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ABSTRACT 

Background 

Dehydration through exercise induces physiological and metabolic changes which may impair 

health, limit exercise capacity, and negatively affect athletic performance. However, our 

understanding of the underlying mechanisms driving dehydration-induced exercise impairment is 

limited. Furthermore, there appears to be a high inter-individual variability in physiological 

response to hypohydration. Metabolomics analysis can provide valuable insight into cellular 

signaling pathways and biochemical processes that underlie the physiological and practical 

impacts of dehydrating exercise, providing the foundation for personalized exercise and 

hydration recommendations based on an individualôs metabolic profile. 

Study Design 

Accordingly, we subjected 10 male athletes to a dehydrating exercise protocol while measuring 

exercise performance, hydration status and body morphometrics. We metabolically profiled 

blood samples taken before and after a dehydrating exercise, and again after a rehydration 

period. Salivary and plasma osmolality were used as indicators of dehydration status; A VO2max 

test and cognitive measures (Trail Making Test and Stroop Test) were used to define the extent 

of performance deficit. 

Results 

Salivary osmolality and plasma osmolality both increased throughout the dehydration protocol 

(Salivary: 92.9 ± 30.2 mmol/kg at Baseline vs 341.6 ± 129.3 mmol/kg at Post-Exercise, p = 

0.0033; Plasma: 302.5 ± 8.7 mmol/kg at Baseline vs 315.4 ± 8.8 mmol/kg at Post-Exercise, p = 

0.0122), and returned to baseline levels after rehydration (Salivary: 93.8 ± 21.3 mmol/kg at Post-
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Hydration vs 92.9 ± 30.2 mmol/kg at Baseline, p > 0.9999; Plasma: 302.6 ± 8.0 mmol/kg at Post-

Hydration vs 302.5 ± 8.7 mmol/kg at Baseline, p > 0.9999), indicating that the body fluid loss 

during exercise significantly impaired body fluid balance. 

VO2max, on average, showed a significant decrease (-7.7 ± 6.7%) from Baseline to the Post-

Exercise time point (43.7 ± 6.4 mmol O2/min/kg vs 40.6 ± 7.6 mmol O2/min/kg, p = 0.0318), 

with minimal changes in VO2 at ventilatory threshold (VT) across these time points that did not 

reach significance (24.4 ± 3.8 mmol O2/min/kg at Baseline vs 26.5 ± 5.3 mmol O2/min/kg at 

Post-Exercise, p = 0.0895). After the rehydrating period, VO2max increased back to near 

baseline levels (42.8 ± 8.4 mmol O2/min/kg at Post-Hydration vs 43.7 ± 6.4 mmol O2/min/kg at 

Baseline, p = 0.7309). 

Additionally, we observed strong correlations of VO2max deficit and recovery with several 

metabolites, including arachidonic acid, which is heavily involved in exercise-induced 

inflammation. 

Conclusions 

These results indicate impaired aerobic capacity due to hypohydration, and recovery upon 

rehydration, as well as a potential for the utility of individual athlete metabolite profiles to 

inform personalized recommendations for the mitigation of hypohydration-induced performance 

deficits, and as predictors of physiological response to variable hydration status. Future studies 

should investigate the precise nature of the relationship between aerobic capacity and the 

associated metabolites. 
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INTRODUCTION  

While total body water in humans is tightly regulated in terms of volume, distribution, and 

concentration, stimuli such as physical activity, food and fluid ingestion, and environmental 

temperature and humidity can alter body fluid osmolality and total fluid volume [1]. The term 

dehydration usually refers to the process of water loss, leading toward a state of less than optimal 

body fluid volume, or hypohydration [2]. Dehydration increases body fluid osmolality, decreases 

blood volume, and, if sufficiently severe, can threaten health and impair exercise and cognitive 

performance. Abundant evidence shows that as little as 2% body mass loss from fluids can cause 

detriments to aerobic capacity [3,4], lactate threshold [5-8], mental acuity [9], and perhaps 

muscular strength [10], as insufficient oxygen delivery to the working muscles occurs as a result 

of decreased blood volume. Hypohydration is extremely prevalent among athletes, with some 

studies reporting as high as 90% of athletes in certain sports with measured hypohydration 

surrounding competition [11]. 

Prolonged exercise increases core body temperature, triggering heat dissipation mechanisms, 

including radiation and conduction of heat through the skin into the external environment, and 

evaporative cooling through sweating, which causes most of the body water loss during active 

(exercise-induced) dehydration [12]. Sweat is produced from fluid and ions drawn into the sweat 

glands from the interstitial fluid (ISF). As the fluid moves along the sweat ducts, sodium and 

chloride ions are reabsorbed into the ISF, creating a hypotonic sweat solution, and a 

consequential rise in osmolality of the ISF [13]. This relative hypertonicity of the ISF causes 

water to be drawn from the intracellular fluid and the plasma in order to balance concentrations 

of the fluid compartments, thereby reducing blood volume. 
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Exercise in warm or hot environments exacerbates body temperature increases, speeding up 

dehydration through sweating, and increasing risk for heat-related injury during exercise [14,15]. 

Hypohydration and the eventual resulting hyperthermia, if untreated, both may cause 

neurochemical changes in the central nervous system, which adversely affect muscle function 

independently of peripheral fatiguing factors [1]. When fluids are not replaced, hypohydration 

further impairs thermoregulation [16], and causes cardiac strain due to decreased total blood 

volume and shunting of blood to the skin and away from the central blood volume for heat 

dissipation, causing heart rate to increase as stroke volume falls. 

As of now, recommendations to mitigate dehydration during exercise involve replacement of 

fluids lost through sweat [17]. Fluids containing glucose and sodium are thought to improve fluid 

absorption in the intestine by exploiting the sodium-glucose cotransporter [18,19] to build an 

osmotic gradient across the enterocyte apical membrane [20]. There is also evidence to suggest 

that the tonicity of the ingested fluid affects gastric emptying rate, which is a major factor in rate 

of fluid absorption, and is implicated in the regulation of potential gastrointestinal distress from 

fluid ingestion during exercise. In particular, hypotonic fluids are proposed to speed gastric 

emptying and minimize gastrointestinal distress, while hypertonic solutions have the opposite 

effect [21]. Interestingly, hypohydration and heat stress may also delay gastric emptying and 

hinder intestinal fluid absorption, limiting the availability of ingested fluids and nutrients to the 

body, and exacerbating gastrointestinal discomfort during exercise, all of which may reduce 

exercise capacity [1]. 

In addition, data from a previous study conducted by our lab (full paper in Appendix A) showed 

that the particular mineral composition of a fluid, regardless of tonicity, may affect the rate at 

which rehydration with that fluid after a dehydrating exercise bout corrects fluid imbalances 
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[22,23]. In this previous study, subjects reached a state of hypohydration by exercise on a 

stationary bicycle without fluid consumption to replace fluid losses. They then rehydrated back 

to baseline levels using one of three fluids with different mineral compositions, and body fluid 

osmolality was measured throughout as a marker of hydration status. Each participant completed 

the protocol three times, and consumed a different fluid during each rehydration phase, such that 

each participant was his/her own control. Results of the study showed that desalinated deep-

ocean mineral water exhibited a significantly faster rate of acute rehydration than mountain 

spring water (which has similar tonicity as deep-ocean water) and a sports drink (which is 

isotonic and contains glucose and higher amounts of sodium) (Figure S1). 

However, hydration level does not always correlate with performance, as can be seen in some 

long-duration endurance sports, such as marathon running and soccer, in which top athletes often 

present with levels of hypohydration that, according to research, should be consistent with 

diminishing aerobic capacity and endurance performance [24]. It has been suggested that some 

level of adaptation may occur in athletes that frequently dehydrate during training, such that the 

body can ñlearnò to overcome the deficits normally observed in a hypohydrated state [25]. 

Additionally, many studies show conflicting results on whether or not hypohydration, 

independently of other factors, can contribute to impaired muscular strength [26,27] or certain 

cognitive performance parameters [9,28-35], indicating high inter-individual variability in the 

physiological and cognitive responses to a suboptimal hydration state [36]. 

In order to fully understand these phenomena, it is valuable to study the underlying physiological 

processes related to dehydration and exercise performance at the most in-depth level available, 

which can be accomplished using metabolomics [37,38]. Global metabolomic profiles provide a 

fingerprint of the entire metabolic system at a given point in time, allowing for comparison of 
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Figure S1: From Harris et al. 2019. Rate of salivary osmolality recovery during fluid hydration following 

dehydrating exercise protocol. Salivary osmolality was fit with a single exponential decay (one-phase decay) 

starting with peak salivary osmolality against real time. A representative one-phase decay fit to salivary osmolality 

recovery during fluid hydration. Fluid was ingested in two phases indicated by the arrows. B-D Bar graph 

representation of one-phase decay fit parameters (K, tau (Ű), and Ű1/2) in Females and Males from the Deep, Sports 

and Spring groups. A repeated measures two-way ANOVA determined a significant impact of fluid on rate 

parameters of hydration that was not impacted by sex. Post-hoc Bonferroni analysis indicated a significant 

difference in the Deep group compared to both Sports and Spring groups (*p<0.0001). One-phase decay equation: 

Sosm=(Sosm(peak)- Sosm(baseline))Kt + Sosm(baseline); K=rate constant, tau (t) =1/K, and t1/2 = half-time Sosm recovery. Data 

presented as mean ± S.D. 

