ± 

8 min), without access to fluid. Each participant then completed the post-exercise cognitive testing 

battery and subjective assessment, before exiting the facilities. Male participants returned to the 

testing facilities after a minimum of seven days to complete the remaining fluid condition (13 ± 9 

days), while females completed all testing during the follicular phase (ranging between day 4 and 9) 

of their menstrual cycle ( based on self-reported history (28 ± 2 days).  
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4.2.3 Cognitive and subjective assessments 

The tests comprising the cognitive testing battery were selected for their relevance to military and 

exercise contexts, and have been validated by Silverstein et al. (2007) with acceptable test-retest 

reliability (Williams et al., 2005). Computerised tasks lasting ~30 min were completed in a quiet, well 

lit, normothermic room (21 ± 2 °C, 46 ± 4 % RH). Administered cognitive assessments and their 

corresponding cognitive domain according to the DSM-5 model are presented in Table 5 (page 102). 

The assessments utilised in this testing battery are described in comprehensive detail by Silverstein et 

al. (2007), however a brief overview of each is provided below.  

 

Table 5. Tasks comprising the cognitive testing battery in study 1, and their corresponding cognitive 

domain according to the DSM-5 classification model (Sachdev et al., 2014). 

Domain Task (outcome measure) 

Complex attention: Choice reaction time (reaction time)  
Continuous performance task (accuracy and reaction time) 
 

Executive function: Switching attention task (accuracy and average connection time) 
Go/no-go test (accuracy and reaction time)  
Verbal interference task (score and reaction time) 
 

Learning and memory: Memory recognition tasks (immediate and delayed recall score) 

Perceptual-motor function: Motor tapping task (number of taps) 

 

To determine choice reaction time, participants responded to one of four targets that were illuminated 

in a pseudorandomised sequence. The average reaction time (ms) was calculated over 20 trials. For 

the continuous performance task, participants were presented with a series of letters (B, C, D, or G) 

that were separated by 2500 ms, and were required to press the spacebar if the same letter appeared 

twice in a row. A total of 125 stimuli were presented to the participant, and accuracy (%) and reaction 

time (ms) were the primary outcomes for this assessment. In the switching attention task, participants 

were presented with a pattern of numbers (1-13) and letters (A-L) and were required to select numbers 

and letters in an alternating, ascending sequence (1-A-2-B-3-C etc.) until a single continuous line was 

created. The average connection time (ms) and accuracy (%) were obtained from this assessment. 
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During the go/no-go test, the word PRESS was frequently presented on the screen. Participants were 

required to depress the spacebar when the word was inked in green, and inhibit their response if the 

word was red. Accuracy (%) and average reaction time (ms) for the trials were calculated for this 

assessment. The verbal interference task lasted 1 min, and required participants to respond to a word 

(red, yellow, blue or green) that had been inked in these colours in a pseudorandomised manner. 

Correct responses were indicated by selecting the colour of the word, rather than the meaning of the 

word. Both the total score and average reaction time (ms) were calculated for this task. To determine 

both immediate and delayed memory recognition, participants memorised a list of 12 words that were 

presented in English. Opportunities for recognition were administered four times (three immediate 

and one delayed), and participants were required to recognise as many words from the list as possible 

when presented. The total number recognised for both immediate and delayed recall was the outcome 

measure for these tasks. The motor tapping task required the participant to depress the spacebar of the 

keyboard as rapidly as possible for 30 sec, and the total number of taps was recorded.  

 

Following completion of the cognitive testing battery, subjective performance was investigated using 

a five-item visual analogue scale (VAS) that quantified thirst, concentration, alertness, lethargy, and 

task difficulty (Appendix E, pages 203-205). The design of the VAS was similar to that utilised by 

Armstrong et al. (2012), where the participant was asked to mark a 100 mm line with extreme answers 

at opposite sides. Thirst was also quantified immediately after terminating the exercise portion of the 

study through a 9-point Likert scale, similar to that used by Saker et al. (2014). 

 

4.2.4 Peak oxygen consumption 

During the familiarisation session, each participant completed a maximal exercise test to exhaustion 

on a treadmill ergometer (Quasar, H/P/cosmos, Germany). Resting heart rate was first established via 

a heart rate monitor (FT1, Polar, Finland), and a 5 min self-paced warm up was completed. 

Participants then engaged in a step based running protocol, where incline remained fixed at 0% and 

speed began at 8 km/hr, and increased by 1 km/hr each min until exhaustion. Respiratory measures 
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were assessed breath-by-breath through an online system (True2400, ParvoMedics, USA) and 

averaged every 15 sec. VO2PEAK was the highest value recorded by the system throughout the exercise 

test. 

 

4.2.5 Statistical analysis 

Prior to statistical analysis, data were log transformed before being analysed for normality and 

heterogeneity using the Shapiro-Wilks test and Levene’s test respectively. Parametric statistical tests 

were used when the required assumptions were met (sphericity, homogeneity, normality, and a lack of 

outliers), while the non-parametric equivalent was used should one of these assumptions not have 

been met (Field, 2013). Cognitive performance data and subjective estimates obtained from the VAS 

were analysed using a two-way (time (2) × condition (2)) repeated measures ANOVA with a 

Bonferroni correction. Statistical significance for relative change in cognitive performance and 

exercise and physiological data were analysed using a paired student’s t-test, provided the required 

assumptions were met. When one of these assumptions were not met, a Wilcoxon rank sum test was 

conducted. All statistical analyses were conducted using the Statistical Package for the Social 

Sciences (SPSS, Chicago, Il, v24.0). Statistical significance was set at P ≤ 0.05. Effect sizes were 

represented using Cohen’s d, where 0.2, 0.5, and 0.8 were considered small, medium, and large, 

respectively (Cohen, 1988). All values are expressed as means ± SD. 

 

4.3 Results 

4.3.1 Exercise and physiological outcomes 

The exercise performance and physiological outcomes for each fluid condition are reported in Table 6 

(page 105). No significant differences among the conditions were reported for pre-exercise TC, or the 

distance travelled during the march (both P ≥ 0.06). Immediately following the cessation of exercise, 

TC and thirst were 0.9 °C and 5.0 a.u. higher in the hypohydration condition respectively (both P < 

0.01), while TC was similar between the conditions when completing the post-exercise cognitive 

testing battery (P = 0.06; d = 0.578). Pre-exercise USG was similar in both conditions, and lower than 



105 
 

the 1.020 mmol/L threshold used to define euhydration status (P = 0.26; d = 0.263), while following 

exercise, there was a significant difference in USG between conditions (P < 0.01; d = 2.220), with the 

euhydration condition remaining less than the 1.020 mmol/L, and the hypohydration condition 

exceeding this criterion. Losses in body mass were significant between the groups (P < 0.01) and 

ranged between -0.5 to 1.4 in euhydration, and 1.8 to 3.2% in the hypohydration condition.  

 
 
Table 6. Physiological and exercise performance outcomes among fluid conditions in study 1. Data 

are presented as means ± standard deviations. 

Outcome Euhydration Hypohydration P value 

Mass loss (%) 0.5 ± 0.6 
 

2.3 ± 0.6 < 0.01 

Pre-exercise TC (°C) 36.9 ± 0.2 
 

37.1 ± 0.2 0.06 

Post-exercise TC (°C) 
 

38.3 ± 0.7 39.2 ± 0.5 < 0.01 

TC during post-exercise cognitive test (°C) 
 

37.0 ± 0.3 37.1 ± 0.2 0.06 

Thirst at termination of exercise (a.u.) 
 

3.7 ± 1.3 8.7 ± 1.6 < 0.01 

Pre-exercise USG (mmol/L) 
 

1.011 ± 0.006 1.012 ± 0.005 0.26 

USG post-rest period (mmol/L) 
 

1.013 ± 0.005 1.023 ± 0.003 < 0.01 

Distance covered in the march (km) 
 

7.09 ± 1.37 6.82 ± 1.22 0.11 

Note: a.u. are arbitrary units, TC is core temperature and USG is urine specific gravity.  

 

4.3.2 Cognitive testing 

Table 7 shows the data reflecting performance on each of the cognitive tests (page 107). For complex 

attention, no differences between the conditions, time or interactions between time and condition were 

evident for any of the outcomes in either the continuous performance task or choice reaction time (all 

F ≤ 1.397; P ≥ 0.24). For executive function, there was no main effect between the conditions for any 

of the associated outcome measures (all F ≤ 1.348; P ≥ 0.26). Main effects for time were apparent for 

most of the outcomes in this domain, with improvements following the intervention apparent for the 

score and reaction time in the verbal interference task (both F ≥ 9.651; P < 0.01). Whilst, following 

the intervention, the average connection time in the switching attention task was significantly 
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improved (F(1,28) = 5.344; P = 0.03; d = 1.216), despite a significant reduction in accuracy (F(1,28) = 

10.333; P < 0.01; d = 1.216). An interaction between time and condition was also found for accuracy 

in the switching attention task that suggested poorer performance when euhydrated (F(1,28) = 4.670; P 

= 0.04; d = 0.817). Participants were also more accurate in the go/ no-go test prior to the intervention 

(F(1,28) = 5.053; P = 0.03; d = 0.837), while response time was similar between time points, and no 

interactions between time and condition were evident for either accuracy or reaction time (both F ≤ 

1.590; P ≥ 0.22). There were no significant effects between the conditions for immediate or delayed 

memory (both F < 0.024; P ≥ 0.88). More correct responses were identified pre-exercise than post-

exercise in delayed recall (F(1,28) = 4.625; P = 0.04; d = 0.814), while immediate recall was found to 

be similar (F(1,28) = 1.536; P = 0.23; d = 0.468). No interactions between time and condition were 

identified in either immediate or delayed recall (both F ≤ 0.048; P ≥ 0.83). There were no differences 

in condition, time or an interaction between time and condition for the motor tapping task (all F ≤ 

0.652; P ≥ 0.43). 
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Table 7. Performance in the administered cognitive assessments in study 1. Data are reported as means ± standard deviations. 

  Pre-exercise Post-exercise 

Assessment Outcome measure Euhydration Hypohydration Euhydration Hypohydration 

Choice reaction time Reaction time (ms) 352 ± 71 
 

366 ± 53 362 ± 66 358 ± 77 

Continuous performance Reaction time (ms) 533 ± 123 544 ± 136 573 ± 104 546 ± 88 
 Accuracy (%) 97.7 ± 1.8 

 

97.6 ± 3.2 97.7 ± 1.7 97.4 ± 4.7 

Switching attention Average connection time (ms)  1677 ± 512 1653 ± 490 1580 ± 412* 1509 ± 380* 
 Accuracy (%) 96.9 ± 4.0 

 

96.7 ± 3.6 92.9 ± 3.8*† 95.9 ± 3.7*† 

Go/ no-go Reaction time (ms) 301 ± 46 317 ± 54 297 ± 48 302 ± 56 
 Accuracy (%) 96.4 ± 2.1 

 

96.2 ± 3.2 96.1 ± 2.0* 94.8 ± 3.9* 

Verbal interference Reaction time (ms) 1243 ± 245 1219 ± 308 1103 ± 220* 1142 ± 247* 
 Total score (number) 15.1 ± 4.1 

 
16.6 ± 4.3 17.7 ± 4.3* 17.7 ± 3.8* 

Memory  Immediate (number) 54.5 ± 6.1 55.0 ± 5.1 53.6 ± 4.6 53.7 ± 4.8 
 Delayed (number)  17.9 ± 2.5 

 

17.9 ± 2.0 17.0 ± 2.8* 17.1 ± 2.5* 

Motor tapping Number of taps (number) 211.4 ± 19.3 206.9 ± 20.4 210.7 ± 20.4 204.2 ± 17.4 

Note: * represents significant main effect for time (P ≤ 0.05), † indicates an interaction between time and condition (P = 0.04). 
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4.3.3 Relative change scores 

The relative change in cognitive performance is depicted in Figure 9 (page 108). No significant 

differences in relative change scores were identified for any of the outcome measures (all P ≥ 0.06).  

  

Figure 9. The relative change (pre- to post-exercise) in performance in each of the cognitive tasks 

completed in study 1. Panel A shows the relative change in response time, while panel B depicts the 

relative change in accuracy or the number of correct responses.  A more negative number represents a 

more favourable outcome for the former (response time), while in B, a more positive number reflects 

improved accuracy or a greater score. Data presented as means ± standard deviations. 
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4.3.4 Subjective performance 

Figure 10 shows the VAS data for each assessment (page 109). Between conditions, the 

hypohydration condition had significantly greater thirst than euhydration (F(1,28) = 10.104; P < 0.01; d 

= 1.201), and medium effect sizes were identified for tiredness or lethargy (F(1,28) = 1.973; P = 0.17; d 

= 0.532), and task difficulty (F(1,28) = 2.148; P = 0.15; d = 0.553). Subjective performance was similar 

between the conditions for the remaining estimates (all F ≤ 0.095; P ≥ 0.76). All estimates of 

subjective performance were reportedly poorer following the respective intervention (all F ≥ 37.594; 

P < 0.01). Interactions between time and condition were found for thirst (F(1,28) = 36.324; P < 0.01; d 

= 2.279), and a medium effect was noted for task difficulty (d = 0.617). No further significant 

interactions among the remaining estimates were identified (all F ≤ 1.582; P ≥ 0.22).   

 

 

Figure 10. Subjective performance estimated by participants for each outcome included in the visual 

analogue scale (VAS) from study 1. The legend displays each condition and respective time point. 

Higher values indicate poorer perceived estimates of subjective performance. Significant differences 

(P ≤ 0.05) for time and between conditions are represented using the * and † symbols respectively. 

Data are presented as means ± standard deviations. 
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4.4 Discussion 

This study examined whether maintaining euhydration would preserve cognitive function, and lead to 

distinctly greater cognitive performance, than if hypohydration was incurred through an identical 

exercise task. To this end, the euhydration condition did sufficiently maintain or improve performance 

in most cognitive domains, although, aspects of executive function and memory were superior pre-

exercise. However, in support of the results of the meta-analysis reported in Chapter 3 of this thesis 

(pages 76-98), cognitive performance was comparable to that of hypohydration. Although, switching 

attention task accuracy was superior post-exercise in the hypohydrated condition. Evidently, when 

attempts are made to control for possible confounding variables, cognitive function is preserved when 

losses in BM are ~2.3%. Additionally, subjective estimates of performance were also considerably 

poorer after completing each respective condition, however, thirst, lethargy and task difficulty were 

more greatly exacerbated among the hypohydration condition. Poorer mood state has previously been 

described to be a factor contributing to impaired cognitive ability (Cheuvront & Kenefick, 2014). 

Thus, the extent of these perceptual alterations were inadequate to compromise cognition as evaluated 

in the present study.  

 

As described previously, exercise and fluid replacement guidelines encourage individuals to avoid 

excessive dehydration of no more than a 2% loss in BM, as this may be detrimental for both physical 

and cognitive performance (Institute of Medicine, 2005; Sawka et al., 2007). Although, the fluid 

deficit sustained within the present study surpassed this threshold, cognitive performance was found 

to be comparable to euhydration; resultantly adding to the growing body of recent literature opposing 

the popular consensus (Falcone et al., 2017; Irwin et al., 2017; MacLeod et al., 2018; van den Heuvel 

et al., 2017). Though an abundance of work has been conducted into this association, it is common to 

observe instances where insignificant findings are overlooked (Choma et al., 1998; Cian et al., 2001; 

D'Anci et al., 2009; Ganio et al., 2011). Indeed, rather than consider the plausible mechanisms 

involved with why preservation may be afforded for overall or select cognitive domains, authors often 

turn their attention to rationalising observed decrements (Choma et al., 1998; Ganio et al., 2011). 
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Explanations for why cognitive performance might decline during hypohydrated usually emphasise 

how neural physiology and/ or function are compromised as a consequence of reduced total body 

water. Principally, reduced cognitive capability has been affiliated with reduced brain volume, which 

is thought to be attributed to neuronal shrinkage from systemic hopovolemia (Benton & Young, 2015; 

Cohen, 1983; Dickson et al., 2005). However this is not well supported within the literature, where it 

is routinely shown that brain volume reduces only by an exceptionally small amount during 

hypohydration (Kempton et al., 2011; Kempton et al., 2009; Tan et al., 2019; Watson et al., 2010). 

Recent data from Wittbrodt et al. (2018) adds to a developing consensus of others (Kempton et al., 

2011) that overall brain volume is preserved through the expansion of the neural ventricular system, 

seemingly in response to increased tonicity of surrounding cerebrospinal fluid (Pape & Katzman, 

1970). Although, Wittbrodt et al. (2018) highlighted that complex attention task performance 

diminished during hypohydration (when ventricular expansion was evident), the authors found that 

subjects with the greatest expansions also demonstrated considerable stability in cognitive 

performance, and thus, conclude that mechanisms unrelated to brain structural changes are likely 

associated with impaired cognition. 

 

In addition to quantifying structural neurophysiology, it is also possible to map activation of brain 

regions by monitoring the BOLD signal derived from fMRI (Logothetis, 2008; Schmit et al., 2017). 

Consequently, this has the potential to provide insight into resource utilisation during cognitive 

challenge, which has also been proposed as a decisive factor in affording optimal cognition (Hancock, 

1989; Hocking, Silberstein, Man Lau, Stough, & Roberts, 2001). Among those studies utilising fMRI 

within the context of hypohydration, several have also included an assessment of cognitive 

performance (Kempton et al., 2011; Liu et al., 2013; Wittbrodt et al., 2018). One of the interesting 

findings shared among these studies is that hypohydration resulted in greater local neuronal activity 

being produced in an overreaching like manner throughout the cognitive task (Kempton et al., 2011; 

Liu et al., 2013; Wittbrodt et al., 2018). Whilst this may denote reduced efficiency as fuel supply is 

likely finite (Kempton et al., 2011; Wittbrodt & Millard-Stafford, 2018), it does highlight that the 

brain may be capable of implementing redistribution strategies, presumably to acutely overcome 
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physiological stressors. It is imperative here to highlight that among these studies are several 

heterogeneous factors that may limit the plausibility of this compensatory response being evident in 

the present study - namely the severity of fluid loss, method of dehydration, cognitive domain 

explored, and whether cognitive performance was preserved. With respect to BM reduction, Liu et al. 

(2013) report the smallest loss (1.37%), which was incurred through passive heat exposure (50 °C, 

40% RH). The authors also investigated various connectomes of the attentional network (alerting, 

orienting, and executive control), with alerting and orienting being shown to be comparable to the 

control group, while executive control diminished (Liu et al., 2013). Kempton et al. (2011) reported a 

reduction in BM of 1.64%, attained through exercise induced dehydration in normothermic conditions 

(climatic data not reported). These authors used the tower of London task to quantify executive 

function, and report comparable performance among participants independent of hydration status 

(Kempton et al., 2011). Lastly, Wittbrodt et al. (2018) evoked losses in BM of ~3% through exercise 

and heat stress (EHS) (45 °C, 15% RH). Here participants completed a prolonged visuomotor task to 

determine complex attention, reporting a considerable decline in task accuracy among hypohydrated 

participants. Returning now to the present study, losses in BM were 2.28% and attained through EHS. 