  

FIGURE S1: Salivary Osmolality Recovery 

 

S 1 
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these fingerprints across desired conditions [39]. Metabolomics is especially useful in a context 

like that of the current study, where the timeframe in which we are interested is relatively short. 

Physiological changes resulting from a particular stimulus can be reflected relatively quickly in 

the metabolomic profiles of the participants, and the outcomes in which we are interested occur 

rapidly during dehydration. 

Analysis of active dehydration-induced changes to metabolomic profiles can highlight molecular 

pathways and specific mechanisms that may modulate the resulting physiological responses and 

performance deficits. It can also help us to understand the inter-individual differences in these 

responses, and begin to build the foundation for personalized hydration and training 

recommendations, based on an athleteôs individual metabolic signature [40]. This type of 

analysis will help us to explore the potential for the use of baseline and hypohydrated 

metabolomic profiling with standard performance measurements to predict exercise performance 

or nutrition/hydration needs for exercise and recovery. 

Although there are many studies using metabolomics to examine the effects of exercise on a 

multitude of outcomes [41-48], no human global metabolomics studies to our knowledge have 

used active dehydration as a stimulus, with cognitive and exercise performance as the outcomes 

of interest. Previous studies have been limited by the number of metabolites measured, and by 

observing related processes individually rather than in concert, as global metabolomics allows. 

The goal of the current study was to identify potential relationships between exercise 

performance response to hypohydration and changes in metabolite profiles, which may help 

inform personalized recommendations and methods for predicting performance response to 

hypohydration. We subjected 10 athletic male participants to a dehydrating exercise protocol, 

followed by a 60-minute rehydration protocol in which baseline hydration was regained, with 
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cognitive and exercise performance measurements taken throughout. Metabolomic profiles of 

blood plasma samples were obtained throughout in order to track changes. Aerobic performance 

significantly decreased as a result of hypohydration, and increased nearly back to baseline levels 

after rehydration. Metabolomic analysis showed significant correlation between changes in 

VO2max and the metabolite load for several metabolites. Altogether, results indicate a potential 

for the future use of metabolomic profiles as a predictor for aerobic performance and 

physiological response to active dehydration. 
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METHODS 

Participants 

Participants eligible for this study included males ages 18-35 years, who were non-smokers and 

were well-conditioned, with moderate to excellent aerobic capacity, determined by engagement 

in 4-6 hours/week of moderate ï high-intensity exercise, obtained through self-report at the time 

of participant application. The study population engaged in primarily dynamic activities 

including cycling, running and triathlons. Participants were free from medication which may 

affect fluid balance, dietary supplements (including vitamins/minerals, amino acids, and herbal 

supplements, as defined by the FDA), and major health-related illnesses, as determined by a 

University of Arizona Health History Screening Questionnaire (UAHHSQ; Appendix B). 

Participants were excluded from the study if they expressed any history or risk factors of 

cardiovascular, respiratory, or metabolic disease, as the study protocol may exacerbate symptoms 

and put the participant at higher risk. All participants provided consent under protocols adhering 

to guidelines approved by the International Review Board at the University of Arizona and in 

accordance with the Declaration of Helsinki (Consent form in Appendix C). 

 

Study Design 

We used a crossover design in which each participant (n = 10) performed the same protocol. 

Each participant was required to visit the lab for three consecutive days for baseline 

measurements, intended to establish the individualôs euhydrated state and obtain baselines for 

physical and cognitive performance. Participants returned to the lab to complete the dehydrating 

exercise protocol at least 48 hours after the third baseline day, to give participants adequate 
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recovery time. The dehydration phase was followed by a rehydration protocol, in which 

participants consumed Kona Deep® deep-ocean mineral water (Kona Deep Corporation, Kailua-

Kona Hawaii, USA). 

Although no particular diet was prescribed, participants were asked to maintain a consistent diet 

leading up to the data collection days, while avoiding foods high in sodium for 24 hours prior to 

study initiation, and for the duration of the study. Participants were asked to fast for 8-12 hours 

prior to each day measurements were to be taken, avoiding intake of any food or caloric fluid. In 

addition, participants were instructed to abstain from alcohol and caffeine consumption 36 hours 

prior to each baseline collection day and each exercise trial, as alcohol and caffeine have diuretic 

effects, and may confound observed effects of hypohydration. Participants were also asked to 

avoid strenuous exercise during the 24 hours leading up to each trial to prevent the effects of 

Post-Exercise fatigue on measurements to be taken. Dietary and pre-study exercise data was not 

collected. 

 

Baseline Measurement Days 

Participants met with researchers in the exercise lab for three consecutive days, at the same time 

each day, always in the morning. The study information and details of the consent form were 

explained to the participant prior to the first baseline day, and consent was obtained on the first 

baseline day, after participants were given ample time to review the information, ask questions, 

and make an informed decision. Participants were encouraged to drink water both before going 

to sleep the day before each meeting, and after waking up on the morning of each meeting to 

ensure that they were euhydrated. In addition to providing consent, Participants completed the 
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UAHHSQ, with the researchers taking note of any history or risk factors that may exclude the 

individual from participating in the study. Participants were asked to provide a mid-stream urine 

sample in a sterile screw-top container and then fully empty their urinary bladder. A small drop 

of the urine sample was placed into a MISCO Palm Abbe Digital Handheld Refractometer (Part 

Number PA202X-093-095) [49] and Urine Specific Gravity (USG) was taken (Ranges 1.000 ï 

1.045) as a measure of hydration status, where 1.000 is extremely hydrated and any value greater 

than 1.020 is generally considered hypohydrated [50,51]. Participants were then asked to remove 

any excess or loose clothing including shirts, athletic pants, shoes, and socks to obtain a 

measurement of body mass using a digital scale measured in kilograms. 

On the second baseline day, participants provided another urine sample to obtain USG, and body 

mass measurements were taken similarly to the day prior. 

On the third baseline day, participants provided a urine sample, and USG and body mass 

measurements were taken similarly to the days prior. Following these measurements, researchers 

obtained biological samples from the participant, including saliva and blood from a venous draw 

to establish baseline hydration status and obtain a baseline metabolomic profile, as described in 

Biological Sample Collection and Processing. After samples were obtained, the participants were 

asked to complete the two cognitive assessments described in Cognitive Tasks. Following 

cognitive tasks, the participants were attached to a 12-lead ECG and reintroduced to the steps of 

the exercise performance test. First the participant was instructed to perform a Valsalva 

Maneuver described in Exercise Performance Test. The participant was then fitted with a 

Cosmed Silicone Facemask (Part Number C04324-01-10), connected to a flow turbine and gas 

sampler, and performed the exercise performance test described in Exercise Performance Test to 

establish baseline VO2max and the power output at which the participant reached their 
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Ventilatory Threshold, defined as the point where rate of CO2 production exceeds that of O2 

consumption. Once participants finished the exercise performance test, their trial day was 

scheduled at least 48 hours later, to allow participants adequate recovery time. 

 

Cognitive Tasks 

The cognitive tasks utilized in this study include the Trail Making Test (TMT; Appendix D) and 

Stroop Test (Appendix E). 

The TMT includes two parts, both of which were administered according to the guidelines 

presented by Strauss, Sherman, and Spreen [52]. Both parts require participants to join the 

randomly distributed dots on a sheet of paper as quickly as possible without lifting their pen from 

the paper. In Part A, participants are instructed to join numbers 1-25 in numerical order, whereas 

in Part B, subjects are instructed to join numbers 1-13 and letters A-L in an alternating sequence 

(e.g. 1-A-2-B-3-C). In both parts, when an error was made, the participant was instructed to 

return to the dot where the error originated and continue. Performance in both tests is assessed 

based on the time to complete, measured in seconds, and any errors made were reflected in a 

longer time to complete [53,54]. Different versions of the TMT were created for each time point, 

to mitigate the impact of participants memorizing the location of the numbers and letters. 