Cognitive performance in an array of cognitive domains (complex attention, executive function, 

learning and memory, and perceptual-motor function) were investigated and found to be comparable 

to euhydration. With the above findings in mind, it is likely that when hypohydrated, participants in 

the present study would have exerted increased neuronal activation, which may be responsible for 

equalising acute cognitive performance. Intuitively, this response may be implemented effectively at 

thresholds beyond the critical water deficit presently thought to impair cognition (2% loss in BM; 

Sawka et al., 2007). Given Wittbrodt et al. (2018) reported diminished complex attention at ~3% of 

BM, a critical threshold for this domain might lie between 2.28 and 3% of BM, and may be attributed 

to an ineffectiveness of the abovementioned redistribution response, although, others (Ely et al., 2013) 

have reported stability in this domain at BM reductions of 4%. Despite this discrepancy, the nature of 

the assessments used to deduce complex attention is also noteworthy. Specifically, the present study 

and Ely et al. (2013) quantified attention as part of a series of acute tests, where the associated neuro 

circuitry was likely only required for a short duration of time. Comparatively, Wittbrodt et al. (2018) 
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utilised a prolonged assessment that lasted 20 min, which is likely to have been more taxing on the 

underlying neuroanatomical regions for a longer duration of time. Consequently, it may not be that 

this redistribution method is compromised due to incurred losses in BM, but rather the need to sustain 

cognitive performance over longer durations.  

 

Despite reporting stability between the conditions in each of the cognitive domains examined, 

significant effects for time were identified for both accuracy and the average connection time in the 

switching attention task. Interestingly, these outcomes were not affected in the same manner. Rather, 

reaction time improved post-exercise, while accuracy was poorer at this time-point. Indeed, this may 

suggest that irrespective of hydration status, participants employed a riskier search strategy following 

the respective intervention, and consequently sacrificed accuracy to facilitate completion time. 

Previously, similar shifts have been observed among attentional switching tasks (Falcone et al., 2017; 

Tomporowski et al., 2007). In both instances, accuracy was traded for improvement to the speed 

related outcome, irrespective of BM losses of up to 3.7% (Tomporowski et al., 2007). Adding further 

complexity, an interaction between time and condition was found for switching attention accuracy. 

Interestingly, performance was poorer post-exercise whilst participants were euhydrated, suggesting 

hypohydration may better preserve information processing speed. Undoubtedly this finding is difficult 

to reconcile, but implies that hypohydration differently stimulates the trade-off in speed and accuracy 

compared to euhydration. Additionally, Schmit et al. (2017) have recently reported that within 

extreme environments, athletes may purposefully enact greater effort to overcome an increased 

perception of difficulty, perhaps through shifts in arousal. It is possible that whilst participants in the 

present study were hypohydrated, a similar compensatory shift in arousal was enacted to 

accommodate additional physiologic and perceptual stresses. In the absence of these stresses however, 

resultant arousal may have less optimally affected task performance, subsequently requiring greater 

attenuation of accuracy to bolster response time. Consequently, this may provide a rationale for why 

systematic fluid replacement may not always be advantageous.  
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Dehydration is known to have the capability to impair mood states and intensify estimates of 

subjective performance (Cian et al., 2001; Szinnai et al., 2005), even when losses in BM are as little 

as 1.36% (Armstrong et al., 2012). In accordance with these findings, the present study identified 

worsened subjective estimates of lethargy and task difficulty. Though postulated that poorer 

perceptual responses may contribute in part to compromising cognitive capability (Cheuvront & 

Kenefick, 2014), this does not appear to have been the case in the present study, as cognition was 

generally consistent despite altered mood state. This suggests that lethargy and perceived task 

difficulty elicited from completing a military march in the heat were not adequate to disrupt optimal 

cognitive performance. Despite this, the present data provide an opportunity to consider implementing 

targeted strategies to improve mood and subjective perceptions to possible conditions that may be 

encountered. Specifically, employing dehydration specific tasks within the conventional military 

training battery, or other exercise contexts, may improve responses to this physiological stressor. 

Previously, Fleming and James (2013) have demonstrated that habituation to hypohydration 

attenuates perceptual responses associated with effort, which these authors suggest may have 

contributed to equalised time trial performance between euhydrated and hypohydrated participants. 

Additionally, Akerman, Tipton, Minson, and Cotter (2016) have provided an insightful review on 

whether hypohydration could be a complementary stimulus that could be used to induce physiological 

adaptation arising from heat acclimatisation. Collectively, the implementation of dehydration as an 

additional training stimulus may be of considerable interest and value for a range of exercising 

populations. 

 

4.5 Conclusions 

In conclusion, this study demonstrates that maintaining euhydration via ad libitum fluid consumption 

does not prove more beneficial for cognitive performance than if fluid is restricted. Importantly, acute 

cognitive performance is preserved despite a loss in BM of 2.28; a value exceeding the 2% threshold 

recognised to possibly compromise cognitive performance by current exercise and fluid consumption 

guidelines. 
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CHAPTER FIVE - Study 2: Prior hypohydration does not impair 

motor sequence learning 

5.1 Introduction  

In agreement with the conclusions reached by the meta-analysis in Chapter 3 (pages 76-98), the 

current threshold purported to diminish cognitive performance may be insufficient to disrupt 

cognition. In the meta-analysis, while heterogeneity could be explained by the inclusion of one study 

(Gopinathan et al., 1988), the sensitivity analysis did not explain this for the learning and memory 

domain, where moderate to high heterogeneity remained (I2 > 54). As such, this domain was the least 

robust within the analysis, and therefore warrants further investigation into whether hypohydration 

might be more detrimental to performance.  

   

Within the context of learning, hydration status has previously been examined as an area of interest. 

Indeed, a number of studies have examined the effects of dehydration and subsequent water 

consumption on academic performance and retention among children and collegiate students (D'Anci, 

Constant, & Rosenberg, 2006; D'Anci et al., 2009; Edmonds & Burford, 2009; Edmonds & Jeffes, 

2009). Whilst these examples emphasise cognitive learning, the literature is yet to explore the 

association between hydration and motor learning, despite the likelihood that hypohydration may be 

encountered during practice or training contexts where skill development or learning may be an 

integral part (Duffield et al., 2012; Sawka et al., 2007). For instance, during practice, athletes may 

consciously opt to drink less water to avoid overconsumption, as this may lead to gastrointestinal 

discomfort or feeling overfull, whilst opportunities to drink may be limited depending on training 

schedules (McCartney et al., 2017; Noakes, 2007). Collectively, such elements may result in a 

mismatch between consumption and fluid losses via sweat, inherently giving rise to voluntary 

dehydration (Greenleaf, 1992).  

 



116 
 

One of the interesting insights speculated on in study 1 was that local neuronal activity may have 

increased acutely to preserve cognitive performance during hypohydration. Alternative views of this 

phenomena have posited that this may be indicative of poorer cerebral metabolism efficiency 

(Kempton et al., 2011; Wittbrodt & Millard-Stafford, 2018), and consequently, the ability to employ 

this response in more sustained cognitive performance contexts may be limited. Recently, Wittbrodt et 

al. (2018) performed fMRI on participants completing a prolonged visuomotor task that lasted 20 min, 

when either hypohydrated or euhdyrated. Similar to the findings of others (Kempton et al., 2011; Liu 

et al., 2013), Wittbrodt et al. (2018) also report elevated BOLD signalling throughout the task and 

preserved reaction time, although, task accuracy significantly diminished. Such a decline in 

behavioural task performance may perhaps indicate the ineffectiveness of this response when 

sustained cognitive performance is required. Whilst this may be the case for complex attention, 

whether this ineffectiveness may also occur among other cognitive domains is not yet known. 

However, given the extended durations required for motor acquisition (Robertson, 2007), the present 

study also investigated this phenomenon alongside motor learning capability. 

 

5.1.1 Purpose  

The purpose of this study was to determine whether motor skill acquisition or learning is hampered by 

hypohydration that exceeds ranges currently thought to be debilitating to cognitive performance (≥ 

2% loss in body mass). Additionally, this study seeks to explore whether compensatory neural 

responses may be employed to equalise any prospective differences.  

 

5.1.2 Questions 

The questions addressed in this study were:  

1. Does hypohydration compromise motor acquisition of a sequence learning task to a larger extent 

than euhydration, and if so, does this result in poorer performance in a retention and/ or transfer test? 

2. Are compensatory neural responses elicited during hypohydration, and if so, could these be 

involved with preserving motor acquisition of a sequence learning task? 
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5.2 Methods 

5.2.1 Participants 

Sample size was estimated a priori as per study 1. It was estimated that a minimum of 24 participants 

would provide an actual power of 0.81 based on a repeated measures, within-between interaction 

ANOVA, with two groups and two repetitions, using the following parameters; f = 0.25, α = 0.05, 

power = 0.80, correlation among repeated measures = 0.85, non-sphericity correction = 1. For 

inclusion, individuals were required to be free from injury and contraindicated conditions such as 

neurological pathologies, not be consuming medications likely to affect the results of the study (eg 

Ritalin, Adderall, or serotonin inhibitors), be aged 18-50, engage in regular physical activity, and be 

right hand dominant. Handedness was quantified using a modified version of the Edinburgh 

handedness inventory (Appendix C, page 201), and those achieving a laterality quotient of 61-100 

were deemed right handed and were subsequently considered for the study (Milenkovic & Dragovic, 

2013). A total of 35 participants expressed interest in the study, however three had laterality quotients 

of less than 60, and two were excluded due to their medication regime at the time of data collection. 

Thus, 30 recreationally active participants (20 males and 10 females) were enrolled and 

pseudorandomised into either a control or hypohydration group (n = 15; 10 males and five females 

each). Anthropometric and descriptive data for each group are given in Table 8 (page 118). This study 

was approved by the Institutional Ethics Committee (approval number 2016/040), and adhered with 

the Declaration of Helsinki and its later amendments. All participants provided written, informed 

consent and completed all data collection procedures. Participants were informed that the aim of this 

study was to investigate how hypohydration might influence their ability to learn a motor skill and the 

hypotheses of the study. 
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Table 8. Anthropometric data for participants in study 2. Data are presented as means ± standard 

deviations. 

Outcome Control (n = 15) Hypohydration (n = 15) 
Age (yr) 31 ± 12 

 

33 ± 10 

Height (cm) 176 ± 11 
 

176 ± 8 

Mass (kg) 80 ± 20 
 

79 ± 12 

VO2PEAK (mL/kg/min) 40.0 ± 6.9 
 

42.3 ± 7.6 

 
 
5.2.2 Study design and procedure 

Participants completed two sessions over the data collection period. Foremost, a familiarisation 

session was conducted, where height and mass were obtained as per study 1. Participants were then 

introduced to a serial reaction time task (SRTT), which was used to quantify motor sequence learning. 

Additionally, an fNIRS instrument (Oxymon MKIII, Artinis Medical Systems, Netherlands) was 

attached to monitor cerebral oxygenation during the SRTT, before a graded maximal cycling test was 

administered to determine VO2PEAK. Finally, participants completed 20 min of cycling (Ergomedic 

834E, Monark, Sweden) in a climate chamber set at a hot and humid environment (climatic data not 

collected) to prepare them for the dehydration regime should they have been randomly assigned to the 

hypohydration group. Each participant was instructed to avoid strenuous physical activity and alcohol 

in the 24 hr preceding the remaining session, and to abstain from caffeine over the prior 12 hr. 

Additionally, to promote euhydration when reporting to the facilities, participants were also asked to 

consume at least two glasses of water before arrival. Participants were then informed of their 

randomised group allocation, which had been determined a priori via a coin flip, and then exited the 

testing facilities. 

 

A schematic of the procedures completed by each group in the final session is presented in Figure 11 

(page 119). Those assigned to the hypohydration group arrived at the testing facilities at 7:00 am, 

where hydration status was first assessed by quantifying USG through digital refractometery as 

outlined in study 1. If USG was greater than 1.020 mmol/L the participant was deemed hypohydrated 
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and the testing session was rescheduled (n = 2, both in the control group). Participants then provided 

NBM and affixed the same sensor belt used in study 1 to monitor heart rate and TC. A 5 min self-

paced warm up was completed in a normothermic environment (climatic conditions not collected), 

before the participant completed a dehydration regime modelled off Stewart, Whyte, Cannon, 

Wickham, and Marino (2014), in a climate chamber (39.3 ± 1.4 °C, 36 ± 8% RH). Participants cycled 

in 6 blocks of 20 min, keeping their heart rate within 50-70% of the maximum value attained during 

the maximal exercise test from familiarisation. Participants then exited the climate chamber, removed 

any affixed instruments, towelled off any visible sweat, and again provided NBM and a urine sample 

to determine the magnitude of BM loss and hydration status. A rest period (46 ± 16 min) was then 

completed by each participant in a normothermic environment (22.6 ± 2.4 °C, 65 ± 4% RH) to allow 

TC to return to pre-exercise values, and reduce confounding effects exercise may have had between 

the groups (Chang et al., 2012; Schmit et al., 2017). The dehydration regime was not incorporated into 

the control group due to the possible enhancement of memory function that might arise by offering 

volumes of water that are sufficient to restore euhydration during the rest period of the study 

(Edmonds, Skeete, Klamerus, & Gardner, 2019). 

 

 

Figure 11. Overview of the study design used in study 2. Participants were pseudorandomised into 

either the control (CON; black) or hypohydrated (HYPO; grey) groups, and arrived at the laboratory 

at the respective time indicated in the figure above. The dehydration regime and rest period took ~240 

min (120 min of cycling and ~46 min of rest to allow TC to return to pre-exercise levels). Both the 

control and hypohydration group completed motor sequence acquisition (~90 min), and then 

completed a retention interval of ~300 min. Participants then returned to the facilities to perform a 

retention and transfer test (~30 min). MHR is maximal heart rate, SRTT is the serial reaction time 

task. 
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The conclusion of the rest period following the dehydration regime coincided with the time that those 

in the control group arrived at the facilities (11:00 am). These control participants emptied their 

bladder, provided a urine sample to ascertain hydration status via USG, and TC was recorded as 

described above. All subsequent procedures of the study were identical between the groups, who 

completed the practice trials of the SRTT, and proceeded to exit the testing facilities and return at 

5:30 pm to complete the learning assessments of the task (retention and transfer test). During the 

retention period (302 ± 30 min) participants were asked to actively consume water to facilitate 

euhydration upon their return to the laboratory, and to continue adherence to avoiding strenuous 

physical activity, caffeine, and alcohol whilst away from the facilities. Upon returning to the facilities, 

TC was obtained, and a urine sample analysed to determine hydration status. In the event an individual 

had a USG suggestive of hypohydration, they would consume 600 mL of water, and sit for 30 min in 

a normothermic environment, before another sample was obtained (n = 4, two in each group). 

 

5.2.3 Motor sequence learning task and subjective estimates of performance 

The SRTT (E-Prime® 2.0, Psychology Software Tools Inc., USA) was administered to investigate 

motor sequence learning. Such tasks have previously been utilised to discern general practice effects 

and sequence specific learning (Chan et al., 2017; Immink et al., 2017). The SRTT consisted of 

numerical stimuli (numbers 1 through 4) presented as a single digit in the centre of the screen. Each 

value was mapped spatially to a key assigned to a finger on the participant’s non-dominant hand (left), 

with the values 1, 2, 3 and 4 corresponding to the 5th, 4th, 3rd, and 2nd digits respectively. The SRTT 

consisted of a 5 item sequence with 4 elements, preceded by a cross symbol, cueing the participant to 

the upcoming sequence (trial). For the sequence to continue, a key needed to be depressed in response 

to the stimulus, until sequence completion. When an error was produced, the word “incorrect” was 

displayed in red in the centre of the screen, following completion. If the correct responses to the 

sequence were performed, the participant was notified of this and a feedback screen was shown for 

2500 ms, detailing the time elapsed for that trial, and the average duration and accuracy of all 

completed trials for that respective block. Following feedback, the screen remained blank for 1000 
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ms, before the cross symbol was again presented. The SRTT consisted of 6 blocks of 64 trials, with a 

60 sec break period between each block. During this period, participants indicated on a 100 mm VAS 

how well they could concentrate, how alert or lethargic they were, and their thirst sensation. 

Subjective estimates of performance were also obtained following the retention interval, and a 

retention and transfer test was completed. Both assessment included 20 trials, where either the learned 

sequence (retention test) or a novel sequence was embedded (transfer test). Each learning assessment 

was separated by a 60 sec rest break. During these, participants were seated in front of a computer in a 

normothermic room (21.4 ± 1.6 °C, 46 ± 7% RH) with their face positioned ~50-60 cm away from the 

screen. All cues and numbers presented to participants were in 14 point, Times New Roman font, and 

participants requiring visual aids were instructed to use them (n = 2).  

 

5.2.4 Near-infrared spectroscopy 

Previous literature has substantiated fNIRS as a suitable non-invasive methodology to monitor adult 

human neural functioning, with strong correlates to alternative imaging technologies including fMRI 

(Strangman et al., 2002). Thus, a continuous-wave fNIRS instrument was implemented in the present 

study to monitor cerebral oxygenation. The principles underlying fNIRS have been previously 

reported (Perrey, 2008; Villringer & Chance, 1997). Changes in the tissue saturation index (TSI), 

oxyhaemoglobin (O2Hb), deoxyhaemoglobin (HHb), and total haemoglobin (tHb) were quantified 

with respect to a 120 sec, eyes open, baseline sample that was collected prior to commencing the 

practice and learning assessments of the motor sequence learning task. All fNIRS outcomes were 

corrected using an age-dependent differential pathlength factor, as per the manufacturer’s 

specifications, and data were sampled at 10 Hz. The affixed probes were housed in a plastic casing, 

separated by an interoptode distance of 40 mm. Each set of probes was positioned over the left and 

right hemisphere of the PFC of the participant, following the method described by Perrey (2008). The 

PFC was used given its proposed relationship with cognition and role in operational memory function 

(Furley & Memmert, 2010; Koechlin, Basso, Pietrini, Panzer, & Grafman, 1999). Optimal signal 

strength was determined, and the site cleaned with a 70% isopropyl alcohol swab, before the probes 
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were affixed to the site with double-sided adhesive disks and covered by a black elastic wrap that 

restricted ambient light. Placement sites were traced in black marker to ensure placement was similar 

between the practice and learning phases of the sequence motor learning task.  

 

5.2.5 Peak oxygen consumption 

Participants completed a maximal exercise test to exhaustion during the familiarisation session. The 

test was completed on a cycle ergometer (Velotron Pro, RacerMate Inc., USA), which had first been 

calibrated using an AccuWatt™ test (Velotron Coaching Software v1.6.458, RacerMate Inc., USA). 

Resting heart rate was first established (FT1, Polar, Finland) before the participant was seated on the 

ergometer and adjustments to the seat and handlebars were made. A self-paced warm up was then 

completed, where the participant was able to self-select resistance and cadence, and then proceeded to 

commence the incremental cycling test. The initial workload was set at 100 W, and increased in 20 W 

increments each min. Throughout the test the participant was instructed to maintain a cadence of 

greater than 60 RPM. Maximum heart rate (MHR) was defined as the highest heart rate elicited during 

the test and was used to guide intensity for those who performed the dehydration regime. Respiratory 

measures and VO2PEAK, were quantified using the same methods outlined in study 1. 