The Stroop Test is a cognitive test used to assess selective attention of a participant and their 

susceptibility to interference from conflicting stimuli. The specific version of the Stroop Test 

utilized in this protocol is the Word-Color Interference Test and was performed using a computer 

program on the website PsyToolkit [55]. In this test, participants are presented with color names 

in different ñprintò colors and are instructed to respond to the print color rather than the color 
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name (the text), by pressing a key on the keyboard associated with that print color as quickly as 

they can. The print colors used in this program are red, green, blue and yellow, with the 

associated keys ñrò, ñgò, ñbò, and ñyò respectively. In some cases, the color name and print color 

presented on screen will match (e.g. ñgreenò will appear in green print), and are considered 

ñcongruentò. In other cases, the color name and print color are different (e.g. ñredò will appear in 

yellow print), and are considered ñincongruentò. The reaction time of the participant to each 

word is recorded by the program, and an average response time, measured in milliseconds, to 

congruent and incongruent combinations are presented after the participant finishes the task. In 

this test, the normal tendency is to read and respond to the meaning of the word, rather than the 

color of the ink, eliciting a significant slowing in reaction time when the word and color do not 

match, called the Stroop Effect. This Stroop Effect is measured by subtracting the average time 

taken to respond to congruent combinations from the average time taken to respond to 

incongruent combinations [56-58].  

Cognitive measurements were collected a total of three times for each participant, including 

baseline, Post-Exercise, and Post-Hydration time points. 

 

Exercise Performance Test 

VO2max tests are designed to assess the maximum amount of oxygen that an individual can 

utilize during maximal-intensity exercise, and is a widely-used indicator of cardiovascular fitness 

and aerobic endurance. 

The exercise performance tests were all performed by trained research assistants in the same 

location, using an electromagnetically-braked VelotronÊ cycle ergometer, ErgVideoÊ Virtual 



23 
 

Reality Cycling software to set power output, and Quark CPET (Cardiopulmonary Exercise 

Testing) Cart with associated Cosmed Omnia Cardiopulmonary Diagnostic and Stress ECG 

software to measure and record ECG, ventilation, oxygen consumption and carbon dioxide 

production [59]. 

Participants were attached to a 12-lead ECG and reintroduced to the steps of the exercise 

performance test. First, participants were instructed to perform a Valsalva Maneuver (Image in 

Appendix F) by pinching their nose, closing their mouth and attempting to force the air out of 

their lungs for 10-15 seconds. The Valsalva Maneuver is meant to determine how the 

participantôs heart reacts to a decreased cardiac load during the maneuver, followed by an 

increased cardiac load once the participant releases the pressure, as captured through the 12-lead 

ECG [60]. The participant was then fitted with a facemask to which a flow turbine and gas 

analyzer were attached. Once the mask was fitted, the participant saddled the stationary bike and 

two minutes of resting ventilatory and ECG data was captured (Image in Appendix F). After two 

minutes of rest, the participant was instructed to begin pedaling at whatever pace was 

comfortable for them to warm up sufficiently. All participants warmed up at 50 Watts for five 

minutes. After warmup, participants performed a VO2 ramp test to exhaustion. All participants 

began the VO2 ramp test at 80W and were instructed to attempt to maintain at least 80 

revolutions per minute (rpm). After each minute of exercise, the power output was increased by 

20W, and participants were asked to indicate their Rate of Perceived Exertion (RPE) on a scale 

of 0 to 10 (Appendix G). To accurately measure VO2max, a physical effort must be sufficient in 

duration and intensity to fully tax the aerobic energy system. Therefore, the test continued until 

the participant voluntarily stopped due to exhaustion or multiple of the following have occurred: 

RPE reaches 10, pace falls below 60 rpm, VO2 plateaus, heart rate exceeds 95% of their 
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predicted maximum, or carbon dioxide production exceeds oxygen consumption as measured by 

a Respiratory Exchange Ratio (RER) greater than 1.15. VO2 ramp tests should elicit a 

combination of these factors within 8 to 12 minutes from the onset of the exercise phase of the 

protocol. Upon reaching exhaustion, participants entered the recovery phase of the protocol, in 

which they were encouraged to continue pedaling lightly until heart rate had returned to safe 

levels, as determined by the researcher (roughly 120-130 bpm). 

Physical performance measurements were collected a total of three times for each participant, 

including baseline, Post-Exercise, and Post-Hydration time points. Example results from the 

exercise performance test can be found in Appendix H. 

 

Exercise Trial Protocol 

A graphical summary of the Exercise Trial Protocol is illustrated in Figure 1. The protocol was 

completed in the exercise lab at least 48 hours following their third baseline day. 

Baseline measurements of heart rate (SunTech Medical® Tango M2 Stress Test Monitor), blood 

pressure (SunTech Medical® Tango M2 Stress Test Monitor), body mass (using a digital scale), 

and tympanic temperature (Braun Thermoscan® PRO 4000) [61] were collected prior to the 

initiation of the exercise dehydration protocol. Next, participants initiated exercise using an 

electromagnetically-braked VelotronÊ cycle ergometer (RacerMate, Inc., Seattle, Washington 

USA) [62] under moderate heat stress using heat lamps to provide warm conditions of about 30-

35 °C, since sweat rate is greatest at warm ambient temperatures [63]. Participants exercised at a 

constant power output, equal to the power output at the point of their ventilatory threshold, 

obtained during the baseline exercise performance test. Power output was monitored by an 
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Figure 1: Experimental design and protocol. Protocol was separated into two phases: Active Dehydration and 

Rehydration. Performance measures included cognitive assessments (Trail Making Test and Stroop Test) and 

aerobic capacity, measured by VO2max on a cycle ergometer. Participants completed the protocol in a fasted state 

at least 48 hours after the baseline VO2max test was performed. Dehydrating exercise continued until 3% body 

mass loss, or until the participant had completed 120 min. of total exercise (eight intervals), whichever came first.   

FIGURE 1: Study Protocol 
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ErgVideoÊ Virtual Reality Cycling software on a personal computer, which adjusted resistance 

on the flywheel according to cycling speed to keep power constant. Exercise continued for 15 

minutes, at which time participants were asked to cease cycling, and towel-dry for data collection 

(body mass, heart rate, blood pressure, temperature). This protocol was repeated at 15-min 

intervals until target hypohydration was achieved, indicated by a body mass loss of 3%, or until 

the participant had exercised for 120 minutes (eight 15-min intervals). During the dehydration 

protocol, biological samples (saliva and venous blood) were obtained at a Mid-Exercise time 

point, defined as a body mass loss of 1.5% or 60 minutes of exercise (four 15-min intervals), 

whichever comes first. 

When 3% body mass loss was reached or the participant had exercised for 120 minutes, another 

set of biological samples were obtained. At this time, participants were again asked to complete 

cognitive tasks, Valsalva Maneuver, and the exercise performance test as detailed above. This set 

of biological samples and performance measurements was identified as the Post-Exercise data 

set. 

Following performance measurements, participants rehydrated in two phases, consuming a total 

volume of fluid equal to their body mass loss, assuming each 1L = 1kg, then were reweighed to 

confirm recovery of starting weight. All participants used Kona Deep® deep-ocean mineral 

water to rehydrate. In the first phase of rehydration, participants consumed one half of the total 

volume lost and rested for 30 minutes. After this first phase, biological samples were taken along 

with body mass, heart rate, blood pressure, and temperature. This collection of samples was 

identified as Mid-Hydration samples. Following measurements, the second phase of rehydration 

began, in which participants consumed the remainder of the fluid and rested for another 30 

minutes. After this second phase, biological samples were taken along with body mass, heart 
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rate, blood pressure, and temperature. Participants were again asked to complete cognitive tasks, 

Valsalva Maneuver and the exercise performance test as detailed above. This set of biological 

samples and performance measurements was identified as the Post-Hydration data set. 

 

Biological Sample Collection and Processing 

Saliva samples were collected from the oral cavity as a passive expectorant (unstimulated) in 

5mL Eppendorf® tubes. Following collection, samples were stored in a -80 °C freezer until 

osmolality analysis was performed.  

Blood samples were collected by certified phlebotomists and consisted of a venous sample, 

collected via venipuncture of one of the veins located in the antecubital region of the participant. 

Venous blood samples were collected using 21-gauge butterfly needles and 4 mL BD 

Vacutainer® whole blood tubes containing 7.2mg K2 EDTA (REF# 367861). Eight (8) mL of 

venous blood was taken for each time point, equaling a total of 40 mL of blood taken from each 

participant. Whole blood samples were first analyzed for their hematology profile using a 

Beckman Coulter® ACÅTÊ 5diff Cap Pierce Hematology Analyzer [64]. Each day samples were 

analyzed, the hematology analyzer was calibrated using Beckman Coulter® ACÅTÊ 5diff Low, 

Normal, and High controls (Item Number 7547198), and each sample was run in triplicate. 