 

5.2.6 Data analysis 

A recent meta-analysis by Wittbrodt and Millard-Stafford (2018) found that in response to 

dehydration, task accuracy is significantly impaired to a larger extent than speed related outcomes. 

Thus, to reduce possible bias, both speed and accuracy were collated into a single dependent variable, 

the IES. In accordance with the methods described by Bruyer and Brysbaert (2011), reaction time was 

divided by the proportion of correct responses (1 – proportion of errors). The overall performance 

improvement percentage was also calculated for each participant over the practice phase in 

accordance to the methods described by Immink et al. (2017). All data were processed for outliers, 

and any data that exceeded 3 SD were excluded. Lastly, the magnitude of BM loss achieved in the 
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hypohydration group was determined through the following formula: ((MASSPRE – MASSPOST)/ 

MASSPRE)) × 100.  

 

5.2.7 Statistical analysis 

Prior to statistical analysis, data were analysed for normality using Shapiro-Wilks tests, and examined 

for homogeneity through Levene’s test. Physiological data and the overall percentage improvement in 

learning were analysed using a one-way ANOVA. Behavioural performance (IES) and perceptual data 

were analysed using a two-way (group (2) × time (8)) ANOVA. The fNIRS data were analysed 

separately for the practice and learning SRTT trials. The former employed a three-way (group (2) × 

receiver (2) × time (7)) ANOVA, and the latter used the same analysis, but with a time factor of three. 

Pairwise comparisons were examined if main effects were reported and more than two comparisons 

existed, and significant interactions were explored ad hoc. Bonferroni corrections were applied to all 

ANOVA analyses as appropriate. Planned comparisons for analyses involving time were made to the 

initial block (behavioural performance) or baseline sample (fNIRS and subjective estimates of 

performance), and subsequent contrasts between each time point (block 1 to block 2, block 2 to block 

3 etc.) were also made. All statistical analyses were conducted using the Statistical Package for the 

Social Sciences (SPSS, Chicago, Il, v24.0). Statistical significance was set at P ≤ 0.05. Effect sizes 

were represented using Cohen’s d, where 0.2, 0.5, and 0.8 were considered small, medium, and large, 

respectively (Cohen, 1988). All values are expressed as means ± SD. 

 

5.3 Results 

5.3.1 Physiological outcomes 

Physiological data for each respective group are presented in Table 9 (page 124).  
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Table 9. Physiological outcomes for each group in study 2. Data are presented as means ± standard 

deviations. 

Outcome Control Hypohydration P value 

Pre-exercise TC (°C) N/A 37.1 ± 0.4  

Pre-exercise USG (mmol/L) N/A 1.014 ± 0.007  
Post-exercise TC (°C) N/A 38.4 ± 0.3  

BM loss (%) N/A 2.4 ± 0.6  

TC prior to practice trials (°C) 37.0 ± 0.4 37.1 ± 0.5 0.59 

USG prior to practice trials (mmol/L) 1.012 ± 0.009 1.029 ± 0.003 < 0.01 

TC prior to learning assessments (°C) 37.4 ± 0.3 37.3 ± 0.2 0.82 

USG prior to learning assessments (mmol/L) 1.012 ± 0.008 1.011 ± 0.006 0.50 

Note: BM is body mass, N/A is not applicable, TC is core temperature, USG is urine specific gravity.  

 

5.3.2 Behavioural performance 

There were no significant differences in the collated speed and accuracy score (IES) between the 

groups (F(1, 28) = 0.857; P = 0.36; d = 0.352). A significant main effect for time was identified (F(7, 22) 

= 20.698; P < 0.01; d = 5.129; Figure 12, page 125). Pairwise comparisons revealed significant 

differences in IES between block 1 and blocks 2-6, and the retention test, block 2 and block 3, block 3 

and block 4, block 6 and both the retention and transfer test, and between the retention and transfer 

test (all P ≤ 0.03). A large effect size was found for the interaction between group and time, although 

this was not significant (F(7, 22) = 1.489; P = 0.22; d = 1.375). Moreover, between the groups, the 

percentage improvement in sequence learning over the practice trials only differed by 2.27%, and was 

not significant (F(1, 28) = 0.013; P = 0.91; d = 0.042; Figure 13, page 125). 
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Figure 12. Inverse efficiency scores from the sequence motor learning task used in study 2. The grey 

squares and black circles represent IES performance in the hypohydrated and control groups 

respectively. * represents the pairwise comparisons that were significant to block 1 performance (P ≤ 

0.05), while ** indicates significant differences between consecutive blocks (P < 0.01). The # # 

symbol represents significant differences to block 6 (P ≤ 0.01). A lower IES value indicates superior 

performance. Data are means ± standard deviations. 

 
Figure 13. The percentage improvement in sequence learning between the groups in study 2. A higher 

value indicates a greater amount of learning. Data were deemed similar following statistical testing (P 

= 0.91). Data are means ± standard deviations. 
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5.3.3 Near-infrared spectroscopy 

During the SRTT and the learning trials, fNIRS was recorded. Figure 14 (page 127) shows the 

changes in TSI (Figure 14a), O2Hb (Figure 14b), HHb (Figure 14c), and tHb (Figure 14d) 

concentrations that were examined with respect to the collected baseline sample for both the practice 

and learning trials. For TSI, no differences were detected between the groups (F(1, 56) = 1.386; P = 

0.24; d = 0.314). However, a significant main effect for time was identified (F(6, 51) = 6.480; P < 0.01; 

d = 1.784), with pairwise comparisons revealing significant differences between baseline and blocks 

1-6 (all P < 0.01), while remaining comparisons were similar (all P = 1.00). Changes in TSI were also 

similar between hemispheres (F(1, 56) = 0.601; P = 0.44; d = 0.211). No significant interactions 

between group and time, group and receiver, or group, time, and receiver were evident for TSI during 

practice of the motor sequence task (all F ≤ 1.520; P ≥ 0.19). Similar to TSI, O2Hb was comparable 

between the groups (F(1, 56) = 0.991; P = 0.32; d = 0.263). Furthermore, a significant main effect for 

time was found (F(6, 51) = 5.593; P < 0.01; d = 1.623; Figure 14, page 127), and pairwise comparisons 

revealed a trend suggesting an increased O2Hb concentration during the practice blocks, with 

significant differences between baseline and block 1 and 3 (both P ≤ 0.04), and medium to large effect 

sizes between baseline and block 2, 4, 5, and 6 (all d ≥ 0.633). The remaining planned comparisons 

were similar (all P ≥ 0.104). Between hemispheres, O2Hb was similar (F(1, 56) = 1.166; P = 0.29; d = 

0.286). A significant interaction between group and time was found for O2Hb (F(6, 51) = 3.781; P < 

0.01; d = 1.334), with O2Hb in the hypohydration group significantly elevated during the initial block 

of the practice trials (P = 0.02; d = 0.674; Figure 14, page 127). No further interactions were found for 

time and receiver, or group, time and receiver (both F ≤ 2.09; P ≥ 0.07). For HHb, there was no 

difference between the groups (F(1, 56) = 0.581; P = 0.45; d = 0.201). A main effect of time was found 

(F(6, 51) = 8.094; P < 0.01; d = 1.953), and pairwise comparisons indicated significance between 

baseline and blocks 1-6, and block 5 and 6 (P ≤ 0.05). There was no difference between the 

hemispheres, nor any interactions between group and time, time and receiver, or group, time, and 

receiver (all F ≤ 1.230; P ≥ 0.31). For tHb there was no significant difference between the groups, 

time, or hemisphere (all F ≤ 1.632; P ≥ 0.21). Although a significant interaction between group and 
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time was found (F(6, 51) = 4.117; P = 0.02; d = 0.540), post hoc analysis did not distinguish a 

significant effect between the conditions at any of the blocks (all F ≤ 3.709; P ≥ 0.06). None of the 

remaining comparisons were found to be significant (both F ≤ 0.302; P ≥ 0.716). 

 

 

 
Figure 14. Changes in (A) tissue saturation index, (B) oxyhaemoglobin, (C) deoxyhaemoglobin, and 

(D) total haemoglobin concentrations evoked from baseline, during practice of the serial reaction time 

task used in study 2. Means ± standard deviations for each outcome reflect the pooled data from both 

hemispheres, and are separated by group. The grey squares and black circles represent the 

hypohydrated and control groups respectively. * represents the pairwise comparisons that were 

significantly different to baseline (P ≤ 0.05), while ** indicate significant pairwise comparisons 

among consecutive blocks (P ≤ 0.05). † reflects where significance was observed between the groups 

over time (P < 0.05). 
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Haemodynamic responses during both the retention and transfer test are reported in Figure 15 (page 

129). No differences between the groups were evident for TSI, O2Hb, HHb, or tHb (all F ≤ 2.643; P ≥ 

0.11). However, main effects for time were identified for all haemodynamic outcomes (all F ≥ 9.410; 

P < 0.01), except tHb (F = 0.301, P = 0.41, d = 0.211). Pairwise comparisons for TSI indicated 

increases from baseline in both the retention and transfer test, and between these assessments (all P < 

0.01), while for O2Hb, elevation was only noted between baseline and the transfer test, and between 

the retention and transfer test (both P < 0.01). Similar to TSI, HHb was significantly different between 

baseline and the retention and transfer tests, and between these assessments (all P < 0.05). No 

differences between hemispheres, nor interactions between group and time, time and receiver, or 

group, time, and receiver were evident during the assessments of learning for any of the outcomes 

informing cerebral haemodynamics (all F ≤ 1.259; P ≥ 0.27).  

 

5.3.4 Perceptual responses 

Subjective estimates of attention, concentration, lethargy, and perceptions of thirst were obtained 

throughout the practice trials of the SRTT and prior to commencing the learning trials (Figure 16, 

page 130). The hypohydration group reported significantly poorer concentration, attention, and 

elevated states of lethargy and thirst compared to the control group (all F ≥ 13.567; P < 0.01). 

Similarly, main effects for time were evident for all perceptual estimates (all F ≥ 19.606; P < 0.01). 

Pairwise comparisons for attention indicated a trend for poorer attention during each practice block 

with respect to baseline, with significant differences between baseline and blocks 3-6 (all P ≤ 0.04). 

Similarly pairwise comparisons for concentration indicated significant differences between baseline 

and block 3-5 (all P ≤ 0.03). For lethargy, baseline and blocks 3 and 4 were significant following 

examination of the pairwise comparisons (both P ≤ 0.02). While for thirst, most pairwise comparisons 

were similar (P = 1.00). Among each of the subjective estimates reported, the baseline sample and 

block 6 were significantly poorer than when participants returned to the testing facilities to complete 

the learning trials (all P < 0.01). Significant interactions between group and time were evident for all 

perceptual estimates of performance (all F ≥ 5.770; P < 0.01). For attention, concentration, lethargy 
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and thirst, the hypohydration group reported significantly greater strain at all-time points (all F ≥ 

5.877; P ≤ 0.02), except when returning to the testing facilities to complete the assessments of 

learning (all F ≤ 0.127; P ≥ 0.73).  

 

 
Figure 15. Changes in (A) tissue saturation index, (B) oxyhaemoglobin, (C) deoxyhaemoglobin, and 

(D) total haemoglobin concentrations evoked from baseline, during both the retention, and transfer 

test of the motor sequence learning task used in study 2. The hypohydrated and control groups are 

denoted by grey and black respectively. * represents significant differences between the assessments 

(P ≤ 0.05). Data are means ± standard deviations. 
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Figure 16. Subjective estimates of (A) attention, (B) concentration, (C) lethargy, and (D) thirst 

throughout the practice and learning phases of study 2. The grey squares and black circles represent 

the hypohydrated and control groups respectively. * represents the pairwise comparisons that were 

significantly different than baseline (P ≤ 0.05), while † indicates where significance was observed 

between the groups over time (P ≤ 0.05). Higher scores reflect a less favourable perceptual 

association. Data are means ± standard deviations. 
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5.4 Discussion 

The present study aimed to ascertain whether motor sequence learning would be poorer among 

participants practicing a SRTT whilst hypohydrated. The key novel finding of this study is that 

resultant motor learning was similar between hypohydration and control, as indicated by comparable 

performance in both the retention and transfer tests of the motor sequence learning task. Likely, this 

finding is attributed to the observed similarities between the groups during practice. Seemingly, 

sequence learning, as quantified by IES was comparable between the groups, which both improved 

throughout practice, whilst the overall percentage improvement in sequence learning was near 

identical between the groups. The second aim was to monitor cerebral haemodynamics to determine 

whether compensatory neural activity could be a plausible reason for why motor learning capability 

may be equalised. The hypohydrated participants produced greater elevations in O2Hb concentration 

during the initial stages of practice, suggestive of greater neural activity (Derosiere, Dalhoumi, Perrey, 

Dray, & Ward, 2014; Strangman et al., 2002), perhaps in response to elevated physiological or 

perceptual strain. Subjective estimates of attention, concentration, and lethargy were also significantly 

poorer among the hypohydration group throughout the SRTT. However, when returning to complete 

the learning trials these perceptions were similar, likely due to the engagement of rehydration by 

participants during the retention interval.  

 

Previous explanations for why cognitive performance might be preserved during states of 

hypohydration centre on the net effect of cumulative stresses that is produced when eliciting fluid loss 

by exercise and/ or heating (Grandjean & Grandjean, 2007). It is argued that during such situations, 

the compromising effects of hypohydration are offset by the beneficial influences of exercise or 

elevated TC (Chang et al., 2012; Schmit et al., 2017). Thus, to more explicitly examine the effect of 

hypohydration and better account for such confounding factors, a rest period was implemented 

following the cessation of dehydrating exercise for those in the hypohydration group. As such TC was 

reportedly similar between the groups prior to the onset of the practice trials, whilst the duration of the 

rest period completed by the hypohydration group also exceeded the duration purported to enhance 
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cognitive performance by ~30 min (Chang et al., 2012). Although such a methodological design 

affords strong control over the experimental variable of interest, whether the lack of exercise 

completed by the control group might have been a significant factor in why sequence learning was 

observed to be comparable between the groups needs to be considered.  

 

Several studies have previously examined the relationship between acute exercise and motor learning, 

or memory consolidation, noting that this stressor appears to benefit acquisition (Roig, Skriver, 

Lundbye-Jensen, Kliens, & Nielson, 2012; Snow et al., 2016; Statton, Encarnacion, Celnik, & 

Bastian, 2015; Winter et al., 2007). Whilst psychological perspectives contend that enhanced memory 

function is the product of a more optimal state of arousal arising from completed exercise (Martens & 

Landers, 1970), a more neurophysiological explanation may also exist. For instance, the protein brain-

derived neurotrophic factor (BDNF) has consistently been shown to be abundant during and following 

exercise of varying modes and intensities (Mang, Snow, Campbell, Ross, & Boyd, 2014; Statton et 

al., 2015; Winter et al., 2007). The literature suggests that BDNF is closely linked with skill 

acquisition, probably because of the implications this protein has in modulating synaptic plasticity of 

memory specific neuroanatomical structures, such as the hippocampus (Yamada & Nabeshima, 2003). 

Whilst tempting to conclude that given the hypohydrated group completed exercise, BDNF abundance 

may have been more conducive to motor acquisition, and therefore explain the observed similarities in 

sequence learning between the groups, it is important to consider the time course of the association 

between exercise and BDNF. Previously, Statton et al. (2015) have examined the motor acquisition of 

a sequential pinch task immediately following the cessation of exercise and following 60 min of rest. 

Consistent with the findings of others (Mang et al., 2014; Winter et al., 2007), motor acquisition was 

enhanced following exercise cessation, probably due to a greater abundance of circulating BDNF 

(Goekint et al., 2008; Yamada & Nabeshima, 2003), while acquisition diminished among those 

completing the rest period, likely due to a more normative neuroendocrinal response (Statton et al., 

2015). Additionally, Goekint et al. (2008) have previously reported the return of this protein to 

baseline levels in as little as 15 min following exercise cessation. Given, the rest period in the present 

study (~46 min) and the findings of  Statton et al. (2015), it is unlikely that differences in BDNF 
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between the groups existed. Moreover, it is worth revisiting the methodological decision to exclude 

the control group from completing the dehydration regime. Principally, there is evidence to suggest 

that memory function can be enhanced by consuming large volumes of water (Edmonds et al., 2019). 

Whilst, having both the hypohydration and control group complete the dehydration regime would 

have provided greater comparability, having the control group consume water to sufficiently return 

them net zero in terms of body mass, may have presented a confounding effect on subsequent motor 

acquisition, as sequence learning is subject to memory function (Krakauer & Shadmehr, 2006).  

 

Further to the role of BDNF, Adan (2012) has previously proposed an association between the 

hormone AVP, and learning and memory. Whilst, AVP is not capable of crossing the BBB, and 

therefore cannot directly act on memory related processing centres within the brain, this hormone may 

induce several indirect effects (McEwen, 2004). Foremost, AVP may mobilise precursor 

neurotransmitter substances on the blood side of the BBB (Ermisch & Landgraf, 1990). Additionally, 

AVP may stimulate greater release of glucose from storage sites within the liver, and resultantly 

increase the abundance of this nutrient, which is essential for neuronal functioning (Cahill & 

McGaugh, 1996). Furthermore, given the pressor effect this hormone enacts, implications on CBF 

may arise, whereby transportation of glucose or precursor neurotransmitter substances could be 

expedited to metabolically active neural sites associated with memory - such as the frontal cortex 

(Furley & Memmert, 2010; McEwen, 2004). Although AVP was not quantified in the present study, it 

is likely this hormone would have been abundant among those in the hypohydrated group when 

undertaking motor practice (Cheuvront & Kenefick, 2014). Resultantly, these indirect functions of 

AVP may represent a compensatory (neuro)physiological response to incurred hypohydration, and 

provide a plausible explanation for why motor acquisition was comparable between the groups. If so, 

this would further support the rationale for why systematic fluid replacement may not be required 

within the context of cognitive performance.  

 

When encountering physiological stressors such as hypohydration, greater local neuronal activity may 

be implemented to preserve cognition (Kempton et al., 2011; Liu et al., 2013). Although, in more 
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sustained cognitive tasks this compensatory effect may be compromised (Wittbrodt et al., 2018). 

Indeed, these authors report that accuracy had declined in a 20 min visuomotor task, despite preserved 

response time and increased BOLD signalling among hypohydrated participants (Wittbrodt et al., 

2018). In contrast, the present study found comparable outcomes in behavioural performance between 

the groups throughout the prolonged SRTT, while fNIRS data indicated a greater initial increase in 

cerebral O2Hb among hypohydrated individuals during practice. Principally, several factors may 

explain this inconsistency. Foremost, the cognitive domain was not similar among the studies, with 

Wittbrodt et al. (2018) investigating attention, while learning and memory function was assessed here. 

Although, the meta-analysis in Chapter 3 (pages 76-98) emphasises that fluid deficits of around 2% of 

BM are unlikely to have ramifications on cognitive performance, irrespective of the cognitive domain 

being utilised, alternative reviews emphasise that hypohydration may more selectively influence 

particular cognitive domains (Adan, 2012; Wittbrodt & Millard-Stafford, 2018). Furthermore, the 

magnitude of fluid loss also differs between the studies, where the dehydration regime completed in 

the present study produced losses in BM of ~2.4%, while Wittbrodt et al. (2018) reported losses of 

~3%, a level they argue is sufficient to induce homeostatic challenge. Greater fluid loss is likely to 

incur larger physiological compensation, as homeostatic mid points are further deviated from, which 

may have had greater ramifications on attention specific frontoparietal neuro-circuitry. Lastly, closer 

inspection of the rate of decline in accuracy observed by Wittbrodt et al. (2018) reveals that 

irrespective of the condition, behavioural performance was impaired as time on task increased, 

possibly indicating the presence of mental fatigue. 

 

As described in section 2.4 of this thesis (page 52-53), mental fatigue is regarded as an altered 

psychophysiological state characterised by increased perceptions of lethargy and disengagement of 

cognitive task performance (Lorist, Boksem, & Ridderinkhof, 2005; Pageaux & Lepers, 2018). 

Recently, Pageaux and Lepers (2018) have suggested cognitive tasks of at least 30 min are required to 

induce mental fatigue. However, durations of as little as 16 minutes have also been shown to produce 

this state (Borragan et al., 2016; O'Keeffe et al., 2019), perhaps owing to greater sensitivity of 

cognitive performance, than aerobic exercise capacity or sports performance (Marcora, Staiano, & 
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Manning, 2009; Pageaux & Lepers, 2018). When reviewing the data of Wittbrodt et al. (2018), the 

percentage change in visuomotor accuracy from the first and last 5 min blocks appears considerably 

greater among hypohydrated participants, in contrast to the other conditions (~18% versus 7-10% 

respectively; extrapolated via digitisation). Thus, an association between mental fatigue and 

dehydration may exist. Although inconsistently reported among the literature, dehydration has 

previously been suggested to strain attentional processing resources (Cheuvront & Kenefick, 2014). 

However, it is the primordial emotion thirst that may offer more promising insight to this relationship. 

As described elsewhere in this thesis (see pages 36-40), elevated thirst perception is commonly 

experienced alongside dehydration, and has neural manifestations among the ACC and IC (Gizowski 

& Bourque, 2018). Interestingly, the latter of these neuroanatomical structures - the IC, is also thought 

to be implicated with mental fatigue (Ishii et al., 2014). Indeed, the IC alongside the PCC are thought 

to form the inhibitory portion of the dual regulation framework of mental fatigue, which operates in 

conjunction with a mental facilitation system that comprises the thalamic-frontal loop (Ishii et al., 

2014). Within this framework, it is plausible that increased activation within inhibitory system 

circuitry may cause strain on the balance between inhibition and facilitation components, triggering 

mental fatigue, and subsequently account for why Wittbrodt et al. (2018) reported impaired sustained 

cognitive performance. Although this concept will be explored further in Chapter 6 of this thesis 

(pages 138-153), it is worth reflecting on the implications mental fatigue may have had on the 

findings of the present study.  

 

Whilst one might anticipate mental fatigue to inhibit learning and memory functions; such as 

sequence learning, the contrary has previously been reported by Borragan et al. (2016). The authors 

report that those indicating greater subjective cognitive fatigue following a more complex prolonged 

working memory task, also exhibited significantly greater sequence specific learning during an SRTT 

(Borragan et al., 2016). As explained by the authors, mental fatigue may have diminished available 

cognitive resources and inhibited goal-directed attentional use, meaning that top-down memory 

systems were disengaged, and resultantly stimulus driven sequence learning was promoted (Borragan 

et al., 2016). Although perceived cognitive fatigue was not quantified in the present study, 
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interactions for attention, lethargy, and concentration suggest that these perceptions were worse 

among the hypohydrated group. When coupled with the similarities in behavioural performance 

between the groups (IES), it is apparent that this group were required to produce greater effort in 

order to meet the workload demands of the SRTT. As previously discussed by Hockey (2011) 

cognitive fatigue may not be limited to workload demands alone, but rather one’s level of effort 

applied to such demands. Thus, it is likely mental fatigue was greater among the hypohydrated group, 

and given the relationship between mental fatigue and sequence specific learning, this effect may have 

been ergogenic, equalising IES performance between the groups. It is important to note here that 

estimates of effort were not explicitly collected in the present study, and this interpretation is 

intuitively formed, based on the observed compromises in subjective estimates of concentration, 

lethargy, and attention. Whilst subjective estimates of fatigue and performance such as effort are an 

important facet in determining mental fatigue (Hockey, 2011; Van Cutsem, Marcora, et al., 2017), the 

other aspects of this phenomena (behavioural and neurophysiological) should also be considered. 

However, these elements need to be reviewed with caution due to the nature of the SRTT and the 

context explained here. For instance, the SRTT is associated with enacting general practice effects, 

and sequence specific learning (Abrahamse & Noordjij, 2011; Robertson, 2007), and therefore, 

decrements in behavioural performance may be masked as time on task lengthens. Furthermore, 

consistent with the findings of others (Kempton et al., 2011; Wittbrodt & Millard-Stafford, 2018), 

hypohydration appears to enact compensatory alterations in underlying neurophysiological responses 

- i.e. increased PFC O2Hb, likely to ensure behavioural task performance is preserved. Thus, within 

the context of a SRTT, the role of effort and other subjective quantifications of psychophysiological 

state may be underappreciated.  

 

5.5 Conclusions 

This novel study investigated whether prior hypohydration may impair motor sequence learning. 

Irrespective of whether motor acquisition was completed when hypohydrated or euhydrated, similar 

improvements in behavioural performance (IES) and overall learning were produced. Furthermore, 
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increased PFC O2Hb was found in the hypohydration group, which may have acted as a possible 

compensatory response to equalise behavioural task performance between the groups. This study 

indicates that skill acquisition does not diminish when losses in BM exceed the apparent 2% 

threshold, nor does this seem to have implications for the retention and transfer of learning.  
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CHAPTER SIX - Study 3: Thirst perception exacerbates objective 

mental fatigue 

6.1 Introduction  

As indicated by the prior studies and the meta-analysis in this thesis, hypohydration in excess of the 

proposed critical water deficit does not appear to modulate cognitive performance, irrespective of the 

cognitive domain tested. Likely, increased neural activity, alongside redistribution strategies are 

evoked during this state to preserve necessary cognition. As evidenced in study 2 (pages 115-137), 

this compensatory response may also not be restricted to instances of acute performance, where initial 

elevation of PFC activity was reported during hypohydration, whilst motor acquisition remained 

comparable to the euhydrated control group. Despite this and the abundance of literature invalidating 

current exercise and fluid recommendations that pertain to cognitive performance (Falcone et al., 

2017; Irwin et al., 2017; MacLeod et al., 2018; van den Heuvel et al., 2017), attitudes perpetuating the 

avoidance of dehydration continue to be published (Martin et al., 2019; Merhej, 2018). Although this 

may be in part due to a lack of plausible alternative explanations available for why select studies 

within the literature might have observed reduced cognitive performance during hypohydration. As 

proposed in study 2, a prospective relationship between mental fatigue and thirst may exist, and 

seemingly, could describe why sustained cognitive performance might be impaired when 

hypohydrated.  

 

Thirst is a common sensation known to accompany hypohydration, whereby signalling from 

peripheral and central osmoreceptors increase as greater fluid deficit is sustained (Bourque, 2008; 

Gizowski & Bourque, 2018). As highlighted in section 2.2.1 (pages 37-38) of this thesis, thirst is also 

known to manifest neurally within the ACC and IC, where local activity of these sites intensifies as 

perturbation increases or is prolonged (Gizowski & Bourque, 2018). Interestingly, the latter of these 

neural structures is also implicated with the proposed dual regulation system for mental fatigue (Ishii 

et al., 2014). Here the authors propose that mental fatigue is regulated by the synergistic operation of 
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both a facilitation and inhibition neural system in response to cognitive work, and highlight three 

prospective methods for which mental fatigue may arise; i) insufficient activation of facilitation 

system circuitry; ii) elevated inhibition system activity; or iii) a pronounced imbalance between these 

systems occurs (Ishii et al., 2014). Intuitively, should increased IC activation result from thirst, this 

may have downstream ramifications for managing the synergy between mental facilitation and 

inhibition inputs in response to cognitive work, which may strain this relationship and exacerbate 

mental fatigue.  

 

Among the hydration specific literature, two studies (Watson et al., 2015; Wittbrodt et al., 2018) 

exemplify the possible relationship between thirst and mental fatigue. First, Watson et al. (2015) 

examined the number of errors made during a 2 hr driving simulation, following either habitual fluid 

consumption or a period of fluid restriction that resulted in a loss in BM of 1.1%. The authors 

highlight that whilst hypohydrated, participants made more driver errors, and produced greater 

increases in EEG α and θ power as time on task lengthened (Watson et al., 2015). Furthermore, 

subjective perceptions related to lethargy were exacerbated when fluid restriction was undertaken 

prior to the driving simulation (Watson et al., 2015), probably due to negative valence arising from 

the discomforts of thirst (Leib et al., 2016). Similarly, as explored in further detail in the discussion of 

study 2, Wittbrodt et al. (2018) also report augmented complex attention following dehydration 

incurred through exercise and heat-stress that produced a loss in BM of ~3%. Despite observed 

decline in cognitive performance, the author’s stress that impairment is unlikely attributed to 

structural brain morphology, and rather highlight that decrement may instead be associated with 

alternative mechanisms (Wittbrodt et al., 2018). Further consideration towards the task utilised by 

Wittbrodt et al. (2018) indicates that the time constraints for response selection in the visuomotor task 

were manipulated. Recently, Borragan et al. (2017) have demonstrated that it is not simply the 

complexity of a given task that may be important for triggering mental fatigue, but rather this state 

may be expedited by placing additional constraints on information processing, such as reducing 

decision making time availability. With this in mind, the time pressures placed on participants in the 

study by Wittbrodt et al. (2018) may have inadvertently accelerated mental fatigue and possibly 



140 
 

account for the observed decline in performance. In each of the studies reviewed here (Watson et al., 

2015; Wittbrodt et al., 2018), the authors attribute the decline in sustained cognitive task performance 

to the degree of BM loss incurred, and are insufficiently critical of the role of thirst, despite obtaining 

such data. With the above mentioned framework in mind, the findings of these studies may 

alternatively be explained by resultant mental fatigue, and this association will be explored in further 

detail here. It was hypothesised that during the mentally fatiguing protocol, subjective estimates of 

fatigue would be greater during thirst than satiety; that behavioural performance would become 

impaired in both conditions as time on task increased, however, this would occur earlier during thirst; 

and compensatory changes to neurophysiological parameters would precede alterations in behavioural 

performance, and thus occur earlier during thirst.  

 

6.1.2 Purpose 

The purpose of this study was to investigate whether mental fatigue may be exacerbated by thirst, as 

this may be an important factor implicated with why sustained cognitive performance might decline 

when hypohydrated.  

 

6.1.3 Question 

The question addressed in this study was:  

1. Is thirst associated with subjective, behavioural, and/ or neurophysiologic manifestations of 

mental fatigue, and if so, might these associations be of importance to the relationship between 

hydration and cognition? 

 

6.2 Methods 

6.2.1 Participants 

Sample size was determined a priori as described in study 1. It was estimated that 15 participants 

would provide an actual power of 0.81 based on a repeated measures within factors ANOVA, with 

one group, two repetitions, and the following parameters; f = 0.25, α = 0.05, power = 0.80, correlation 
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among repeated measures = 0.80, non-sphericity correction = 1. For inclusion in the study, 

participants were required to be males aged 18-40, be recreationally fit and engage in regular physical 

activity, be free from any contraindicated conditions including neurological pathology, speak fluent 

English, and be colour vision sufficient. Females were not considered for this study due to time 

pressures for data collection, and consequently, an inability to control for possible fluctuations in 

thirst or cognitive performance due to the menstrual cycle (Giersch, Charkoudian, Sterns, & Casa 

2020; Le, Thomas, & Gurvich, 2020). This study was approved by the Institutional Ethics Committee 

(approval number H18255), adhering with the Declaration of Helsinki and its later amendments. 15 

participants volunteered for the study (age 29 ± 7 yrs; height 178 ± 6 cm; mass 84 ± 13 kg; VO2PEAK 

49.9 ± 6.1 mL/kg/min), and provided written informed consent to all study procedures. Participants 

were informed that the aim of this study was to investigate whether thirst might exacerbate their 

objective and perceptions of mental fatigue, and were introduced to the studies hypotheses. To 

incentivise and motivate participants during the mentally fatiguing task, a $50 reward for the top two 

performers in each experimental condition was provided. 

 

6.2.2 Study design and procedure 

Participants completed 3 sessions. Initially familiarisation was completed, where height and mass 

were obtained as previously described in study 1, and a maximal incremental cycling test was 

administered to determine VO2PEAK. Participants were also introduced to the mentally fatiguing and 

thirst inducing tasks to be used in the remaining experimental sessions, completing 30-45 min of each 

assessment. Prior to leaving the facilities, participants were informed of the order they would 

complete the remaining testing sessions, which had been randomised a priori by coin flip, but was not 

counterbalanced (first session split was 9:6 in favour of thirst). Each participant was also instructed to 

avoid strenuous physical activity and alcohol in the 24 hr preceding the remaining sessions, and to 

abstain from caffeine over the prior 12 hr. Additionally, to promote euhydration when reporting to the 

facilities, participants were also asked to consume at least two glasses of water before arrival.  
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The remaining sessions were completed in a crossover manner, where thirst was the experimental 

variable manipulated. Figure 17 (page 142) displays an overview of these sessions, which were 

completed ~1 wk apart, and held at the same approximate time each day to minimise circadian 

variations (Adan, 2012). Upon arrival to the testing facilities, participants provided a urine sample that 

was assessed to determine hydration status and NBM was obtained as outlined in previous sections of 

this thesis. Participants then completed the respective thirst condition, before a further NBM and urine 

sample were obtained. Finally, participants proceeded to complete a mentally fatiguing task lasting 60 

min. 

 

 

Figure 17. Schematic of the completed experimental sessions. During the manipulation of thirst, 

participants exercised on a cycle ergometer (50-70% of maximal heart rate), into a simulated head 

wind, and either had access to water to consume to the dictates of their thirst (sated), or abstained 

from water and instead completed intermittent mouth rinses of salt water (thirst). A modified Stroop 

task was performed for 60 min by all participants following thirst manipulation. Functional near-infra-

red spectroscopy (fNIRS) was applied over the pre-frontal cortex in the latter duration of the rest 

period, before a baseline sample was obtained and the participant engaged with the mentally fatiguing 

task, while fNIRS was recorded throughout. NBM is nude body mass, and USG is urine specific 

gravity. 

 

6.2.3 Thirst manipulation protocol 

The thirst manipulation protocol was developed in keeping with other studies of this thesis (study 2), 

but a normothermic environment was preferred (25.4 ± 0.8 °C, 60 ± 6% RH). Following a 5 min self-
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paced warm up, participants mounted a cycle ergometer (Ergomedic 834E, Monark, Sweden) and 

exercised at ~50-70% of the MHR produced during the maximal exercise test completed during 

familiarisation. Participants cycled into a head wind of ~3.5 m/s, which was produced by a desk fan 

(Model: GCDF131, Goldair, New Zealand) positioned in front of the cycle ergometer. During the 

sated condition, participants were provided unlimited access to water and were instructed to drink to 

the dictates of their thirst, while in the thirst condition, water was withheld and participants instead 

rinsed and swilled salt water in their mouth for 5 seconds, every 10 min. A 9-point Likert scale, 

similar to that used by Saker et al. (2014), was used to estimate thirst sensation every 5 min 

throughout the thirst manipulation protocol which lasted 60 min in each condition.  

 

6.2.4 Mentally fatiguing task 

Prior to commencing the mentally fatiguing task, a continuous-wave functional fNIRS instrument, 

identical to that used in study 2, was positioned (further details provided in Section 6.2.4). Whilst, the 

rationale concerning neurophysiologic responses to mental fatigue was informed by other 

neuroimaging technologies (fMRI and EEG), fNIRS is capable of providing comparable insights (Qi 

et al., 2019) and was hence used in the present study. Following the baseline fNIRS collection, the 

participant reported a subjective estimation of mental fatigue on a 100 mm VAS. The question “How 

mentally fatigued do you feel right now?” was presented with extreme responses anchoring either 

ends of the line (not mentally fatigued at all, and extremely mentally fatigued). The VAS was 

presented to the participant in 10 min increments throughout the mentally fatiguing protocol. 

Following this, participants then proceeded to complete a modified Stroop task written in Java (Oracle 

Corporation, Redwood Shores, USA) that was modelled on the design of Van Cutsem et al. (2018) in 

a normothermic room (25.0 ± 0.3°C, 61 ± 7% relative humidity). The task consisted of an indefinite 

number of stimuli, and participants were instructed to accurately complete as many trials as possible 

within 60 min, using an optimal mouse (MS116, Dell Technologies, USA). The duration of the task 

was informed by the recent review of Pageaux and Lepers (2018), who suggest task durations should 

exceed 30 min. Each trial within the continuous Stroop task consisted of a coloured word (red, blue, 
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yellow, and green), inked in such colours. The order and inking of these words appeared to the 

participant in a pseudorandomised order throughout the test. Approximately 50% of the trials were 

congruent and the remaining incongruent trials were randomised. Beneath the coloured word that was 

located in the centre of the screen were boxes containing the word yellow, blue, green, and red, which 

were written in black and remained in a fixed order. The stimulus remained present until a selection of 

the black boxes was made. An intertrial interval of 750 ms was used between each trial, where the 

screen remained blank for the duration of the interval. All words displayed to the participant were in 

34-point, Arial font. The participant was required to respond to the meaning of the displayed word, 

rather than the colour of the word, and did not receive external feedback for any of the trials 

completed in the mentally fatiguing task. Response time was recorded as the duration required to elect 

a response, while accuracy was determined by whether the appropriate selection was made. Both 

outcomes were collated into a single outcome, the IES, which was determined as described in study 2 

and calculated for each 5 min interval throughout the 60 min protocol. The total number iterations 

completed by participants was also recorded. Given IES was determined with respect to time, this 

outcome is considered a relative performance outcome, while the total number of iterations completed 

in the task will be reflective of an absolute measure of behavioural performance. 

 

6.2.5 Functional near-infrared spectroscopy 

Two near-infrared probes were positioned over the left and PFC as per Perrey (2008). The PFC was 

investigated to examine the facilitation network within the dual regulation framework of mental 

fatigue (Ishii et al., 2014). Other subcortical structures within this framework were not able to be 

investigated due to the spatial limitations of this technology. Each probe was housed in a plastic 

casing that was separated by an interoptode difference of 40 mm. The casings were then secured to 

the skin using adhesive discs and a black elastic wrap was wound around the participants head to 

minimise the intrusion of extraneous light infiltration during the mentally fatiguing task. Data were 

corrected using an age-dependent differential pathlength factor to account for the changes in the 

optical pathlength due to the scattering of light in biological tissues (Duncan et al., 1996), and 
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sampled at 10 Hz. A 120 sec eyes open resting sample was completed by the participant prior to 

commencing the mentally fatiguing task (whilst either thirsty or sated). This served as a baseline to 

which changes in the concentration of O2Hb and HHb throughout the task were made. 