Hematological analysis of the blood samples rendered measurements including erythrocyte 

count, hematocrit, platelet count, leukocyte count, hemoglobin and other blood parameters. The 

blood samples were then centrifuged in a Beckman Coulter® Allegra® X-15R Centrifuge using 

a SX4750 Rotor at 1000xg for 10 minutes. Centrifuging whole blood contained in a BD 

Vacutainer® EDTA whole blood tube produces three components; the clear blood plasma, the 
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buffy coat (containing leukocytes and platelets), and the erythrocytes. The top layer containing 

the blood plasma was transferred to 0.6 mL microcentrifuge tubes for storage in a -80 °C freezer 

until osmolality analysis or being sent for metabolomic analysis. 

A total of five sets of biological samples were collected for each participant, including baseline, 

Mid-Exercise, Post-Exercise, Mid-Hydration and Post-Hydration time points. 

 

Measuring Hydration Status 

Hydration status was monitored throughout the exercise trial protocol using two methods: 

salivary osmolality (Sosm) and blood plasma osmolality (Posm). These are only two of many 

measurements that can be used to assess hydration status, including plasma, serum, and urine 

osmolality and urine volume and specific gravity, and the most appropriate measurement 

depends on the mode of dehydration and the frequency of the measurements. Previous studies 

have demonstrated that, for repeated measurements during active dehydration (i.e. via exercise) 

in the heat, salivary and serum osmolality were the most suitable biomarkers of hydration status 

[65,66]. In any case, the most effective way to track hydration over any time period is to use a 

variety of different methods in combination [51]. 

All saliva and plasma samples were thawed using a room temperature water bath and then 

vortexed to homogenize the samples. Salivary and plasma osmolality was measured using a 

dedicated vapor pressure osmometer (Wescor VAPRO® 5600, ranges 20 to 3200 mmol/kg) [67] 

by the same two individuals. Prior to sample analysis, the osmometer was calibrated using 100 

mmol/kg, 290 mmol/kg, and 1000 mmol/kg standards, and calibration was repeated prior to each 
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new subjectôs biological samples. Once calibrated, each sample was run in triplicate using 10 µL 

of the sample for each measurement. 

Different aliquots of plasma were used for osmolality analysis and metabolomics analysis, so 

that samples were not re-frozen once thawed. 

 

Data and Statistical Analysis 

All values are presented as mean (SD). Body Mass Index (BMI) was calculated using the 

following equation: 

BMI = body mass (in kg)/height (in meters)2 

To establish the euhydrated state of the participant, body mass (BM) and USG were averaged 

across the three baseline days. To compare heart rate, tympanic temperature, systolic blood 

pressure, and diastolic blood pressure at baseline and peak, the measured values were averaged 

across all participants. 

We used p values of < 0.05 to indicate statistical significance. Statistical calculations were made 

using commercially available software (GraphPad Prism version 8.4.3 for Windows 10). 

Differences in heart rate, temperature, blood pressure, and hematocrit were determined by 

variations of two-way ANOVA, depending on completeness of study data sets. 

 

Metabolomic Analysis 

Human plasma samples were prepared using standard metabolic profiling methods, and samples 

were analyzed using LC-MS mass spectrometry. A comprehensive data analysis approach was 
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applied to extract signals, cluster features into compounds, describe compound variance, and 

annotate with confidence. These processed data were analyzed using PCA and ANOVA 

approaches to provide a preliminary exploration of the impact of irrigation conditions on the 

metabolome and its small molecule constituents. 

Sample Preparation 

A 50 uL aliquot of the plasma sample was mixed with 200 uL of cold 100% methanol, briefly 

vortexed for 5 seconds, and then incubated overnight at -20C. After incubation, the sample was 

centrifuged at 17,000xg for 15 minutes at 4C. Fifty microliters (50 uL) of the clear supernatant 

were diluted with 200 uL of 80% methanol. A QC sample was prepared by mixing equal 

volumes of all the samples. 

LC-MS Analysis 

1 ɛL of 5x diluted organic extract was injected onto a Waters Acquity UPLC system in 

randomized order with a pooled quality control (QC) injection after every 6 samples. Separation 

was achieved using a Waters Acquity UPLC CSH Phenyl Hexyl column (1.7 ɛM, 1.0 x 100 

mm), using a gradient from solvent A (Water, 2mM ammonium formate) to solvent B 

(Acetonitrile, 0.1% formic acid). Injections were made in 99% A, held at 99% A for 1 min, 

ramped to 98% B over 12 minutes, held at 98% B for 3 minutes, and then returned to starting 

conditions over 0.05 minutes and allowed to re-equilibrate for 3.95 minutes, with a 200 ɛL/min 

constant flow rate. The column and samples were held at 65 °C and 6 °C, respectively. The 

column eluent was infused into a Waters Xevo G2-XS Q-TOF-MS with an electrospray source in 

positive mode, scanning 50-1200 m/z at 0.1 seconds per scan, alternating between MS (6 V 

collision energy) and MSE mode (15-30 V ramp). Calibration was performed using sodium 

formate with 1 ppm mass accuracy. The capillary voltage was held at 700 V, source temperature 
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at 140 °C, and nitrogen desolvation temperature at 600°C with a desolvation gas flow rate of 

1000 L/hr. 

Data Analysis and Statistics 

RAMClustR version 1.1.0 in R version 4.0.2 (2020-06-22)) was used to normalize, filter, and 

group features into spectra. XCMS [68,69] output data was transferred to a ramclustR object 

using the rc.get.xcms.data function. Feature data was extracted using the xcms featureValues 

function. Features which failed to demonstrate signal intensity of at least 3 fold greater in QC 

samples than in blanks were removed from the feature dataset. 4801 of 12311 features were 

removed. Features with missing values were replaced with small values simulating noise. For 

each feature, the minimum detected value was multiplied by 0.1. Noise was then added using a 

factor of 0.1. The absolute value of this value was used as the filled value to ensure that only 

non-negative values carried forward. Variance in quality control samples was described using the 

rc.qc function within ramclustR. Summary statistics are provided including the relative standard 

deviation of QC samples to all samples in PCA space, as well as the relative standard deviation 

of each feature/compound in QC samples, plotted as a histogram. 

Features were normalized by linearly regressing run order versus qc feature intensities to account 

for instrument signal intensity drift. Only features with a regression p-value less than 0.05 and an 

r-squared greater than 0.1 were corrected. Of 7510 features, 63 were corrected for run order 

effects. Features were additionally normalized to total extracted ion signal to account for 

differences in total solute concentration. Features were clustered using the ramclustR algorithm 

[70]. Parameter settings were as follows: st = 3.66, sr = 0.7, maxt = 366, deepSplit = FALSE, 

hmax = 0.3, minModuleSize = 2, and cor.method = pearson. Molecular weight was inferred from 

in-source spectra [71] using the do.findmain function, which calls the interpretMSSpectrum 
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package [72]. Parameters for do.findmain were set to: mode = positive, mzabs.error = 0.005, 

ppm.error = 10, ads = [M+H]+ [M+Na]+ [M+K]+ [M+NH4]+ [2M+H]+ [2M+Na]+ [2M+K]+ 

[2M+NH4]+ [3M+H]+ [3M+Na]+ [3M+K]+ [3M+NH4]+, nls = [M+H-COCH2]+ [M+H-

C2H3NO]+ [M+HH2O]+ [M+H-NH3]+ [M+H-CO2]+ [M+H-NH3-CO2]+ [M+H-NH3-

HCOOH]+ [M+H-NH3-H2O]+ [M+HNH3- COCH2]+ [M+H-S]+ [M+H-S-NH3-HCOOH]+ 

[M+H-H4O2]+ [M+H-CH2]+ [M+H-CH4O3]+ [M+HO]+ [M+H-C2H2]+ [M+H-C2H4]+ 

[M+H-CO]+ [M+H-C3H6]+ [M+H-C2H4O]+ [M+H-C4H6]+ [M+HC3H4O]+ [M+H-C4H8]+ 

[M+H-C5H8]+ [M+H-C4H6O]+ [M+H-C5H10]+ [M+H-C6H12]+ [M+HC4H8O2]+ [M+H-

H2O-HCOOH]+ [M+H-CH4]+ [M+H-CH2O]+ [M+H-C2H6]+ [M+H-CH3OH]+ [M+HC3H4]+ 

[M+H-C3H6O]+ [M+H-CO2-C3H6]+ [M+H-SO3]+ [M+H-SO3-H2O]+ [M+H-SO3-H2O-

NH3]+ [M+H-NH3-C3H4]+ [M+H-H2O-CO2]+ [M+H-H2O-H2O-C2H4O]+ [M+H-NH3-CO-

CO]+ [M+H-NH3- CO-COCH2]+ [M+H-C8H6O]+ [M+H-C8H6O-NH3]+ [M+H-C8H6O-

H2O]+ [M+H-C2H2O2]+ [M+HC2H4O2]+ [M+H-C5H8O]+ [M+H-NH3-CO2-CH2O]+ [M+H-

NH3-CO2-NH3-H2O]+ [M+H-NH3-CO2- C3H4O]+ [M+H-NH3-CO2-C5H8]+ [M+H-

HCOOH-HCOOH]+ [M+H-C2H4-CO2]+ [M+H-C2H4- HCOOH]+ [M+H-NH3-H2O-H2O]+ 

[M+H-H2O-C2H2O2]+ [M+H-COCH2-C4H8]+ [M+H-NH3-NH3- C3H4]+ [M+H-C2H4O2-

CH3OH]+ [M+H-C3H6O-CH3OH]+ [M+H-NH3-CO-COCH2-C4H6O]+ [M+HC4H6- H2O]+ 

[M+H-C4H6-C2H4]+ [M+H-C4H6-NH3-H2O]+ [M+H-C4H6-COCH2]+ [M+H-C4H6- 

C4H6O]+ [M+H-C3H4O-C4H6]+ [M+H-C3H4O-C4H8O2]+ [M+H-C4H8-C4H6]+ [M+H-

NH3-HCOOHCH3OH]+ [M+H-NH3-C2H6]+ [M+H-NH3-C8H6O-CH2]+ [M+H-NH3-C3H4-

COCH2]+ [M+H-C3H9N]+ [M+H-C3H9N-C2H4O2]+ [M+H-C6H10O7]+ [M+H-

C6H10O7+H2O]+ [M+H-C6H10O7-(H2O)2]+ [M+H-C6H12O6]+ [M+H-C6H12O6+H2O]+ 

[M+H-C6H12O6-H2O]+ [M+H-C5H10O5]+ [M+HC5H10O5+ H2O]+ [M+H- C5H10O5-
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H2O]+ [M+H-C2H8NO4P]+ [M+H-(H2O)3-CO]+ [M+HC6H13NO2]+ [M+H-C5H11NO2]+ 

[M+H-CH3S]+ [M+H-C8H8O2]+ [M+H-C12H22O11]+ [M+HC12H24O12]+ [M+H-

C12H20O10]+, scoring = auto, and use.z = TRUE. 

MSFinder [73] was used for spectral matching, formula inference, and tentative structure 

assignment, and results were imported into the RAMClustR object. Annotations were assigned 

using the RAMClustR annotate function. Annotation priority was assigned from highest priority 

to lowest: MSFinder structure, MSFinder formula, interpretMSSpectrum M. MSFinder 

strucutures were considered from databases including. Database priority was set to PubChem 

HMDB ChEBI KNApSAcK BMDB FooDB LipidMAPS BLEXP. Compounds were assigned to 

chemical ontogenies using the ClassyFire API [74]. Analysis of variance was performed in R. 

The SpecAbund dataset was used as input. For the analysis of variance titled 'group.1sn_125019', 

the SpecAbund dataset was used as described below. Mixed model ANOVA was performed 

using the lmer and lmerTest functions. The model used was 'group + (1|sn).' P-values were 

assigned using the 'anova' function with ddf set to 'Kenward-Roger.' P-value correction was 

performed using the p.adjust function with method set to BH. Effects plots are generated using 

the allEffects function. 

Metabolite/Performance Relationships 

We further focused our analysis by narrowing down the reported metabolites to the top 300 

results, based on ANOVA p-value, and then removed unidentified compounds, leaving 237 

metabolites for analysis going forward. Major metabolic pathway or general classification was 

then identified for over half of the 237 metabolites. Next was determined the ñmetabolite loadò 

of each of the metabolites for each participant, which we defined as the area under the curve 

(AUC) when the metabolite abundance is plotted against the five study time points. Three values 
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of metabolite load were calculated: AUC (Ex) (AUC for the exercise period, from baseline to the 

Post-Exercise time point), AUC (Hyd) (AUC for the rehydration period, from Post-Exercise to 

the Post-Hydration time point), and AUC (Total) (AUC for the entire protocol, from baseline to 

Post-Hydration). In order to begin identifying meaningful associations between metabolites and 

exercise performance, AUC was initially plotted against VO2max using the following 

comparisons: AUC (Ex) vs VO2max at Post-Exercise and AUC (Total) vs VO2max Recovery (% 

change from Post-Exercise to Post-Hydration VO2max). 

Specific metabolites of interest were then selected based on some or all of the following criteria: 

strength of the correlations from the above comparisons, extent of statistical significance based 

on the ANOVA p-values, previous identification of a known pathway or well-established 

biological role. No single selection criteria took priority over others. Selected metabolites of 

interest were plotted against study time points to illustrate patterns of change throughout the 

protocol. In order to inform the decision of which metabolite/performance comparisons might be 

most useful, we constructed a correlation table for arachidonic acid (a well-known lipid involved 

in inflammation), which compares correlation data (Pearsonôs r, R2, and p-value) for every single 

comparison combination from the values of VO2max and metabolite load. 

Values of VO2max include VO2max (B) (baseline VO2max), VO2max (PE) (Post-Exercise 

VO2max), VO2max (PH) (Post-Hydration VO2max), VO2max (Deficit) (% change in VO2max 

from baseline to Post-Exercise), VO2max (Recovery) (% change in VO2max from Post-Exercise 

to Post-Hydration), and VO2max (Return) (% difference in baseline and Post-Hydration 

VO2max). Values of metabolite load include AUC (Ex), AUC (Hyd), AUC (Total), Abs (PE) 

(the absolute abundance of the metabolite at Post-Exercise), Abs (PH) (the absolute abundance 

of the metabolite at Post-Hydration), Met (Deficit) (% change in metabolite from baseline to 
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Post-Exercise), Met (Recovery) (% change in metabolite from Post-Exercise to Post-Hydration), 

and Met (Return) (% difference in metabolite between baseline and Post-Hydration). 

Identification of the strongest significant correlations for the arachidonic acid comparisons gave 

us a starting point for exploring the most useful comparisons for each metabolite of interest. In 

the correlation table, the green cells represent the strongest correlations, while blue cells 

represent weaker, but still significant correlations, and yellow cells indicate correlations that 

approached statistical significance. For each metabolite of interest, we then plotted the 

metabolite load values against the VO2max values that were selected to best illustrate the 

relationship of the metabolite with exercise performance, and calculated correlation data for each 

comparison. Going beyond the above-described analyses, we discuss the biological roles of some 

metabolites of interest, and speculate on the potential relationship of these metabolites with 

hypohydration-induced exercise performance deficits. 
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RESULTS 

Age and Body Morphometrics 

The average age, height, body mass and BMI of participants (n = 10) are summarized in Table 1. 

 

Baseline Hydration and Performance 

Baseline Hydration Status 

Hydration status throughout the study protocol was established using body mass (BM), urine 

specific gravity (USG), salivary osmolality (Sosm), and blood plasma osmolality (Posm). BM and 

USG, averaged over three consecutive baseline days, and Sosm and Posm measured only on the 

third baseline day, were used as indicators of baseline hydration (euhydration) for participants. 

At baseline, participants had an average USG of 1.011 ± 0.007, an average BM of 79.2 ± 9.7 kg, 

and average Sosm of 94.4 ± 26.7 mmol/kg, and an average Posm of 302.5 ± 8.7 mmol/kg. 

Baseline Cognitive Performance 

Following collection of biological samples, all participants completed a series of cognitive and 

physical tasks to establish baseline performance while in a euhydrated state. The cognitive tasks 

included the Trail Making Test (TMT; parts A and B), and the Stroop Test. At baseline, the 

average time to complete Part A of the TMT was 19.8 ± 6.9 seconds, and the average time to 

complete Part B was 35.7 ± 9.7 seconds. 

The Stroop Test records three values, each measured in milliseconds: time to respond to 

incongruent combinations, time to respond to congruent combinations, and the Stroop Effect, 

which is the difference between incongruent and congruent times. The Stroop Effect is the  
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Table 1 Age and Body Morphometrics  

Morphometrics  Average Values* Range 

Age (years) 23.6 ±4.6 19 ï 34 

Height (cm) 179.4 ± 5.8 172.0 ï 192.4 

Body Mass (kg) 79.2 ± 9.7 60.4 ï 91.0 

BMI (kg/m2) 24.8 ± 2.5 20.4 ï 28.5 

*Data presented as mean ± S.D. 

Table 1 

  

TABLE 1: Age and Body Morphometrics 
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measure of cognitive processing and is therefore our desired measurement. At baseline, 

participants had an average Stroop Effect of 93.1 ± 86.9 ms. 

Baseline Physical Performance 

Following completion of the two cognitive tasks, all participants completed the exercise 

performance test, as described in the Methods. From this exercise performance test, we obtained 

the following for each participant: VO2max (mL/kg-min), VO2 at ventilatory threshold (VT), and 

the power output at which the participant reached VT. At baseline, the average VO2max was 

45.8 ± 8.0 mL/kg-min, the average VO2 at VT was 24.4 ± 3.8 mL/kg-min, and the average power 

at which participants reached their VT was 138.0 ± 35.8 Watts. 