 
6.2.6 Peak oxygen consumption 

During familiarisation, a maximal exercise test to exhaustion was completed on a cycle ergometer 

(Giant 2015, Watt Bike, United Kingdom). Prior to commencing the exercise test, participants 

completed a 5 min self-paced warm up on the ergometer, and then affixed a heart rate monitor as 

described previously to determine resting heart rate. The initial work load was set at 125 W, and 

increased in 25 W increments each min. The overall resistance remained fixed throughout the test, and 

cadence was required to be increased to attain the required work load. MHR was the highest recorded 

value during the test, and used to guide intensity during the thirst manipulation protocol. Respiratory 

measures were assessed breath-by-breath through an online system as per previous studies in this 

thesis, and VO2PEAK was recorded as the highest value obtained.  

 

6.2.7 Statistical analysis 

Prior to statistical analysis, data were log transformed before being analysed for normality and 

heterogeneity using the Shapiro-Wilks test and Levene’s test respectively. Absolute behavioural data 

(total number of iterations), physiological, and thirst sensation data were analysed by one-way 

ANOVA to compare conditions effects, whilst relative behavioural data (IES performance) were 

analysed using a two-way (condition (2) × time (12)) repeated measures ANOVA. Subjective 

estimates of fatigue were also examined by two-way ANOVA, but with a time factor of seven. 

Cerebral haemoglobin data were analysed by three-way (condition (2) × receiver (2) × time (13)) 

repeated measures ANOVA. Bonferroni corrections were used where appropriate for all statistical 

testing, and post hoc tests completed to investigate significant interactions. All analyses were 

conducted using the Statistical Package for the Social Sciences (SPSS, Chicago, Il, v24.0). 

Significance was set at P ≤ 0.05, and effect size magnitude was determined using Cohen’s d, where 
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standard conventions of small, medium, and large were indicated by values of 0.2, 0.5, and 0.8 

respectively. All data are presented as means ± SD.   

 

6.3 Results 

6.3.1 Exercise and physiological outcomes 

Table 10 (page 146) shows the physiological outcomes and resultant thirst data obtained from each 

condition following the thirst manipulation protocol.  

 

Table 10. Resultant physiological and perceptual effects of the thirst manipulation protocol used in 

study 3. Data are presented as means ± standard deviations. 

Outcome Sated Thirst P value 

Pre-exercise USG (mmol/L) 1.015 ± 0.007 
 

1.015 ± 0.009 0.72 

Post-exercise USG (mmol/L) 1.015 ± 0.008 
 

1.016 ± 0.008 0.77 

Total loss in BM (%) 0.2 ± 0.4 
 

0.9 ± 0.2 < 0.01 

Thirst rating following exercise (a.u.) 2.4 ± 0.8 
 

6.3 ± 1.0 < 0.01 

Note: a.u. are arbitrary units, BM is body mass, and USG is urine specific gravity. 

 

6.3.2 Behavioural performance: 

The relative measure of behavioural performance for each condition is presented in Figure 18 (page 

147). A significant interaction between condition and time was evident for IES (F(11, 18) = 2.753; P = 

0.03; d = 2.593). Post hoc analysis revealed a significantly slower IES for thirst at minutes 45 and 50 

(both P ≤ 0.03). The remaining comparisons were not significant (all P ≥ 0.13). A main effect for time 

was (F(11, 18) = 6.801; P < 0.01; d = 4.077), with pairwise comparisons revealing a trend between 

performance in the first 5 min of the mentally fatiguing task and minutes 30 through 55 (all P ≤ 0.09), 

with 30 through 35 min, and 40 through 50 min identified as significant (all P ≤ 0.05). However, there 

was no difference between the conditions for IES (F(1, 28) = 2.963; P = 0.10). Examination of the 
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absolute measure of behavioural performance indicated that when sated, participants completed 

11.9% more iterations than when thirsty (F(1,28) = 4.299; P = 0.05; d = 0.784; Figure 19, page 148). 

 

Figure 18. Inverse efficiency scores for each condition throughout the mentally fatiguing protocol 

used in study 3. The grey squares and black circles indicate the thirst and sated conditions 

respectively. * indicates time points that were significantly different from the first 5 min of the 

fatiguing task (P < 0.05), while significant interactions between the conditions at select time points 

are represented by † (P < 0.03). Note a lower IES score indicates superior performance. Data are 

means ± standard deviation. 
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Figure 19. The total number of iterations (congruent and incongruent) between conditions. * 

represents a significant difference between conditions (P < 0.01). Note, more iterations indicate 

superior performance. Data are reflective of all correct and incorrect responses and are presented as 

means ± standard deviations. 

6.3.3 Neurophysiological performance  

Haemodynamic responses to the mentally fatiguing task are shown for each condition in Figure 20 

(page 149). Condition by time interactions were found for O2Hb and HHb (both F ≥ 2.868; P < 0.01), 

and post hoc analyses revealed greater elevations in O2Hb in the thirst condition between 10 and 20 

min (both F ≥ 4.317; P ≤ 0.04), whilst no differences were observed between the conditions for HHb 

(all P ≥ 0.44). Despite, a significant main interaction between condition, receiver, and time for HHb 

(F(12, 45) = 2.700; P = 0.01; d = 0.419), post hoc tests reported no significant effects between the 

conditions or time points between hemispheres (all P ≥ 0.21). Additionally, significant effects for time 

were observed for each haemodynamic outcome (both F ≥ 6.513; P < 0.01), with pairwise 

comparisons indicating significant elevations from baseline at all time points (all P ≤ 0.05). However, 

no significant differences between the conditions were evident in O2Hb or HHb (both F ≤ 0.065; P ≥ 

0.80).  
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Figure 20. Changes in response to the mentally fatiguing protocol used in study 3. (A) oxygenated 

and (B) deoxygenated haemoglobin changes with respect to the baseline sample collected prior to 

commencing the task. The grey squares and black circles indicate the thirst and sated conditions 

respectively. Significant changes from baseline are indicated by * (P ≤ 0.01). Whilst significant 

interactions between condition and time are indicated by † (P ≤ 0.05). Data are means ± standard 

deviations.  

 
6.3.4 Subjective performance  

Estimates of subjective fatigue in each condition are shown in Figure 21 (page 150). No differences 

between the conditions were identified (F(1, 28) = 0.048; P = 0.83; d = 0.063). Although a significant 

main effect for time was evident (F(6, 23) = 87.113; P < 0.01; d = 8.540), and pairwise comparisons 

revealed significant elevations in estimated fatigue between baseline and all time points, and each 10 

min interval during the mentally fatiguing task (all P ≤ 0.03). There was no interaction between 

condition and time for estimated fatigue (F(6, 23) = 1.071; P = 0.41; d = 0.179). 
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Figure 21. Subjective estimates of mental fatigue reported by participants in study 3. The grey 

squares and black circles indicate the thirst and sated conditions respectively. Significant changes 

from baseline are indicated by the * symbol (P < 0.01), while ** indicates changes in consecutive 

time points (P < 0.05). Note that higher values represent greater subjective estimates of fatigue. Data 

are means ± standard deviations. VAS is visual analogue scale. 

 
6.4 Discussion  

The present study investigated the relationship between thirst and mental fatigue, given the neural 

representations of these phenomena may overlap (Gizowski & Bourque, 2018; Ishii et al., 2014). 

Heightened thirst was induced in the present study through a series of salt water mouth rinses and the 

completion of low to moderate intensity cycling, in contrast to ad libitum water consumption 

alongside cycling. Although hypothesised that subjective elements underpinning this state may 

differentially increase between the conditions based on the findings of Watson et al. (2015), these data 

do not support this. Rather, subjective estimates of fatigue were mapped similarly between the 

conditions during the sustained cognitive task. It is possible this might be due to the differences in 

how perceived mental fatigue was assessed between the studies. In the present study, participants 

were explicitly asked to evaluate their mental fatigue on a VAS scale, whilst the generation of this 
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hypothesis was intuitively developed from the collated findings of the concentration and tiredness 

scales used by Watson et al. (2015). Perceived mental fatigue is often quantified using VAS or Likert 

scales, however, no optimal approach currently exists (Van Cutsem, Marcora, et al., 2017). 

Interestingly, there are also a lack of psychometrically validated tools used to determine this portion 

of mental fatigue. As such, development of such assessments could be of value to future researchers 

examining the effects of mental fatigue. 

 

Concerning the objective parameters of mental fatigue, an interaction between condition and time was 

evident for IES, where combined speed and accuracy was better maintained during satiety; 

particularly during the later portion of the mentally fatiguing task, while fewer total Stroop task 

iterations were completed during thirst. Moreover, a compensatory neurophysiological response was 

evident in each condition during the prolonged cognitive task, whereby increased O2Hb was elicited, 

likely to supplement behavioural performance (Wang et al., 2016), although these responses differed 

temporally. During thirst, O2Hb elevation was evident during the initial stages of the task, however 

when sated, increases were not produced until approximately 35 min. Collectively, these findings 

indicate that objective parameters of mental fatigue are exacerbated by thirst, and offer novel insight 

into the relationship between hydration and cognition.   

 

Within the dual regulation framework of mental fatigue (Ishii et al., 2014), it is difficult to determine 

the locus of disequilibrium between inhibitory and faciliatory systems, implicated with the current 

findings. Principally, this is because only PFC activity was monitored throughout the prolonged 

executive task, thus, it is only possible to attest to a segment of the faciliatory thalamic-frontal loop of 

this framework. The literature, however, highlights that thirst is known to stimulate the ACC and IC, 

presumably to motivate fluid seeking behaviours (Gizowski & Bourque, 2018). Importantly, 

activation of the latter structure would evoke the inhibitory portion of the dual regulation system, 

consequently enacting compensatory facilitation circuitry to sustain cognitive task performance (Ishii 

et al., 2014). Extrapolating this to the present findings, this might explain why O2Hb was increased 
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during the initial stages of cognitive work during thirst, as this would have been required to offset 

inhibition and more synergistically manage system balance. Comparably, O2Hb activity in the sated 

condition may indicate a more conventional dual regulation interaction. For instance, when not 

previously primed by thirst, increased activity within inhibition circuitry (PCC and most importantly 

the IC) likely accumulates more slowly. Thus, as time on task lengthens, the need for compensatory 

responses from thalamic-frontal neuroanatomical structures is less pronounced. Accumulation in 

inhibitory structures would still occur when thirst is prominent, however, with the added initial 

circuitry activation, balance between systems likely becomes strained beyond its margin of safety, 

resulting in detriment to behavioural task performance, which in the present study may have occurred 

around 40 min into the task. During satiety, system balance appears to have been better managed, 

enabling IES performance to be sustained for the duration of the task. Should the experimental 

procedures have been allowed to continue beyond the allotted duration, IES would have eventually 

declined, probably due to the aforementioned strain between facilitation and inhibitory systems.  

 

The present findings are of high importance to the relationship between hydration and cognitive 

performance. Foremost, these data provide an alternative explanation for why others (Watson et al., 

2015; Wittbrodt et al., 2018) may have observed impaired complex attention. That is, that decline in 

sustained cognitive performance may not necessarily have been attributed to reduced BM incurred 

through dehydration, but rather greater thirst evoked alongside this stressor might have inadvertently 

exacerbated mental fatigue, resulting in impaired behavioural performance. As described previously, 

considerable heterogeneity exists among the literature when cognitive performance is partitioned by 

incurred BM reduction. Indeed, complex attention, and learning and memory have previously been 

shown to be impaired when losses in BM are ~1% (Stachenfeld et al., 2018; Watson et al., 2015), 

while paradoxically are also reported to be preserved at ranges as high as 4% (Ely et al., 2013). 

Evidently, recommendations concerning cognitive performance, particularly where sustained 

cognitive effort is required, should not accentuate the maintenance of a given BM, as this may 

overlook some of the more intricate factors within this relationship - such as thirst. Furthermore, the 

phenomena of voluntary dehydration may also present a perplexing situation, whereby an athlete may 
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intentionally forego liberal fluid consumption in order to avoid gastrointestinal stress or feeling 

overfull (McCartney et al., 2017; Noakes, 2007). However, such a strategy will likely result in an 

imbalance between fluid consumption and losses, and if prolonged could incur a BM reduction 

beyond 2%, despite remaining sated (Duffield et al., 2012; Noakes, 2007). Clearly more consideration 

is required among recommendations concerning hydration status and cognitive performance, and 

these should not be limited to inferences made from reduced BM alone. 

 

6.5 Conclusions 

This novel study has shown that objective indices of mental fatigue are exacerbated by thirst however, 

subjective perceptions of this state are similar when sated. During the prolonged executively 

demanding task, it was found that compensatory increases in PFC O2Hb were produced sooner during 

states of thirst, whilst sated participants better sustained behavioural performance, and completed 

more cognitive work. Thirst may evoke greater activation of those neural structures implicated with 

task disengagement, consequently requiring earlier compensatory activity of faciliatory neural 

circuitry to sustain cognitive performance. The earlier onset of compensatory neural activity likely 

results in greater strain being placed on the balance between inhibitory and facilitation structures, 

consequently compromising sustained task performance. Thirst appears to be an important factor for 

prolonged cognitive task performance, and should be taken into consideration by future fluid 

recommendations where cognition is concerned. 
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CHAPTER SEVEN - General discussion 

7.1 Overview of thesis 

This thesis examined the relationship between hypohydration and cognitive performance, and 

considered the complexities surrounding this association. Specifically, this thesis attempted to 

determine whether hypohydration is likely to impair cognition and explicitly evaluated the 

appropriateness of the recommendation to avoid a decline in BM of 2% to conserve cognitive 

performance (Sawka et al., 2007; Thomas et al., 2016; Wittbrodt & Millard-Stafford, 2018). In 

addition, this thesis also aimed to investigate any compensatory responses elicited during 

perturbations such as hypohydration, and consider whether alternative factors might be implicated 

within this relationship to explain why cognitive decline might be observed. Chapter 3 provides an 

objective quantification of the current literature that considers whether hypohydration might be more 

detrimental to cognitive performance than euhydration. Chapters 3-5, each provide insights into 

whether a 2% loss in BM may be of significance to cognitive performance among an array of 

cognitive domains. Chapter 5 also explores the neural responses to hypohydration, principally, how 

neural activity may be modulated by this physiological stressor. Finally, Chapter 6 investigated 

whether an association might exist between thirst and mental fatigue, and explored the ramifications 

this might have for the relationship between hydration and cognition.  

 

7.2 Summary of major findings 

7.2.1 Chapter three - Meta-analysis: The effect of hypohydration on cognitive function 

The quantitative synthesis of literature completed in this thesis examined whether hypohydration 

would prove more detrimental to cognitive performance, or any particular cognitive domains than 

euhydration. This analysis also investigated whether the proposed critical water deficit of a 2% loss in 

BM was likely to impair cognitive performance. Contradictory to previous narrative and systematic 

reviews (Grandjean & Grandjean, 2007; Lieberman, 2007; Wittbrodt & Millard-Stafford, 2018), this 

analysis showed that cognitive function and all of its underlying domains were not impaired to a 
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larger extent than if euhydration had been preserved. Furthermore, cognitive function and each 

domain were similarly conserved independent of hydration status, regardless of whether the proposed 

critical water deficit was attained or exceeded. Aligning to the first aim of this thesis, these results 

suggest that the physiological stresses of hypohydration are unlikely to be of consequence to 

modulating cognition, but also contradict the popular belief that this stressor might interact selectively 

with a particular cognitive domain (Adan, 2012; Lieberman, 2007). Importantly, this analysis failed to 

substantiate the existence of the theorised critical water deficit of a 2% loss in BM, which features 

within several current institutional position stands relating to hydration and exercise (Institute of 

Medicine, 2005; Sawka et al., 2007; Thomas et al., 2016).  

 

7.2.2 Chapter four - Study one: Euhydration preserves cognitive performance, but is not 

superior to hypohydration in military personnel  

Among defence force personnel, this study investigated the effects of hypohydration on cognitive 

performance by implementing strong methodological controls to better isolate this stressor from 

possible confounding factors known to alter cognition. 

 

The findings reported in this chapter establish that cognitive performance was predominantly 

preserved by thirst guided euhydration. However, in accordance with the conclusions of Chapter 3, 

there was no evidence to suggest hypohydration impaired cognition. Indeed, complex attention, 

executive function, learning and memory, and perceptual-motor functioning were comparable to 

euhydrated task performance. Although thirst perception and subjective indications of performance 

including perceived lethargy and task difficulty were considerably poorer during hypohydration. 

Whilst these findings support the consensus of others (Lieberman, 2007; Wittbrodt & Millard-

Stafford, 2018); that cognition is preserved by maintaining euhydration, given the lack of impairment 

in behavioural task performance despite excessive hypohydration (Sawka et al., 2007), whether 

athletes or military personnel should continue practicing rigorous fluid consumption regimes to 

preserve euhydration are questionable. Further to this point, a decline in switching attention accuracy 
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was also identified for euhydration, suggesting hypohydration might be more advantageous in 

preserving information processing speed, possibly due to a more optimal compensatory shift in 

arousal modulated task performance. Moreover, altered mood or thirst perception do not appear to be 

important factors in modulating acute cognition, perhaps due to the implementation of compensatory 

neurophysiological responses arising alongside hypohydration. 

 

7.2.3 Chapter five - Study two: Prior hypohydration does not impair motor sequence learning 

Study 2 was conducted to explore the novel association between hydration status and motor sequence 

acquisition and learning. As previous studies have reported elevated BOLD signalling for various 

neuroanatomical structures during hypohydration (Kempton et al., 2011; Liu et al., 2013; Tan et al., 

2019; Wittbrodt et al., 2018), insight into the neurophysiological demands placed upon the PFC 

during sequence learning and motor performance were also explored via fNIRS.  

 

Consistent with the previous chapters of this thesis exploring its first aim, sequence acquisition and 

motor learning were similar between the euhydration and hypohydration groups, where the overall 

percentage improvement in acquisition was near identical and IES performance in the retention and 

transfer tests were similar. Such consistency was also displayed despite comparable disruptions to 

perceptual and mood states as identified in study 1 (Chapter 4); likely reflecting the application of 

greater effort towards the cognitive task by the hypohydration group. In accordance with the second 

aim of this thesis, this study also reported increased PFC O2Hb for the hypohydration group during 

the initial stages of the sequence learning task. This finding probably reflects a compensatory increase 

in regional PFC activity possibly to ensure disruption to cognitive reserve does not occur, which is 

complemented by the observed consistency in tHb between both the groups and among each of the 

completed practice blocks. Given this measure is thought to reflect regional profusion (Van Beekvelt, 

Colier, Wevers, & Van Engelen, 2001), elevated O2Hb would reflect a greater oxygenation of the 

underlying tissue, likely in order to contend with an increased mental workload, which may be 

facilitated through the application of increased cognitive effort (Wang et al., 2016). Furthermore, 
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whilst sequence learning was being undertaken by the hypohydration group, AVP is likely to have 

been abundant and may have facilitated systemic glucose by actioning about the liver (McEwen, 

2004). Moreover, the pressor effect enacted by the likely abundance of circulating dehydration related 

hormones (AVP and AII) probably would have resulted in expediting delivery of this critical nutrient 

to motor memory encoding regions (McEwen, 2004). Collectively, this interaction might explain why 

sequence acquisition and motor learning were comparable between the groups, and demonstrate how 

the brain may compensate when encountering perturbations such as hypohydration.  