All baseline hydration and performance measurements are summarized in Table 2. 

 

Dehydration Protocol Results 

Percent Body Mass Loss and Time to Complete 

During the completion of the dehydration protocol, body mass was measured at every 15-minute 

interval to monitor the participantsô progress towards completion of the protocol. The goal for 

participants was to reach a BM loss of 3% of baseline BM, or lose as much mass as possible 

through sweat over 120 minutes of exercise. The average percentage of BM lost was 2.69 ± 

0.43%. (Figure 2). Following completion of the dehydration protocol, all participants entered the 

rehydration protocol with the goal of returning to baseline hydration. Subsequent comparison of 

the mean values for each time point showed that average percent BM loss at the Post-Exercise 

time point was significantly different (p < 0.0001) from both the baseline and Post-Hydration 

time points, and there was no significant difference between baseline and Post-Hydration time 
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Table 2 Baseline Performance and Hydration Measurements 

Baseline Hydration 

Status 

USG 1.011 ± 0.007 

Sosm (mmol/kg) 94.4 ± 26.7 

Posm (mmol/kg) 302.5 ± 8.7 

Baseline Cognitive 

Performance 

Trail Making Test Part A (s) 19.8 ± 6.9 

Trail Making Test Part B (s) 35.7 ± 9.7 

Stroop Effect (ms) 93.1 ± 86.9 

Baseline Physical 

Performance 

VO2max (mL/kg-min) 45.8 ± 8.0 

VO2 at Ventilatory Threshold 

(mL/kg-min) 
24.4 ± 3.8 

Power at VT (W) 138.0 ± 35.8 

Data presented as mean ± S.D. 

Table 2 

  

TABLE 2: Baseline Performance and Hydration Measurements 
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points (Figure 2). The average time to completion of the dehydration phase was 100.0 ± 15.0 

min, with only two participants exercising for the maximum allowed time of 120 min. 

Exercise Heart Rate, Temperature, and Blood Pressure 

During the dehydration protocol, a series of measurements were taken at baseline and after every 

15-minute interval of exercise, to ensure the safety of the participants and to monitor their 

bodiesô physiological response to exercise under heat stress. These measurements are described 

in Methods, and include heart rate (HR), tympanic temperature (Temp), and systolic (BPS) and 

diastolic (BPD) blood pressures. Each measurement was taken directly after each 15-minute 

interval of exercise, and was considered the peak for that interval. The peak values from all 

intervals were averaged to arrive at a single peak for each participant for the entire dehydrating 

protocol. 

The average peak HR was found to be significantly higher than the baseline average (129.6 ± 

11.0 bpm vs 62.9 ± 9.1 bpm, p < 0.0001) (Figure 3A). Tympanic temperature was used as an 

indicator of core temperature, and to monitor the participantôs reaction to moderate exercise and 

heat stress. The average peak Temp was found to be significantly higher when compared to 

baseline values (99.9 ± 0.6 °F vs 97.5 ± 0.6 °F, p < 0.0001) (Figure 3B). 

BP was measured to monitor the participantôs heart and its ability to compensate for an increased 

cardiovascular load in response to exercise. Peak BPS was found to be significantly greater than 

baseline BPS (149.2 ± 14.1 mmHg vs 132.9 ± 11.9 mmHg, p = 0.0008), while no significant 

differences were found when comparing BPD from baseline to peak (77.6 ± 5.9 mmHg vs 80.7 ± 

9.9 mmHg, p = 0.3084) (Figure 3C-D). 
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Figure 2: Percent change in body mass from Baseline to PE and PH time points. A one-way ANOVA indicated a 

significant difference between Baseline and PE, and between PE and PH time points (****p<0.0001). Data 

presented as mean ± S.D.  

FIGURE 2: Body Mass 
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Figure 3: Comparison of baseline and peak values during the dehydration protocol. A Heart rate: A paired t test 

indicated a significant difference between baseline and peak time points (****p<0.0001). B Tympanic temperature: 

A paired t test indicated a significant difference between baseline and peak time points (****p<0.0001). C Systolic 

blood pressure: A paired t test indicated a significant difference between baseline and peak time points 

(***p=0.0008). D Diastolic blood pressure: A paired t test indicated no significant difference between baseline and 

peak time points (p=0.3084). Data presented as mean ± S.D. 

FIGURE 3: Heart Rate, Temperature, and Blood Pressure 
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Hydration Throughout Protocol  

As described in the Methods, a set of biological samples, including unstimulated saliva samples 

and venous blood samples were collected at five separate time points: baseline, Mid-Exercise, 

Post-Exercise, Mid-Hydration, and Post-Hydration. 

For each saliva sample, we determined the Sosm as an indication of hydration status. Sosm 

progressively increased during the dehydration protocol such that mean baseline Sosm was 

significantly lower than Mid-Exercise (92.9 ± 30.2 mmol/kg vs 259.4 ± 126.6 mmol/kg, p = 

0.0226) and Post-Exercise Sosm values (92.9 ± 30.2 mmol/kg vs 341.6 ± 129.3 mmol/kg, p = 

0.0033). The mean Mid-Exercise Sosm was also significantly lower than that of the Post-Exercise 

time point (p = 0.0003). During the hydration phase of the protocol, Sosm steadily declined, and 

returned to baseline Sosm values upon completion of the hydration period, shown by no 

significant difference between baseline and Post-Hydration Sosm values (92.9 ± 30.2 mmol/kg vs 

93.8 ± 21.3 mmol/kg, p > 0.9999). The Post-Exercise Sosm was significantly greater than the 

Mid-Hydration (341.6 ± 129.3 mmol/kg vs 119.2 ± 36.1 mmol/kg, p = 0.0078) and Post-

Hydration Sosm values (341.6 ± 129.3 mmol/kg vs 93.8 ± 21.3 mmol/kg, p = 0.0074). 

Additionally, no significant differences were found between baseline and Mid-Hydration (p = 

0.0907), Mid-Exercise and Mid-Hydration (p = 0.0682), or Mid-Hydration and Post-Hydration 

(p = 0.0711) (Figure 4A). 

Venous blood samples were taken at every time point listed above, and for each sample we 

determined the Posm as an indication of hydration status. Posm progressively increased during the 

dehydration protocol such that baseline Posm was significantly lower than Mid-Exercise (302.5 ± 

8.7 mmol/kg vs 312.1 ± 9.7 mmol/kg, p = 0.0012) and Post-Exercise Posm values (302.5 ± 8.7 

mmol/kg vs 315.4 ± 8.8 mmol/kg, p = 0.0122). During the hydration phase, Posm steadily 
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declined and returned to baseline Posm values upon completion of the hydration period, shown by 

no significant difference between baseline and Post-Hydration Posm values (302.5 ± 8.7 mmol/kg 

vs 302.6 ± 8.0 mmol/kg, p > 0.9999). The Post-Exercise Posm was significantly higher than Post-

Hydration Posm (315.4 ± 8.8 mmol/kg vs 302.6 ± 8.0 mmol/kg, p = 0.0091), and the Mid-

Hydration Posm was also significantly greater than Post-Hydration Posm (310.3 ± 5.6 mmol/kg vs 

302.6 ± 8.0 mmol/kg, p = 0.0057). Additionally, baseline Posm was significantly lower than Mid-

Hydration Posm (302.5 ± 8.7 mmol/kg vs 310.3 ± 5.6 mmol/kg, p = 0.0234). No significant 

differences were found between Mid-Exercise and Post-Exercise (p = 0.7334), Mid-Exercise and 

Mid-Hydration (p = 0.9414), or Post-Exercise and Mid-Hydration (p = 0.3056) (Figure 4B). 

Venous blood samples were also analyzed for hematocrit (HCT) as described in the Methods. 