 

7.2.3 Chapter six - Study three: Thirst perception exacerbates objective mental fatigue 

The objective for study 3 was to explore the novel relationship between thirst and mental fatigue, by 

examining each of the underlying manifestations of this altered psychophysiological state (subjective, 

neurophysiologic, and behavioural). This was achieved by having participants perform a mental 

fatigue protocol, after either inducing thirst or preserving satiety. 

 

The findings in this chapter align to the third aim of this thesis, whereby the supplemental associations 

implicated with the relationship between hydration and cognition were explored. Critically, during 

thirst, fewer total stroop task iterations were completed in the mentally fatiguing task, which was 

complemented by inflation in IES towards the end of the mental fatigue protocol. Differences in 

neurophysiological responses were also apparent between thirst and satiety; with PFC O2Hb being 

elevated during the initial stages of the task before declining in the thirst condition, whilst a 

comparable response occurred at ~35 min when sated. These data support the view that thirst 

exacerbates mental fatigue during a sustained cognitive task. This may be attributed to the common 

neural representations shared between these phenomena (Gizowski & Bourque, 2018; Ishii et al., 

2014). Whereby, the manifestation of thirst likely elevates local activity within the IC (Gizowski & 

Bourque, 2018) and given this structures proposed role as an inhibitory governor of mental fatigue 

(Ishii et al., 2014), may account for the observed activity increase within the PFC (a faciliatory 

neuroanatomical structure), i.e. compensatory activity would have been required to better preserve 
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system balance within either arm of the dual-regulation system. It is possible that this system may 

have reached capacity sooner during thirst because of this premature neurophysiological response, and 

consequently, limited behavioural performance. However, use of technology with greater spatial 

capability such as fMRI is required to confirm interplay. 

 

7.3 The effect of hypohydration on cognitive performance 

As suggested throughout this thesis, it is generally thought that hypohydration impairs cognition 

(Lieberman, 2007; Sawka et al., 2007). The most recent ACSM document concerning hydration and 

cognition is the collaborative consensus statement by Thomas et al. (2016), who recommend that a 

deficit in body mass of >2% can compromise cognitive performance. Interestingly, among the 

references cited to substantiate this, only the position stand by Sawka et al. (2007) provides 

commentary around cognitive function and hydration. Thus, this position stand will be critically 

reviewed here.  

 

Since the publication of the ACSM position stand on fluid and exercise that states the likely 

debilitating effects of this stressor for mental performance (Sawka et al., 2007), an additional 33 

studies have since been published exploring this relationship. Applying a narrative synthesis of the 

literature, Table 2 (pages 66-74) summarised the existing studies quantifying the relationship between 

hypohydration and cognition. Interestingly, fewer than half of the studies (47%) that have been 

identified in this thesis (excluding those conducted by the author) report at least one significant 

finding in favour of the hypothesis that hypohydration is detrimental to cognitive function. Whilst at 

the outcome variable level, this translates to only 48 significant findings (19%), which upon aligning 

these to the domains within the DSM-5 model (complex attention, executive function, learning and 

memory, and perceptual-motor function), fail to surpass 30% in any category. These findings are 

consistent with those of the meta-analysis (Chapter 3), which indicated complex attention, executive 

function, and learning and memory were not impaired to a larger extent by hypohydration than if 

euhydration had been maintained. Consequently, the recommendation to avoid excessive 
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hypohydration in order to preserve cognitive performance does not appear to be founded upon the 

preponderance of evidence, and thus, should be revised to more accurately reflect contemporary 

findings in order to better inform athletic stakeholders and other relevant personnel.  

 

Despite the literature being far from compelling, several recent narrative and systematic reviews 

(Martin et al., 2019; Merhej, 2018; Wittbrodt & Millard-Stafford, 2018) and the most recent 

collaborative position stand by the ACSM (Thomas et al., 2016) continue to perpetuate the stance 

advocated by current position stands that hypohydration likely impairs cognitive performance 

(Institute of Medicine, 2005; Sawka et al., 2007). As such, insights have continued to explore the 

causal psychophysiological mechanisms that may underpin this association where altered perceptual 

strain, finite attentional resource capacity, reduced brain volume, modified cerebral metabolism, and/ 

or altered neurotransmitter functionality have each been suggested to modulate neuronal functioning 

and subsequently impede optimal cognitive performance (Cheuvront & Kenefick, 2014; Cohen, 1983; 

Lieberman, 2007; Watson et al., 2006; Wittbrodt & Millard-Stafford, 2018). The methodologies used 

in studies 1 (Chapter 4) and 2 (Chapter 5) were designed to independently investigate several of these 

proposed approaches to why behavioural task performance in several key cognitive domains (complex 

attention, executive function, learning and memory, and perceptual-motor function) might decline. 

 

7.3.1 Psychological factors and explanations 

Each of the studies conducted in this thesis failed to substantiate a negative relationship between 

hypohydration and cognitive performance. Indeed, for each of the completed cognitive tasks 

reflecting complex attention, executive function, learning and memory, and perceptual-motor 

function, performance was reportedly similar irrespective of hydration status. Consistent with others 

who utilise VAS (Armstrong et al., 2012; Cian et al., 2001; Szinnai et al., 2005), perceptual mood and 

subjective estimates of performance were also markedly poorer alongside hypohydration in both 

studies 1 and 2. Dehydration has the potential to give rise to several unpleasant symptoms such as 

thirst, dry mouth and/ or headaches that may contribute to disturbing mood state and elevating 
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perceptual strain or applied effort (Cheuvront & Kenefick, 2014; Ganio et al., 2011; Lieberman et al., 

2005). The effect of these stressors may be two-fold, as interpreting such interoceptive stimuli would 

require an allocation of neural resources, which may prospectively strain a finite pool and contribute 

to tapering information processing efficiency (Adan, 2012). Given the presence of such distractors 

and the neural ramifications these may have evoked, the stability in behavioural task performance 

demonstrated in studies 1 and 2 is likely the product of several compensatory responses. For instance, 

a greater application of effort may have resulted in a narrowing of attentional focus to task specific 

cues (Cheuvront & Kenefick, 2014; Sinclair & Mark, 1995). 

 

From a theoretical perspective, central and multiple resource theories of attention may be adopted to 

explain the findings attained in studies 1 and 2. Conventional theories often describe the allocation of 

attentional resources to select tasks from an arousal dependant central store (Magill & Anderson, 

2017). In study 1, switching attention task accuracy was poorer post-exercise during euhydration, 

suggesting information processing within executive function specific neuroanatomical structures and 

pathways had diminished. This was probably the result of a less optimal shift along the inverted-U 

arousal curve, lowering the capacity of attentional resources that could be drawn upon in contrast to 

the hypohydration group. Recently, Schmit et al. (2017) have reported that in response to select 

situational and environmental stresses, individuals may purposefully enact greater effort and modulate 

arousal to meet task demands. To this effect hypohydration would appear to be such a moderator, 

while euhydration likely produced less duress, thereby requiring reduced effort and resultantly a less 

favourable arousal change. The contemporary theory of attention is multiple resource theory, which 

proposes that multiple and unrelated pools of attentional resources exist and can be allocated to 

dedicated information processing activities (Wickens, 2008). To this effect, it is plausible that the 

resources required to process dehydration associated interoceptive information and those needed for 

cognitive functioning are not similar, and therefore utilise different resource pools, avoiding strain 

amongst a common store. In any case, both explanations support the consensus developed in this 

thesis that hypohydration is likely of little consequence to disrupting cognitive performance, and 

provide a rationale for implementing alternative methods of fluid replacement, such as drinking to the 
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dictates of thirst, which is supported in some consensus statements (Burke et al., 2019; Hew-Butler et 

al., 2006). 

 

Differences in one’s cognitive resiliency, or ability to maintain or regain optimal cognitive control in 

the face of situational stressors (Jha, Morrison, Parker, & Stanley, 2017), have previously been 

suggested to account for the equivocal nature of the relationship between hypohydration and cognitive 

function (Cheuvront & Kenefick, 2014). Even recently Wittbrodt et al. (2018) have alluded to this, 

hinting that further insight is required into individual sources of variability to elucidate a more evident 

psychophysiological mechanism for why dehydration might modulate cognitive performance. 

However, the premise of study 3 in this thesis was devised around an alternative explanation for these 

findings. What is noteworthy here, is the population examined in study 1 - military personnel. This 

cohort are known to develop greater cognitive resiliency than the general population, likely due to the 

emotional disturbances and/ or operational training required for their occupation (Jha et al., 2017; 

Staal, Bolton, Yaroush, & Bourne Jr, 2008). Such resilience may then act to preserve cognitive 

reserve during times of stress (Staal et al., 2008), such as when hypohydration is incurred. With this in 

mind and in keeping with the conclusions of this thesis, prioritising the maintenance of hydration 

status in order to preserve cognitive performance seems trivial, particularly when focus could instead 

be oriented towards developing other psychobiological factors to reinforce and prevent cognitive 

reserve disruption.  

 

7.3.2 Neurophysiological factors and explanations 

In addition to those approaches founded within psychology, neurophysiological explanations have 

also been devised to explain why cognitive performance might decline during hypohydration. Central 

to these are declines in brain volume, alterations in neural activity and neurotransmitter functionality 

(Cohen, 1983; Kempton et al., 2011; Watson et al., 2006; Wittbrodt et al., 2018). As described 

previously, there appears to be some consensus within the literature that overall brain volume is 

preserved during states of hypohydration (Kempton et al., 2011; Kempton et al., 2009; Streitbuerger 
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et al., 2012; Wittbrodt et al., 2018), with the greatest decline observed to be only 0.7% (Tan et al., 

2019). Logistically and financially, fMRI was not feasible to implement for the present studies, thus 

limiting the ability to confirm the findings previously purported. However, given the magnitude of 

BM loss sustained in studies 1 and 2 were comparable to others (Kempton et al., 2009; Streitbuerger 

et al., 2012), and less than that reported by Wittbrodt et al. (2018), it is likely brain volume will have 

declined to a comparable (negligible) extent. Structurally, it is also probable that participants in 

studies 1 and 2 experienced expansion of the lateral ventricles, probably to compensate for tonicity 

changes within the cerebrospinal fluid (Gullans & Verbalis, 1993; Kempton et al., 2011). Consistent 

with the findings of others (Tan et al., 2019; Wittbrodt et al., 2018), should such structural changes 

have occurred, it is unlikely these translated into functional cognitive-motor performance decline, as 

behavioural task performance was similar irrespective of hydration status.  

 

In addition to the homogenous findings regarding total brain volume, increased neural activity 

alongside this stressor is also commonly reported (Kempton et al., 2011; Liu et al., 2013; Wittbrodt et 

al., 2018), often in the presence of preserved cognitive performance (Kempton et al., 2011; Liu et al., 

2013). To date, these findings are exclusively the product of fMRI investigations. Therefore, study 2 

provides novel insight to this relationship, being the first within this context to quantify neural activity 

via fNIRS. Whilst, only the PFC was investigated, the critical findings were that the hypohydration 

group reported greater O2Hb during the initial stages of sequence acquisition compared to 

euhydration, while tHb remained unchanged throughout the task in both groups. Taken together, this 

would imply that a greater fraction of oxygen was made available within the PFC, likely to contend 

with a greater mental workload. This may have been complemented through an increased application 

of cognitive effort (motivational drive towards the task), which is likely to have attracted an increase 

in local neuronal activity (Wang et al., 2016). As such behavioural task performance and ultimately 

cognitive reserve is likely preserved or safeguarded during hypohydration through elevating applied 

cognitive effort. Furthermore, alongside increased tissue oxygenation will be a greater demand for 

glucose in order to fuel cerebral metabolism (Perrey, 2008). To ensure osmotic equilibrium among the 

intracellular (cerebellar) and extracellular compartments (ventricles), one would expect water within 



163 
 

the cerebrospinal fluid to accompany glucose influx, thereby increasing tonicity of the extracellular 

space (Kimelberg, 2004). However, increased oxidisation within the intracellular space will generate 

greater endogenous water production, meaning compartmental osmolality will decline, thereby 

affording osmosis to restore cerebrospinal fluid tonicity changes, and probably complements the 

structural changes to the lateral ventricles that are commonly reported (Kempton et al., 2011; 

Wittbrodt et al., 2018). This explanation appears to be a novel approach for why brain volume is 

surprisingly well preserved during hypohydration, despite the otherwise systemic reductions in the 

intracellular and/ or extracellular spaces (Cheuvront & Kenefick, 2014).  

 

As described in the previous section (section 7.3.1, pages 159-161), study 1 reported decline in 

executive function amongst the euhydration group (switching attention task accuracy). Why this 

finding was only evident for this outcome, and not those relating to other functions of this domain 

(go/no-go test and verbal interference) is somewhat perplexing.  However, when expressed at the 

subdomain level, switching attention would be considered to reflect cognitive flexibility, while the 

remaining tests are measures of inhibition (Sachdev et al., 2014). As described elsewhere in this thesis 

(pages 44-47), executive functions are moderated by neurotransmitters, which are differentially 

stimulated depending on the nature of the particular function being enacted, and the structural 

projections from the PFC (Logue & Gould, 2014). Dopamine facilitation is thought to be linked more 

explicitly with the medial PFC, and is advantageous for tasks of cognitive flexibility (Logue & Gould, 

2014; Robbins, 2000). Whilst, serotonin is governed by structures within the orbital PFC, and 

facilitates inhibition (Cools et al., 2008). With this in mind, an unlikely conclusion might be that 

euhydration negatively stimulated dopamine release within the ventral tegmental area, thereby 

compromising cognitive flexibility (Logue & Gould, 2014). More probable however, is the role of 

norepinephrine in explaining this finding, as this neurotransmitter is capable of regulating each facet 

of executive function by acting about both the medial and orbital PFC (Logue & Gould, 2014; 

Robbins, 2000). Although, the degree of such moderation appears to be reliant on one’s arousal, 

where higher levels appear to engage a larger volume of receptors along the locus coeruleus of the 

brainstem and subsequently stimulate a larger liberation of norepinephrine (Hoover & Vertes, 2011; 
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Li & Mei, 1994; Ramos et al., 2005). As expressed in section 7.3.1, euhydration may have less 

favourably modified arousal, thereby reducing the volume of cognitive attentional resources available 

for utilisation. From a neurobiological perspective, this lowered state of arousal may have stimulated 

the liberation of less norepinephrine, and therefore compromised its ability to act upon the medial 

PFC and subsequently modulated cognitive flexibility. However, it is important to note that this 

conclusion is intuitive as no data were collected in this thesis pertaining to arousal (psychological or 

neurobiological).  

 

Within the memory and learning domain, the role of AVP may also be of importance to ensuring 

cognitive performance is preserved during hypohydration. As described previously, this hormone is 

often in abundance alongside this physiological stressor in order to stimulate efferent behavioural 

responses (such as water seeking) and prompt water conservation at the kidney (Bourque, 2008; 

Thornton, 2010). Due to its molecular weight, AVP is not capable of crossing the BBB (Andereoli et 

al., 2000), however this hormone may act indirectly in several ways to facilitate cognitive 

performance. For instance, by acting upon the blood side of the BBB, AVP may mobilise precursor 

neurotransmitter substances associated with cognition, stimulate nutrient release from physiological 

stores - glucose, and through its pressor effect, transport these substances to the brain at an accelerated 

rate (McEwen, 2004).  

 

7.4 Is there evidence to substantiate a critical water deficit of a 2% loss in body mass 

for impaired cognitive performance? 

Thus far, the evidence obtained from the present studies in favour of the current consensus that 

hypohydration debilitates cognition is far from compelling. However, the recommendation to avoid 

excessive dehydration (2% loss in BM) will now be explored. Beginning with a qualitative synthesis, 

at the outcome level (Table 2, pages 66-74) there would appear to be good evidence to substantiate 

the claim that a fluid deficit of less than 2% is unlikely to disrupt cognitive function (85%). However, 

when this threshold is exceeded, only 20% of outcomes were found to favour the need to preserve 
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euhydration, a conclusion shared by the meta-analysis from Chapter 3, which also failed to 

substantiate the existence of the proposed critical water deficit (2% loss in BM). Thus, there would 

seem to be little evidence to support the recommendation stated within current ACSM affiliated 

position stands on exercise and fluid consumption to avoid excessive (more than a 2% loss in BM) 

dehydration, at least with respects to preserving cognition.  

 

So what is the logic behind adopting such a threshold? The clues for its generation can be found 

among the early literature examining this relationship where studies reported unequivocally that 

mental performance declined when losses in BM exceeded 2% (Gopinathan et al., 1988; Sharma et 

al., 1986). However, despite others (Lieberman, 2007, 2010) claiming these to be some of the most 

comprehensive and robust studies to evaluate this relationship, critical appraisal of these studies finds 

an inherent lack of methodological sophistication that is present among the more contemporary 

literature (MacLeod et al., 2018; van den Heuvel et al., 2017). Likely, this threshold was adopted in 

order to complement existing recommendations concerning aerobic exercise performance where it is 

contended that aerobic capacity declines when BM loss exceeds 2% (Sawka et al., 2007). Although, 

this finding is not unanimous as reported by previous meta-analyses (Goulet, 2011; Goulet & 

Hoffman, 2019). Out of fairness to the current ACSM guidelines, only 11 of the 44 studies identified 

in this thesis (Table 2, pages 66-74) were published at the time of its writing. When factoring this into 

the qualitative synthesis, there is a substantial increase in the number of outcomes supporting the 

existence of a critical water deficit (43%), which grows again (60%) when studies that quantified this 

relationship via passive rather than active dehydration are removed, as arguably these will be less 

replicative of exercise contexts. What is perplexing, however, is that none of these primary sources 

are reported within the position stand (Cian et al., 2001; Cian et al., 2000; Gopinathan et al., 1988; 

Grego et al., 2005; McMorris et al., 2006; Sharma et al., 1986). Rather this recommendation was 

devised from several earlier narrative reviews and consensus statements (Casa, Clarkson, & Roberts, 

2005; Cheuvront, Carter, & Sawka, 2003; Hancock & Vasmatzidis, 2003; Institute of Medicine, 2005; 

Rodahl, 2003), and features as the primary supporting evidence that substantiates the existence of a 

theoretical critical water deficit for cognition in collaborative consensus statements (Thomas et al., 
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2016), while contemporary insights continue to be neglected. Given the growing abundance of 

literature invalidating the current recommendations pertaining to hydration and cognition, the need for 

revision is evident. Importantly, any revisions need to be mindful of how cognitive function is 

expressed. For instance, the term cognitive performance is regarded as a holistic expression of an 

array of brain-mediated processes (Schmitt et al., 2005). However, the underlying domains of 

cognition differ structurally, anatomically, and functionally, therefore, to expect these to contribute 

equally to global cognition is arguably superfluous. Yet this is what is inferred by adopting the term 

cognitive performance that features within most of the current doctrines pertaining to hydration and 

exercise performance (Institute of Medicine, 2005; Sawka et al., 2007; Thomas et al., 2016). Instead, 

specifying individual domains is likely to provide greater practical insight for the various athletic 

stakeholders who might be reviewing such recommendations, and should be incorporated into future 

position stands where cognition is implicated.  