Analysis showed that HCT gradually increased during the dehydration protocol and remained 

elevated for a time, such that baseline HCT was significantly lower than Post-Exercise values 

(46.9 ± 1.4% vs 50.3 ± 2.3%, p = 0.0339). During the hydration phase of the protocol, HCT 

steadily declined and returned to baseline HCT values upon completion of the hydration period, 

shown by no significant difference between baseline and Post-Hydration HCT values (46.9 ± 

1.4% vs 48.0 ± 1.9%, p = 0.3602). The Post-Exercise HCT was significantly higher than Mid-

Hydration (50.3 ± 2.3% vs 48.8 ± 1.3%, p = 0.0360) and Post-Hydration values (50.3 ± 2.3% vs 

48.0 ± 1.9%, p = 0.0192). Additionally, no significant differences were found between baseline 

and Mid-Exercise (p = 0.1646), baseline and Mid-Hydration (p = 0.2408), Mid-Exercise and 

Post-Exercise (p = 0.4143), Mid-Exercise and Mid-Hydration (p = 0.6456), Mid-Exercise and 

Post-Hydration (p = 0.1633), or Mid-Hydration and Post-Hydration (p = 0.3505) (Figure 4C). 
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Figure 4: Changes to indicators of hydration status. A Salivary Osmolality: A repeated measures one-way ANOVA 

indicated a significant difference between mean values for Baseline and ME (*p=0.0226), Baseline and PE 

(**p=0.0033), ME and PE (***p=0.0003), PE and MH (**p=0.0078), and PE and PH (**p=0.0074). B Plasma 

osmolality: A mixed-effects one-way ANOVA indicated a significant difference between mean values for Baseline 

and ME (**p=0.0012), Baseline and PE (*p=0.0122), Baseline and MH (*p=0.0234), ME and PH (**p=0.0062), 

PE and PH (**p=0.0091) and MH and PH time points (**p=0.0057). C Hematocrit: A mixed-effects two-way 

ANOVA indicated significant differences between mean values for Baseline and PE (*p=0.0339), PE and MH 

(*p=0.0360) and PE and PH time points (*p=0.0192). Data presented as mean ± S.D.  

FIGURE 4: Markers of Hydration  
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Dehydrating Exercise and Performance Measures 

As described in the Methods, a set of performance measures, including cognitive tasks (TMT and 

Stroop Test) and a VO2max test, were each taken at three separate time points: baseline, Post-

Exercise, and Post-Hydration. Analysis indicated no significant effect of time point on response 

time to Part A, Part B, or on the difference between the response times to Part A and Part B of 

the TMT (Figure 5A-C). 

For the Stroop Test, three measurements were taken for each time point, including congruent 

response time, incongruent response time, and Stroop Effect, which is the difference between 

incongruent and congruent times. Analysis by repeated measures one-way ANOVA indicated a 

significantly higher mean response time to congruent combinations at baseline than at Post-

Hydration (767.3 ± 193.5 ms vs 595.2 ± 87.9 ms, p = 0.0081) (Figure 6A). We also found there 

to be a significantly higher mean incongruent response time at baseline, when compared to Post-

Exercise (860.4 ± 199.8 ms vs 738.0 ± 152.3 ms, p = 0.0030) and Post-Hydration time points 

(860.4 ± 199.8 ms vs 746.5 ± 145.9 ms, p = 0.0103) (Figure 6B). However, no significant 

differences were found across time points for the Stroop Effect (Figure 6C). 

Following completion of the cognitive tasks, a VO2max test was performed to obtain an 

evaluation of the participantôs aerobic performance. Analysis by mixed-effects one-way 

ANOVA indicated that the mean value for VO2max at the Post-Exercise time point was 

significantly lower than the mean value at baseline (40.6 ± 7.6 mmol O2/min/kg vs 43.7 ± 6.4 

mmol O2/min/kg, p = 0.0318) and Post-Hydration time points (40.6 ± 7.6 mmol O2/min/kg vs 

42.8 ± 8.4 mmol O2/min/kg, p = 0.0028). There was no significant difference between the mean 

VO2max values at baseline and Post-Hydration (p = 0.7309) (Figure 7A). 
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Figure 5: Response times to Trail Making Test (TMT) across the exercise protocol. A Part A of the TMT: Mean 

values from each time point were compared via repeated measures one-way ANOVA and no significant difference 

was found between any time points. B Part B of the TMT:  Mean values from each time point were compared via 

repeated measures one-way ANOVA and no significant difference was found between any time points. C Difference 

in response times between Part A and Part B: Mean values from each time point were compared via repeated 

measures one-way ANOVA and no significant difference was found between any time points.  Data presented as 

mean ± S.D.  

FIGURE 5: Trail Making Test  
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Figure 6: Response times to Stroop Test across the exercise protocol. A Response times to congruent combinations: 

Mean values from each time point were compared via repeated measures one-way ANOVA, which indicated a 

significant difference between Baseline and PH time points (**p=0.0081). B Response times to incongruent 

combinations:  Mean values from each time point were compared via repeated measures one-way ANOVA, which 

indicated a significant difference between Baseline and PE (**p=0.0030) and PH time points (*p=0.0103). C 

Stroop Effect: Mean values from each time point were compared via repeated measures one-way ANOVA and no 

significant difference was found between any time points. Data presented as mean ± S.D.  

FIGURE 6: Stroop Task 
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Changes to aerobic capacity were also evaluated by converting absolute VO2max values into a 

percent change from baseline. Analysis by mixed-effects one-way ANOVA indicated that the 

mean value for percent change from baseline VO2max at the Post-Exercise time point (-7.7 ± 

6.7%) was significantly lower than baseline (0% change, p = 0.0325) and Post-Hydration time 

points (-7.7 ± 6.7% vs -2.7 ± 8.1%, p = 0.0021). Again, no significant difference was found in 

the percent change from baseline VO2max between the baseline and Post-Hydration time points. 

(Figure 7B). There were no significant differences found in the mean values of power output at 

VT between baseline and Post-Exercise (138 ± 35.8 W vs 130 ± 40.28 W, p = 0.3358), between 

baseline and Post-Hydration (138 ± 35.8 W vs 128 ± 32.93 W, p = 0.4091), or between Post-

Exercise and Post-Hydration (p = 0.9312) (Figure 7C). Additionally, no significant differences 

were found in the mean values of VO2 at VT between baseline and Post-Exercise (24.4 ± 3.8 

mmol O2/min/kg vs 26.5 ± 5.3 mmol O2/min/kg, p = 0.0895), between baseline and Post-

Hydration (24.4 ± 3.8 mmol O2/min/kg vs 27.0 ± 6.0 mmol O2/min/kg, p = 0.1044), or between 

Post-Exercise and Post-Hydration (p = 0.4798) (Figure 7D). 

 

Metabolomic Analysis 

The process of determining metabolite/performance relationships is described in detail in the 

Methods. A list of the metabolites included in our analysis can be found in Appendix I. 

Metabolites for which associated pathways or general classifications could be identified are 

presented in Appendix J, along with the overall direction of change throughout the exercise 

protocol for each metabolite, and the reported ANOVA p-value for each metabolite. 

 



50 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: VO2max parameters across the exercise protocol. A Absolute VO2max: A mixed-effects one-way ANOVA 

indicated significant differences between Baseline and Post-Exercise (*p=0.0318) and Post-Exercise and Post-

Hydration (**p=0.0028). B Percent change from baseline VO2max:  A mixed-effects one-way ANOVA indicated 

significant differences between baseline and Post-Exercise (*p=0.0325) and Post-Exercise and Post-Hydration 

(**p=0.0021). C Power output at ventilatory threshold (VT): A repeated measures one-way ANOVA indicated no 

significant differences between any time points. D VO2 at VT: A repeated measures one-way ANOVA indicated no 

significant differences between any time points. Data presented as mean ± S.D.  
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FIGURE 7: VO 2max 
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A visual representation of ñmetabolite loadò (AUC) is presented in Figure 8. The initial 

comparisons of metabolite load with VO2max that were used to help identify metabolites of 

interest were AUC (Ex) vs VO2max (PE), and AUC (Total) vs VO2max (Recovery). The top 10 

results from each comparison, along with correlation coefficients, are presented in Appendix K . 

Metabolites of interest are presented in Table 3 along with AVOVA p-values and metabolite 

classifications. Metabolites of interest were plotted against study time points, and representative 

examples of various patterns of change are presented in Figure 9A-F. The correlation table for 

arachidonic acid, which was used to help identify valuable comparisons between metabolites of 

interest and VO2max values, can be found in Appendix L . Metabolite load values were plotted 

against VO2max values using the selected comparisons, and representative examples of these 

correlation plots are presented in Figure 10A-F, with correlation data for the comparisons in 

Table 4. The table presents the comparisons with the highest correlations from both a 

performance deficit and a performance recovery standpoint for select metabolites of interest.  
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Figure 8: Visual representation of AUC example ï Arachidonic acid (ARA). A The shaded area represents the AUC 

(Total), the area under the curve for the entire protocol, a measure of ñmetabolite loadò. B Time course of ARA is 

traced in a different color for each participant. AUC can been seen to vary widely among participants.  