 

7.5 The effect of thirst and its relationship to cognitive performance 

 
Thirst has previously been postulated to alter mood state (Armstrong et al., 2012; Cian et al., 2001; 

Szinnai et al., 2005). However, conclusions as to whether this primordial emotion might be a factor 

implicated with impaired cognitive function are inconsistent (Adan, 2012; Cheuvront & Kenefick, 

2014), possibly due to differences in the method used to induce thirst (passive versus active 

hypohydration), or the severity of this sensation. To this effect, the role of thirst within the context of 

this thesis is interesting to explore, where despite significantly greater thirst being reported alongside 

hypohydration, cognitive performance was shown to be similar in both studies 1 and 2. While study 3 

was designed to test the hypothesis that thirst would exacerbate mental fatigue, and found that 

behavioural task performance markedly declined during the mental fatigue protocol when thirst 

perception was high. Though seemingly contradictory, the duration cognitive effort needs to be 

sustained for is likely key to explaining the role of thirst in cognition. 
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For study 1, a battery of acute assessments were implemented to quantify an array of cognitive 

functions related to exercise and sporting performance. This is in contrast to the nature of the tasks 

used in studies 2 and 3, which were prolonged and more demanding. As argued in the discussion of 

study 3 (Chapter 6), in order to preserve or prolong system balance in response to cognitive work, 

functioning within the mental facilitation network (thalamic-frontal connectome) needs to increase in 

response to elevated inhibition circuitry activity, which is exacerbated by thirst. Thus, in study 3 

where mental workload was prolonged, IES declined because system synergy was not able to be 

sustained. It is likely that this was also the case in study 1, however, because the administered tasks 

were acute, and rotated through a series of domain specific neuroanatomical structures, resultant 

global strain between the facilitation and inhibition neural systems did not manifest to compromise 

performance. Moving then to study 2, where thirst was again significantly greater throughout 

sequence acquisition (a prolonged task) for the hypohydration group, a similar phenomenon to study 3 

was likely produced, despite behavioural performance being similar between this and the sated control 

group. During the initial stages of sequence acquisition, hyperactivation of the mental facilitation 

system would have been enacted to compensate for thirst induced hyperactivity of the inhibitory 

connectome to equalise behavioural performance. Mental fatigue was probably triggered around the 

4th to 5th block of sequence acquisition in the hypohydration group for the reasons stated previously. 

Although one might expect this phenomena to impede sequence acquisition, the opposite has 

previously been shown by Borragan et al. (2016), who report improved procedural learning following 

mental fatigue. Overall sequence learning in study 2 however was remarkably similar between the 

groups, a discrepancy probably reconciled by the differences in how mental fatigue was produced 

between the studies.  

 

Principally, mental fatigue was induced prior to commencing sequence acquisition in Borragan et al. 

(2016), while for study 2 this state probably manifested during the task, resulting in divergent 

contributions on motor memory encoding. For instance, Borragan et al. (2016) contend that mental 

fatigue may have inhibited goal-directed attention use and facilitated acquisition via superior stimulus 

based responding. However, in study 2 of this thesis, sequence chunking or action plan development 
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may have already (or at least mostly) been achieved prior to the manifestation of mental fatigue. As 

chunking is considerably more resource demanding than functions prioritised late in the SRTT - 

sequence autonomisation or pre-loading (Abrahamse et al., 2013; Robertson, 2007; Tubau et al., 

2007), diminishment of attention and resultant bottom-up control did not transpire, and therefore 

account for why overall sequence acquisition was comparable between the groups. Evidence to this 

effect may be observed in Figure 12 (page 125), where significant improvements among consecutive 

blocks cease from block 4 onwards, likely where chunking had for the most part been completed. 

 

In order to quantify motor learning (retention and transfer) a retention period of ~302 min was 

performed in study 2. During this time, participants were instructed to consume fluid to the dictates of 

their thirst, but were expected to complete the retention and transfer test in a euhydrated state. As 

such, those who had been randomly assigned to the hypohydration group would have consumed 

greater volumes of fluid during the retention interval to sate thirst and achieve euhydration. 

Previously, the act of drinking has been suggested to benefit attention and short-term memory 

functioning (Edmonds, Harte, & Gardner, 2018), where for the latter it is understood the volume 

needs to be sufficient to result in changes in hydration status (Edmonds et al., 2019). Given the 

similarities between the groups in the retention test, it is possible that offline memory consolidation 

may have been advantaged in the hypohydration group due to the greater consumption of fluid during 

the retention interval, thereby equalising retention test performance. Although given overall sequence 

learning was similar between the groups during practice, one might expect retention performance to 

have been superior for the hypohydration group. Clearly, further insights are required to explore the 

role of drinking on memory consolidation, particularly when long-term memory is engaged, such as 

during sequence learning (Furley & Memmert, 2010). This should not detract from the broader 

message of this thesis; that prioritising euhydration during periods of cognitive or mental work is 

probably not necessary, particularly given the array of psychophysiological responses that are enacted 

to ensure cognitive reserve. Instead, fluid could be consumed ad libitum during these periods to 

alleviate uncomfortable dehydration symptomology, or alternatively targeted dehydration could be 

implemented. Such inclusion may facilitate increased familiarity to these symptoms and possibly 
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attenuate perceptual strain (Fleming & James, 2013), facilitating a training specificity like effect. 

Complementing this is the approach recently described by Irwin et al. (2017), who advocate that 

rehydration could be prioritised during the period following exercise or mentally demanding work, as 

this might provide athletes with a greater opportunity for fluid retention. Such an approach too, may 

also provide an opportunity to promote short-term memory retention (Edmonds et al., 2019), or other 

aspects yet to emerge within the literature pertaining to drinking and cognition, but that might rely on 

the shift from a hypohydrated to euhydrated state.  
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CHAPTER EIGHT - Thesis aims and concluding statements 

8.1 Overview 

The main purpose of this thesis was to examine the effect of hypohydration on cognitive performance, 

and in particular review the evidence concerning the recommendation that athletes should avoid a loss 

in BM of 2%; the proposed critical water deficit for impaired cognition. Additionally, this thesis 

explored the (neuro)physiological compensatory responses that are enacted alongside hypohydration, 

and discussed how these might be implicated with preserving cognition. Moreover, several existing 

and novel factors concerning this intricate relationship were also investigated. To this end, the 

literature relating to each of these aims has been summarised and the contributions this thesis has 

made to these have been highlighted.  

 

8.2 Thesis Aim #1: Is hydration status important for cognitive performance? 

There appears to have once been a time where the majority of evidence supported the consensus that 

hydration status was integral to preserving cognitive function, however, a growing abundance of 

contemporary literature refuting this claim continues to build. In particular, the number of studies 

reported to exceed the theorised critical water deficit (2% loss in BM), yet demonstrate comparable 

cognitive performance to euhydration far outweigh those reporting impairment, which often lack 

methodological rigor. The contribution of hypohydration has rarely been quantified independent of 

supplemental factors that often arise when active methods of dehydration are employed. Indeed, such 

approaches often utilise exercise and or challenging climatic conditions to increase TC and possibly 

lead to fatigue. Although each of these factors in isolation have the potential to modulate cognition, 

hypohydration is often condemned as the causal factor should decrements arise. Such that it is 

implausible that humans could be capable of enacting mechanisms to compensate for such 

perturbations. The studies in this thesis were designed to overcome this limitation by implementing a 

rest period following active dehydration, allowing for a more independent quantification of the effect 

of hydration status on cognitive performance. To this effect, these studies found little evidence to 

support the claim that hypohydration is detrimental to cognition, nor was there support validating the 
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existence of a critical water deficit for impaired cognitive performance, at least at ranges presently 

proposed within the literature. Such findings were also maintained regardless of the cognitive domain 

that was examined (complex attention, executive function, learning and memory, and perceptual-

motor function). Furthermore, these conclusions are upheld through data-driven approaches, rather 

than narrative synthesis, which often continues to progress existing conclusions and neglect 

contemporary insights. 

 

8.3 Thesis Aim #2: What are the compensatory responses that might be enacted to 

preserve optimal cognition during hypohydration? 

Though rarely considered in the literature, a variety of responses are likely enacted to perturbations 

such as hypohydration in order to preserve cognitive function. Plausible responses previously 

proposed to account for this include elevated neural activity, which is usually framed to represent 

impaired metabolic efficiency, and in a limited capacity, increased plasma AVP concentration. In 

addition to extending the insight around these, the present thesis has also speculated on the role 

arousal could play in combatting impaired cognition. Although increased neuronal activity alongside 

hypohydration is not a new finding, what is novel is the interpretation of this phenomena. An increase 

in PFC O2Hb was found in study 2 amongst the hypohydration group, during the initial stages of 

sequence acquisition, while tHb remained consistent throughout encoding. These findings reflect an 

increase in underlying tissue oxygenation, probably as a product of downregulation from other less 

active cerebral structures, enacting a redistribution like effect. Further insights using fMRI should be 

used to better ascertain this phenomenon as this provides superior spatial mapping than fNIRS. 

 

Previous approaches have also challenged the longevity such a response could be enacted for, 

contending that performance decline will likely manifest as efficiency becomes strained over time. It 

is apparent that this is not the case, as evidenced in study 2, which shows increased PFC O2Hb 

throughout sequence learning (six blocks, lasting ~1 hr). It is possible, dehydration specific hormones 

such as AVP may play an important role in ensuring cognitive performance is maintained during 
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hypohydration. Specifically this hormone may indirectly facilitate preserved cognition by mobilising 

glucose and precursor cognition related neurotransmitters residing on the blood side of the BBB. 

Whilst the pressor effect this and hormones such as AII enact likely expedites their delivery to the 

CNS. Although, further research incorporating more sophisticated blood sampling and measures of 

cerebral blood flow during a sequence learning task would need to be integrated to better ascertain 

this relationship. 

 

A novel finding of this thesis was that cognitive flexibility, an executive function arising from medial 

PFC circuitry declined during euhydration. It is unlikely that hypohydration enacts superior dopamine 

operation to bolster cognitive flexibility, which might explain this finding. Rather, it is more plausible 

that norepinephrine may have been in greater abundance during hypohydration, and played a more 

complementary role alongside dopamine about the medial PFC. The physiological duress imparted by 

hypohydration is considered greater than that of euhydration, and thus a greater compensatory shift in 

arousal state is probably enacted. Given the linkages between arousal and norepinephrine, such an 

alteration may have facilitated this hormones abundance, enabling more advantageous functionality. 

Linkages also exist within attentional frameworks and arousal, such that a shift in arousal has the 

potential to increase a centralised store of attentional resources for which to draw upon, and thereby 

account for additional processing inputs that might arise from dehydration symptomology such as 

thirst or dry mouth. Alternatively, the pool of resources required to be drawn upon to process these, 

and simultaneously perform cognitive work might not be related, therefore not producing cumulative 

resource strain. Recent insights concerning memory retention have also highlighted the beneficial role 

drinking may have for consolidation, by way of a mechanism that is yet to be elucidated. Central to 

attaining these benefits however, is that volumes consumed are adequate to transition from 

hypohydration to euhydration. Intuitively, this highlights the importance of hypohydration within the 

context of learning and memory, although, this remains an emerging area of research.  
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8.3 Thesis Aim #3: What are the supplemental factors concerning hypohydration and 

cognitive performance? 

Methodological factors are a critical element entwined within the relationship between hypohydration 

and cognition. However, reference to these are usually framed to account for the equivocal nature of 

this topic, rather than provide scope for why significant impairment may have manifested. In 

particular are the differences in how dehydration is undertaken, where passive methodologies such as 

fluid restriction likely result in different cellular water losses than active or sweat based approaches. 

Although commonly treated as synonymous within the literature, how hypohydration was enacted is 

probably an important facet within the relationship. Additionally, drawing conclusions about the role 

of hypohydration in cognitive performance from studies of a longitudinal nature should also be done 

with caution. Often the euhydrated comparator will not have undertaken equivalent physiological 

strain or exercise. As described above, several confounding factors are known to have the potential to 

independently modulate cognition, thus, attempts should be made to adopt crossover rather than 

longitudinal designs when examining this association. Furthermore, alignment of performance to 

select cognitive domains is heterogeneous within the literature. What will likely be of considerable 

benefit is the adoption of a common framework, such as the model used within this thesis (DSM-5 

approach), as this is likely to reduce inter-study variability and provide greater certainty of any 

resulting findings that may emerge.  

 

The contributions of this thesis to this particular aim are significant. Foremost, from a methodological 

perspective, the validity of test sensitivity as a means of rationalising non-significant findings has 

been called into question, mostly because of the inherent bias such an approach has in favour of 

significant findings. Appropriateness of methodological factors such as the method used to induce 

hypohydration, and whether cognitive performance is representative of situations expected to be 

encountered should instead be evaluated by athletic stakeholders, rather than buy in to discussions 

concerning a lack of sensitivity. The duration of cognitive work also appears to be a decisive factor 

entwined within this relationship. However, the role of thirst, rather than reduced BM is likely of 
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greater significance. For acute tasks, the aforementioned compensatory responses are likely able to be 

enacted effectively to preserve cognitive performance, even when thirst is substantial. However, an 

association exists between mental fatigue and thirst, whereby this primordial emotion exacerbates the 

neurophysiological properties of this phenomena. Resultantly, information processing efficiency is 

likely modified in order to prolong behavioural task performance. As tasks of longer duration are 

more likely to incur mental fatigue, thirst should therefore be avoided in order to delay disruptions in 

global cognition regulation. Lastly, the stance presently articulated within the literature is that 

euhydration should be maintained in order to optimise cognitive performance. Although this thesis 

provides compelling evidence to suggest hydration status is of little importance to cognition, this does 

not detract from the fact perceptual mood state and subjective quantifications of performance are 

negatively modified by this physiological stressor. What may be effective in curving this response is 

the implementation of targeted dehydration within training tasks to expose and possibly inoculate 

them to what might be novel stressor within the context of performance.  

 

8.4 Limitations 

The following are the identified limitations for the present thesis. 

• For study 1, participant recruitment was limited to military personnel, therefore extrapolation to 

other populations may be limited. Similarly, only male participants were recruited for study 3, and 

may therefore suffer from the same generalisability limitation. 

• During the retention interval of study 2, participants who completed the dehydration regime were 

instructed to consume their regular diet and drink actively to replace lost fluid. Whilst BM loss 

was intended to be monitored, compliance for dietary intake was not controlled amongst the 

groups. 

• In study 2, a crossover design could not be implemented due to the likely lasting neuronal 

changes created by sequence specific learning (motor learning), and will therefore add less 

comparative rigor. 
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• In study 2, the hypohydration group engaged in exercise, while the control group did not. 

Although this is unlikely to have facilitated motor acquisition, this should not exclude the 

possibility this methodological inclusion may limit the interpretations of the study.  

• In studies 1 and 2, TC was obtained through the ingestion of a telemetric TC pill. Whilst 

participants were instructed to consume these 5 h before arriving at the facilities, compliance with 

these instructions was not confirmed.  

• Changes in BM were used to estimate the magnitude of hypohydration in studies 1-3. However, 

these measures were obtained by the participant in private, and the certainty of the measures were 

not verified. Additionally, the method used to determine the percentage of mass lost in each study 

did not incorporate urine volume, thus, the actual magnitude of hypohydration is likely to be 

slightly higher than those values listed in this thesis. 

• Whilst this thesis aimed to isolate the effects of hypohydration amongst other compounding 

stressors that might modulate cognition, such an approach means generalising findings to contexts 

where these stresses might be cumulative should be approached with caution.  

• Conclusions from this thesis are limited to contexts involving active hypohydration and may not 

be generalised to contexts dominated by passive dehydration, as at the cellular level, where deficit 

might be sustained is unlikely to be similar.  

 

8.5 Recommendations for future research 

• Due to the advocating of several prominent institutions, dehydration may be commonly perceived 

by individuals to induce negative effects on performance. Such bias may be evident in most 

research investigating the effects of dehydration, and whilst attempts have been made to account 

for these in studies examining physical performance, such insights are yet to be applied to the 

scope of cognitive function. Future research involving nasal gastric tubes to blind participants to 

whether they are receiving fluid are an area for future consideration within the context of 

cognition. 
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• Recent insights have revisited whether humans are capable of habituating to dehydration. Whilst 

historically, emphasis has been placed on whether physiological adaptations may be produced, 

determination of whether increased familiarisation to the perceptual challenges encountered 

during hypohydration is not fully understood. Specifically, whether perceptive mood state and/or 

thirst could be favourably modulated following repeated exposures to this stressor, feature as 

prominent avenues for future research to pursue to inform stakeholders of whether dehydration 

could be implemented as a targeted training stimulus to improve performance. 

 

• Study 2 highlighted that increased neuronal activity is evident during hypohydration among 

healthy adults and that this may be implicated with preserving cognitive performance. Insights 

however into the effectiveness of these responses within other populations may be of interest and 

warrant further study. For instance, among children or adolescents, where the central nervous 

system is still developing, or among elderly cohorts, where the integrity of neuroanatomical 

structures may be in decline, as this may differently integrate this compensatory response. 

Additionally, within occupational settings, hypohydration or voluntary dehydration may manifest, 

and the prominence of this response for work ergonomics or productivity still requires further 

research.  

 
• Study 3 emphasised an association between mental fatigue and thirst, and whilst this might 

explain why cognitive performance has been observed to decline during instances of 

hypohydration, this relationship may also be significant for occupational settings where prolonged 

periods of sustained cognitive work are required. Researchers might also consider how recent 

advances in the modelling of thirst (i.e. anticipatory versus homeostatic) might be implicated here 

and whether these might be associated with work productivity and ergonomics.  

 
• Study 3 was conducted within a male cohort, but among females, thirst may differentially 

manifest throughout the menstrual cycle. Given the emergent relationship between thirst and 

mental fatigue it is possible that this may be a considerable modifying factor for the manifestation 

of mental fatigue among females and warrants further inquiry. 
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• Study 3 establishes a relationship between thirst and objective parameters of mental 

fatigue. Further research should be conducted to better determining whether reductions in 

body mass are important as guidelines concerning sustained cognitive performance, or 

whether this should be aligned more so to the avoidance of thirst. 

 
• Whilst this thesis provides compelling evidence refuting the suggestion that cognitive 

performance is impaired when BM approximates to 2%, it is important to acknowledge that the 

completed studies (consistent with most of the literature) were laboratory based. Future work 

implementing more contemporary methodologies, such as global positioning systems to monitor 

physical performance metrics, or notational analysis to discern technical or tactical effectiveness 

may provide more ecologically valid insight into this relationship. Furthermore, voluntary 

dehydration should be adopted as the principle method of dehydration, as this is likely to hold the 

most practical significance, and could be readily implemented within the setting described above.  
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CHAPTER TEN - Appendices 

Appendix A: Final literature search for the meta-analysis (chapter 3) 
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Appendix B: Protocol document used for the meta-analysis and systematic review 

 
Systematic review and meta-analysis protocol, written in line with the 
PRISMA-P 2015 statement 
 
Title: 
The effect of exercise-induced hypohydration and cognitive function: A systematic review and meta-
analysis 
 
Registration: 
Registration of the protocol will be sought in PROSPERO. 
 
Authors: 
Mr Stephen Goodman (corresponding author) 
PhD student in the School of Exercise Science, Sport & Health, Charles Sturt University – Bathurst 
campus. Mail: 1 Coral wy, West Bathurst, 2795, NSW, Australia. Email: sgoodman@csu.edu.au  
 
Dr Ashleigh Moreland 
Lecturer in the School of Exercise Science, Sport & Health – Bathurst campus, email: 
amoreland@csu.edu.au  
Prof Frank Marino 
Head of School in the School of Exercise Science, Sport & Health, Charles Sturt University – 
Bathurst campus, email: fmarino@csu.edu.au  
 
Contributions: 
SG is the guarantor, and will be responsible for all the analyses and dissemination. AM and FM will 
contribute to the systematic search protocol phase, and review data extraction. All authors will be 
responsible for data interpretation and manuscript formulation. Furthermore, all authors will read and 
approve the final version of the manuscript. 
 
Amendments: 
If amendments to this protocol are required, we will give the date of each amendment, describe the 
change, and provide a rationale for the change in this section. Any alterations made will not be 
reflected in this document.  
Amendment 1: Registration with PROPSERO was not possible, as data extraction had commenced at 
the time of submission to this register. (22/2/2018) 
Amendment 2:  Inclusion criteria item 1) was altered from explicitly targeting exercise-induced 
hypohydration, to more broadly consider any interventions where losses in body water are 
accompanied by losses in electrolytes. This modification was made, as Cheuvront and Kenefick 
(2014) argue that fluid compartments will be similarly affected in such instances. Specifically, as a 
consequence of sweating, both body water and electrolytes will be excreted for thermoregulatory 
purposes. This consequently alters the osmolality of the extracellular fluid compartment, resulting in 
osmosis from the adjacent interstitial fluid to maintain equilibrium (Cheuvront & Kenefick, 2014). In 
turn this alters the osmotic potential of the interstitial fluid, and creates osmoregulation from the 
intracellular compartment (Cheuvront & Kenefick, 2014). Thus, losses in compartmental water are 
shared more equally among fluid storage compartments. In the absence of electrolyte loss, osmotic 
materials (electrolytes) will remain largely stable, resulting in compensatory water diffusion from the 
intracellular to the extracellular compartments (Cheuvront & Kenefick, 2014). Therefore, passive 
dehydration practices such as fluid restriction alone will predominantly result in losses within the 
intracellular fluid compartment. Thus, studies using passive dehydration alone will still be excluded 
from the analysis, as physiologically dehydration by this method is different. As a consequence of this 
amendment, the title of the review has also been changed to the following: The effect of active 
hypohydration on cognitive performance: A systematic review and meta-analysis. (9/12/18) 

mailto:sgoodman@csu.edu.au
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Amendment 3: The minimum duration of the rest period required by studies for inclusion was revised 
from 20 min to 15 min. The meta-analysis conducted by Chang et al. (2012) reports that exercise 
extending 20 min and beyond will have a small beneficial effect on cognitive performance for 15 min, 
rather than 20 min. This was an oversight during the initial formulation of this protocol. (9/12/18) 
 
Amendment 4: The exclusion criteria item: “Citations were excluded if participants were not believed 
to be healthy adults (aged 18-50)” was amended at the request of an external reviewer during the peer-
review publication process. The item is now defined as: “Citations were also excluded if they 
explicitly investigated children and adolescent, or elderly populations” (9/12/18). 
 
Amendment 5: At the suggestion of an external reviewer during the peer-review process, data 
outcomes for the analysis will be altered. Specifically, the original primary analysis that collated 
studies into cognitive domains, resulted in falsely increasing the power of the analysis, as individual 
studies may have been reported in multiple domains. Consequently, the primary analysis (quantifying 
whether hypohydration impairs cognitive performance to a greater extent than if euhydration is 
maintained) will collate all outcome measures reflecting cognitive performance into a single effect 
size and 95% confidence interval for each of the included studies, as previously conducted by 
Wittbrodt and Millard-Stafford (2018). Subsequent data analyses outlined in this document will still 
be completed. (9/12/18). 
 
Amendment 6: At the suggestion of an external reviewer during the peer-review process, meta-bias 
analyses such as the Begg and Mazumdar’s rank correlation test, and Eggers linear regression method 
will be completed in the analysis to statistically quantify publication bias for both the overall effect of 
hypohydration on cognitive performance and any respective cognitive domains identified. In instances 
where significant publication bias is identified, Duval and Tweedie’s trim and fill correction will be 
applied and the resultant data inspected for differences on the original effect size. Unfortunately, this 
element was missed in the original formulation of this document, as we intended external review to 
occur when the project was considered by PROSPERO for registration. (9/12/18). 
 
Amendment 7: The literature search and subsequent review process was reconducted at the request of 
an external reviewer in the peer-review process. Table 1, is a record of the performed literature search 
(10/12/18). 
Table 1. Record of the conducted literature search 

Database searched Search terms used Results 
PubMed (dehydration OR 

hypohydration OR fluid loss) 
AND (cognitive function OR 
cognitive performance OR 
cognition OR 
neuropsychology) 

618 

 Limiter – human participants 446 
Scopus (dehydration OR 

hypohydration OR fluid loss) 
AND (cognitive function OR 
cognitive performance OR 
cognition OR 
neuropsychology) 

459 

 Limiter – written in English 432 
SPORTDiscus (dehydration OR 

hypohydration OR fluid loss) 
AND (cognitive function OR 
cognitive performance OR 

70 
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cognition OR 
neuropsychology) 

 Limiter – Published literature 59 
 
Support: 
No funding will be sought for this review, although SG is a current recipient of an Australian 
Postgraduate Research Scholarship from Charles Sturt University (Australia). The librarian team at 
Charles Sturt University’s Bathurst campus may be asked to assist with completing the literature 
search protocol. All authors are academic staff at Charles Sturt University.  
 
INTRODUCTION 
Rationale: 
Generally, it is believed that hypohydration impairs cognitive function (Lieberman, 2007, 2010). 
Although evidence suggesting that when this physiological state is induced, performance in cognitive 
domains such as executive function, memory, learning, and complex attention are compromised (Cian 
et al., 2001; Cian et al., 2000; Gopinathan et al., 1988). Several studies report stability of such 
outcomes (Adam et al., 2008; Armstrong et al., 2012; D'Anci, Mahoney, Vibhakar, Kanter, & 
Taylor, 2009), even when losses in body mass approximate to 4% (Ely et al., 2013). Thus, consensus 
on this topic is more equivocal than generally perceived. Given, hypohydration may be incurred 
during sporting situations (Rehrer & Burke, 1996; Sawka et al., 2007), and that maintaining optimal 
cognitive performance may provide a tactical advantage over opponents, a more decisive 
understanding on whether this physiological state will compromise performance is required. 
Furthermore, the American College of Sports Medicine Position Stand on exercise and fluid 
replacement presently recommends that athletes avoid excessive dehydration (losses in body mass of 
greater than 2%), as aerobic and physical capacity may diminish when this threshold is exceeded 
(Sawka et al., 2007). Similarly, this doctrine states ‘dehydration (>2% of body weight) might degrade 
mental/ cognitive performance’ (Sawka et al., 2007). Seemingly, such information is not overly 
insightful for athletes, and literature is therefore needed to understand whether such losses are likely 
to be detrimental to one’s cognitive ability.  
 
Objective(s): 
Due to the ambiguity currently expressed within the literature pertaining to whether hydration status is 
an important factor for cognitive performance, we aimed to:  
1) Determine whether hypohydration impairs cognitive performance to a greater extent than if 
euhydration is maintained.  
2) Investigate whether particular cognitive domains may be more greatly affected by hypohydration. 
3) Investigate the critical water deficit proposed to diminish cognitive performance. 
 
METHODS 
 
Eligibility criteria: 
For inclusion in the review, studies will need to meet the following criteria: 

(1) Hypohydration elicited during the intervention was induced via exercise, with or without 
elevated thermal exposure. 

(2) That a rest period ≥ 20 minutes was completed prior to post-intervention cognitive testing. 
(3) Data could be contrasted to a control condition that completed identical exercise and thermal 

conditions, but replaced fluid. 
(4) That no additional confounding variables were evident during the study, such as caffeine 

ingestion, cognitive tests being administered during exercise, or in a non-thermoneutral 
environment. 

(5) All data could be obtained to perform meta-analytic procedures.  
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Citations will also be excluded if participants were not believed to be aged 18-50, or specifically focus 
on populations with neurological conditions that may modulate cognitive performance.  
 
Information sources: 
A systematic search of the literature will be completed on September 10, 2017. Literature will be 
limited to primary studies, involving human participants and are in English. The following data bases 
utilised will include: 
• PubMed 
• Scopus 
• SPORTDiscus 

Furthermore, the reference lists of all studies assessed during the eligibility phase of the search will be 
examined for additional literature that may not be captured by the review. Lastly, should any 
corresponding authors need to be contacted to confirm study details etc. they will also be asked if they 
know of any literature examining cognition and hydration that may not yet be published.  
 
Search strategy:  
The search strategy encompassed the following terms (dehydration OR hypohydration OR fluid loss) 
AND (cognitive function OR cognitive performance OR cognition OR neuropsychology).  
 
Study records: 
Data management –  
Records will be managed through citation software (EndNote v7). 
 
Selection process –  
SG will complete the preliminary literature search, add all identified citations into the citation 
software, and remove duplicate studies. All authors (SG, AM, FM) will screen the literature based on 
the study title, and subsequently examine the full text of the remaining citations for review articles. 
Those studies remaining will then be assessed independently by each author for inclusion as per the 
eligibility criteria of this protocol. For inclusion in the final review process, studies will need to be 
determined by consensus among the authors as sufficently meeting all inclusion/ exclusion criteria.  
 
Data collection process –  
SG will extract the data from included studies and insert this into a Microsoft Excel spreadsheet. The 
remaining authors (AM, FM) will review the data independently for consistency. Any discrepancies 
between the remaining authors will then be reconciled by SG independently.   
 
Data items:  
The following data items will be extracted from included studies: Study descriptive data (participant 
gender, age), sample size, study outcomes (cognitive performance data), the magnitude of 
hypohydration (percentage loss in body mass), rest period duration, and intervention characteristics 
(exercise mode, duration, intensity, ambient temperature, relative humidity, and wind speed).  
 
Outcomes and prioritisation:  
The primary outcomes for the review will be the magnitude of hypohydration, which will be reflected 
by the relative change in body mass from pre- to post-intervention in the hypohydrated condition. 
Furthermore, cognitive performance data will be extracted for any cognitive tests administered in an 
included study. Examples of cognitive tests may include choice reaction time, grammatical reasoning, 
matching to sample etc. If separate outcome measures are reported for a given test i.e. reaction time or 
accuracy, each will be extracted. Extracted data will be grouped into cognitive domains using an 
established classification model, the DSM-5 (Sachdev et al., 2014). Alignment of cognitive tests to 
corresponding cognitive domains will be determined by each author independently, with any 
discrepancies being resolved by consensus upon completion of this process. Only data obtained 
denoting post-intervention time points among conditions (euhydration and hypohydration) will be 
extracted, as this affords the ability to distinguish whether hypohydration impairs cognitive 
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performance to a greater extent than if euhydration had been maintained. Both the magnitude of 
hypohydration and cognitive performance will be collated to examine whether this physiological state 
modulates cognition.  
A secondary outcome for the review will be to examine the proposed critical water deficit thought to 
impair cognitive performance (Institute of Medicine, 2005; Sawka et al., 2007). Studies will therefore 
be divided by the magnitude of hypohydration, i.e. studies reporting a deficit in body mass of <2% 
and those exceeding ≥2% will be grouped respectively. Cognitive performance data will then be 
examined for each group, within each cognitive domain of the DSM-5 approach (Sachdev et al., 
2014). Additionally, investigation into the subdomains of each primary cognitive domain in the 
primary outcome above will be conducted. This will be done independent of the proposed critical 
water deficit, and will again require investigators to align the cognitive tests to corresponding 
subdomains, which will be completed independently by each author, with discrepancies resolved 
through consensus following completion.  
 
Risk of Bias in individual studies:  
The quality of study methodologies will be assessed via the Rosendal scale (van Rosendal et al., 
2010), and studies scoring <50% will be excluded from the review. All three researchers will 
independently evaluate study methodologies and any discrepancies will be resolved by consensus 
upon completion of scoring. Studies will not be blinded to all authors, as each reviewer holds varying 
degrees of familiarity with the literature. The final Rosendal scores will be reported in a table in the 
review. As it is not possible to blind participants to the experimental condition, i.e. fluid is either 
provided or withheld during exercise, questions relating to blinding in the bias tool or study quality 
assessment will be acknowledged as NA, and scores will be calculated accordingly. If any studies are 
found to be excluded based on study quality using the abovementioned criteria, a supplemental 
sensitivity analysis will be completed, with these studies included, and the resultant effects examined.  
 
Data synthesis: 
Given the explicit criterion outlined for study inclusion, it is likely that meta-analytical procedures 
will be able to be conducted. A generic inverse variance, random effects model will be utilised for 
quantitative analysis, as differences in the method of inducing hypohydration (mode, duration, and 
climatic conditions), the resultant magnitude of fluid loss, and possible sex differences may differ 
between studies.  
Mean, standard deviation and sample size will be extracted for all continuous outcome measures, 
hedges g effect sizes and the 95% confidence intervals will be calculated. Data will subsequently be 
analysed using weighted mean differences in the random effects model. If alternative methods of data 
reporting are found, attempts will be made to convert these to the format listed above, or into a 
corresponding effect size. For instance, standard error of the mean may be converted to standard 
deviation using the following formula SD = SE x the square root of the number of participants. If data 
extraction denoting contrasts in cognitive performance between euhydrated and hypohydrated 
conditions post-intervention is not explicitly outlined for an included study, the corresponding author 
of that manuscript will be contacted and asked to provide such estimates. If data is still not able to be 
provided, the outcome (likely a given cognitive test) will not be imputed from a similar assessment, 
but will instead be excluded from data extraction and subsequent analysis. If data is available in 
figures, extrapolation of the mean and measure of variance will be conducted via digitisation software 
(WebPlotDigitizer).  
In instances where more than one reported outcome measure may be included for a given cognitive 
assessment (e.g. reaction time and accuracy), data will be pooled into a single effect size for that 
assessment. Similarly, if more than one outcome measure/ cognitive test exists denoting a given 
cognitive domain, all individual outcome measures will be pooled individually into a single effect size 
for that domain. Likewise, this will also be conducted at the subdomain level.  
Statistical heterogeneity will be investigated for studies through Cochrane’s Q, where significant 
heterogeneity will be indicated by P ≤0.10. Additionally, the magnitude of heterogeneity will be 
determined using the I2 statistic, where 25% will reflect low heterogeneity, and 50% and 75% will 
indicate moderate and high heterogeneity respectively. If heterogeneity exceeds moderate (>50%), 
follow up analyses will be conducted to investigate the source of this heterogeneity. Specifically, a 
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sensitivity analysis will be conducted, where the overall effect from removing a single study will be 
examined. Additionally, subgroup analysis using the proposed critical water deficit (2% loss in body 
mass) will also be completed, while individual cognitive domains of the DSM-5 model will also be 
examined.  
Each outcome will be combined and examined meta-analytically in Comprehensive Meta-Analysis v 
3.  
In the instance that quantitative synthesis is not appropriate, then only a systematic review of the 
included studies will be completed. Outcome measures will still be aligned to respective cognitive 
domains, as mentioned previously, and a more comprehensive examination of reported findings will 
be undertaken as a narrative synthesis. Additionally, data will still be subdivided by the proposed 
critical water deficit (2% loss in body mass).  
  
Confidence in cumulative evidence: 
The quality of evidence for all outcomes will be assessed using the Grading of Recommendations 
Assessment, Development and Evaluation working group methodology, and be assessed across the 
domains of risk bias, consistency, directness, precision, and publication bias. Quality will be 
described as high (further research is very unlikely to alter our level of confidence in the estimate 
effect), moderate (further research is likely to have an important impact on our confidence in the 
estimate of the effect, and it may possibly change the estimate), low (further research is very likely to 
have an important impact on our confidence in the estimate of effect and is likely to change the 
estimate), or very low (very uncertain about the estimate of effect). 
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Appendix C: The Edinburgh Handedness Inventory 
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Appendix D: Subjective Likert scales used in studies 2 and 3 

RATING OF THIRST 
 
1       Not thirsty at all 
 
2 
 
3       A little thirsty 
 
4 
 
5       Moderately thirsty 
 
6 
 
7       Very thirsty 
 
8 
 
9       Very very thirsty 
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Appendix E: Visual analogue scales used in studies 1-3 
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Appendix F: Ethics approvals (studies 1-3) 
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Appendix G: Information and consent forms (studies 1-3) 
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Appendix H: Pre-trail information provided to participants (studies 1 and 2) 
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Appendix I: Items used in the modified Rosendal scale and grading of included 

studies. 

Modified Rosendal scale items 
Item number Outcome 

1 A clear description of the inclusion and 

exclusion criteria was provided 

2 The trials were randomised 

3 The methods used to generate the random 

allocation sequence, including details of any 

restrictions (blocking, stratification) was 

described 

4 Sample size was justified (e.g. by power 

calculation) 

5 Attempts were made to control and/ or monitor 

pre-trial condition (diet/ exercise) 

6 Design incorporated measures of important 

baseline variables  

10 Details were provided regarding the inability of 

a subject to complete study requirements  

11 Statistical methods used to compare groups for 

primary outcome measure(s), and methods for 

additional analyses, such as subgroup analyses 

and adjusted analyses, were described  

12 Both point measures and measures of variability 

for the primary outcome measure(s) were 

provided  
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13 The results of between-group statistical 

comparisons were reported for the primary 

outcome measure(s) [e.g. an estimated effect 

size], and its precision (e.g. 95% CI)  

14 The method used to assess adverse effects was 

described  

15 Reproducibility of the primary outcome 

measure(s) was reported  

16 If a performance test was used, a familiarization 

trial was conducted  

Note: 95% CI is 95% confidence interval. 
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 Item  

Citation 1 2 3 4 5 6 10 11 12 13 14 15 16 Total 
(%) 

Armstrong, 2012 Y Y Y - Y Y - Y Y - Y - Y 69 

Cian, 2001 - Y - - Y Y - Y Y - Y - Y 54 
D’Anci, 
2009 - Y - - Y Y Y Y Y Y Y - - 62 

Ely, 2013 - Y - Y Y Y - Y Y - Y - Y 62 

Ganio, 2011 Y Y Y Y Y Y Y Y Y - Y - Y 85 

Goodman, 2019 Y Y - - Y Y - Y Y Y Y - Y 69 

Gopinathan, 1988 - Y - - Y Y - Y Y - Y - Y 54 

McMorris, 2006 - - - Y Y Y - Y Y - Y Y - 54 

van den Heuvel, 2013 Y - - - Y Y - - Y Y Y - Y 62 

Wittbrodt, 2018 Y - - Y Y Y Y Y Y - Y - Y 62 

      Overall average score (mean ± SD) 62 ± 8 
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Appendix J: PRIMSA checklist for systematic review and analysis 
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