FIGURE 8: Area under the Curve (AUC) Example 

A: 

B: 
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Table 3 Metabolites of Interest  

Metabolite ANOVA p -value Pathway 

Arachidonic acid 7.73E-07 Lipid 

Eicosapentaenoic acid 1.50E-05 Lipid 

Cortisol 7.33E-06 Lipid 

PG(20:5/17:0) 0.161328* Lipid 

L-carnitine 4.11E-06 Lipid 

LysoPC(18:2) 7.47E-05 Lipid 

PC(P-16:0/20:4) 0.009252 Lipid 

PE(18:0/20:4) 0.001372 Lipid 

PS(O-16:0/20:1) 2.74E-05 Lipid 

Bilirubin 0.058697* Heme Catabolism 

Biliverdin 2.13E-06 Heme Catabolism 

Neurotensin 6.69E-07 Neurotransmitter 

Cyclo-L-prolylglycine 6.59E-08 Neuropeptide 

Creatinine 2.56E-05 Amino Acid 

Citrulline 0.038014 Amino Acid 

*Not statistically significant (p >0.05) 
Table 3 

 

 

 

 

 

TABLE 3: Metabolites of Interest 
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Figure 9: Visual examples of metabolite time course. A Cortisol: similar to ARA, cortisol rises throughout exercise, 

then falls by the end of the protocol. However, it continues to rise during the first half of the rehydration period. B 

Cyclo-L-Prolylglycine: rises at ME time point, but then continues falling for the remainder of the protocol, even to 

below baseline levels. C Biliverdin: rises only slightly during exercise, then more sharply during rehydration. D L-

Carnitine: falls steadily throughout entire protocol, apparently unaffected by rehydration. E LysoPC(18:2): falls 

steadily throughout protocol, then seems to level off by the PH time point. F PG(20:5/17:0): falls throughout 

exercise, then rises markedly at MH, then continues to fall at PH.  

FIGURE 9: Metabolit e Time Course Examples 

A: B: 

C: D: 

E: F: 

S 10 
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Figure 10: Representative examples of metabolite relationships to performance. A ARA: higher PE rises in ARA 

correlate with greater VO2max deficits PE. B ARA: higher PE rises in ARA correlate with smaller return to baseline 

VO2max. C EPA: higher PE rises in EPA correlate with greater VO2max deficits PE. D EPA: higher PE rises in 

EPA correlate with smaller return to baseline VO2max. E LysoPC(18:2): greater metabolite load through exercise 

correlates with higher VO2max PE. F CLPG: greater total metabolite load correlates with lower VO2max recovery.  

FIGURE 10: Representative Metabolite vs VO2max Comparisons 

A: 

C: 

B: 

D: 

E: F: 

S 11 
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Table 4 Correlation Data for Metabolite vs VO2max Comparisons  

Metabolite Comparison Pearsonôs r R2 p-value 

Arachidonic acid Met(Deficit) vs 

VO2max(Deficit) -0.7693 0.5918 0.0093 

Arachidonic acid Met(Deficit) vs 

VO2max(Return) 0.8163 0.6664 0.0040 

Eicosapentaenoic acid Met(Deficit) vs 

VO2max(Deficit) -0.8597 0.7392 0.0014 

Eicosapentaenoic acid Met(Deficit) vs 

VO2max(Return) 0.8918 0.7952 0.0005 

Cortisol Met(Deficit) vs 

VO2max(Deficit) -0.6733 0.4534 0.0468 

Cortisol Met(Deficit) vs 

VO2max(Return) 0.6986 0.4881 0.0363 

PG(20:5/17:0) Abs(PE) vs 

VO2max(Deficit) -0.3816 0.1456 0.2765* 

PG(20:5/17:0) Met(Recovery) vs 

VO2max(Recovery) 0.8127 0.6604 0.0043 

Cyclo-L-Prolylglycine Abs(PE) vs 

VO2max(Deficit) -0.4402 0.1937 0.2358* 

Cyclo-L-Prolylglycine AUC(Total) vs 

VO2max(Recovery) -0.6403 0.4100 0.0461 

LysoPC(18:2) AUC(Ex) vs 

VO2max(PE) 0.7808 0.6096 0.0077 

LysoPC(18:2) AUC(Ex) vs 

VO2max(PH) 0.7574 0.5737 0.0112 

*Not statistically significant (p >0.05) 
Table 4 

  

TABLE 4: Correlation Data for Metabolite vs VO 2max Comparisons 
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DISCUSSION 

Heart Rate, Temperature, Blood Pressure, and Participant Characteristics 

Heart Rate 

Heart rate (HR), for all participants, showed a large and statistically significant increase from 

baseline to peak values, measured as the average of the highest values of HR during each 15-

minute interval of exercise. Extensive research consistently documents rises in heart rate during 

even submaximal exercise, as we used in the dehydrating exercise protocol. Furthermore, results 

of some studies suggest that hypohydration exacerbates the HR-increasing effects of exercise 

[75]. Therefore, these results agree well with previous findings. Participants completed the 

dehydrating exercise protocol at a constant power output, equal to the power output at each 

participantôs ventilatory threshold, determined during the baseline VO2max test. This value was 

chosen because it is a power output that participants could maintain for the duration of the 

dehydration protocol (up to 120 minutes), while being intense enough to maximize sweat rate. At 

this exercise intensity, participants typically reached around 65-75% of their age-predicted 

maximum HR. 

In our previous study [22] participants self-monitored power output, as they were able to adjust 

both cycling rate and cycle resistance at will, since reaching hypohydration was the main goal. 

However, this may provide a confounding element to the measure of exercise performance, as 

muscle fatigue may have played a different role in observed performance deficits for each 

participant. With participants held at a constant power output related to each participantôs own 

aerobic capacity, any effect of fatigue on the observed performance outcomes should be 

relatively similar between all participants. 
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Temperature 

Tympanic temperature (Temp), as our measure of core body temperature, significantly increased 

from baseline to peak values. This is consistent with findings in the literature, which show 

marked increases in body temperature over prolonged periods of exercise [76], and yet is 

inconsistent with the findings of our previous study, in which we showed a slight, but 

insignificant rise in Temp despite similar exercise conditions and similar levels of hypohydration 

as in the current study. This could very well be simply due to the fact that the small sample size 

(n = 17) of our previous study lacked the statistical power for the effect to reach significance. 

The previous study actually had more participants, but also more heterogeneity in the study 

population than did the current study, since we included both males and females in the previous 

study. Since there may be differences between males and females in thermoregulatory 

capabilities following exercise and heat stress [77], this may have contributed to the lack of 

significance in Temp changes in our previous study. 

Participant Characteristics 

Initially, both males and females were enrolled in the study. In order to reduce study 

heterogeneity, it was decided that the metabolomics analysis should focus only on one sex, since 

we were unable to recruit enough total participants to adequately power sex comparisons. Since 

more males had completed the study at the time, we decided to only include males in the 

analysis. Out of 19 participants who enrolled in the study, six were females, and five 

participants, including two of the females, did not complete the study. Nine participants in total 

were therefore excluded from all analyses. Sex differences in the exercise and dehydration data, 

for those who completed the study, are discussed in the Supplementary Data and Observations 

section of the Discussion. 
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Additionally, not all samples were collected from every participant at every time point. In the 

case of biological samples, samples were not taken if veins were not easily accessible and would 

have required multiple needle sticks for each time point. Blood samples were collected with a 

new venipuncture at each time point, since collecting blood through intravenous catheters 

presented several issues. Therefore, we wanted to minimize the number of needle sticks per 

participant. A summary of collected samples and measurements can be found in Appendix M . 

The small age range of participants in the study may help to minimize the inter-individual 

variation in biological measurements that can occur due to age [78]. Though the inclusion 

criteria includes participants aged 18-35 years, only one participant was over the age of 26. 

Excluding that participant, the age range was 19-26 with an average age of 23.6 years. 

 

Hydration  Status 

During the rehydration phase of the protocol, all participants used Kona Deep® deep-ocean 

mineral water to rehydrate, as it was determined to be a more effective acute rehydration agent 

when compared to spring water and sports drinks in previous studies performed in our lab 

(Figure S1) [22,23]. 

Urine Specific Gravity & Body Weight 

Body Weight and urine specific gravity (USG), which compares the density of urine to that of 

water (1.000), were only used to assess hydration at baseline, in order to establish a normal 

óeuhydratedô state for each participant. For each participant, body weight was not significantly 

different across the three baseline days, with the majority of participantsô weights staying within 

1% of each other measurement. The largest difference in body weight across baseline days ï an 
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outlier, given that it was about two-fold greater than that of other participants ï was 2kg, which 

was about a 2% difference. Additionally, starting body weight on the day of the dehydrating 

exercise trial was not different from the average body weight over the three baseline days for any 

of the participants. With the exception of one outlier ï a 1.9kg difference ï all participants 

started the dehydrating exercise trial within 1% of their measured baseline average weight. Each 

participantôs USG was also very similar across the three baseline days, with the largest 

difference being 0.018, a 1.8% difference. Similarly, starting USG on the day of the dehydrating 

exercise trial was within 0.5% of the measured baseline average for each participant. 

Combining morning urine concentration measurements (such as USG) with body weight is the 

best means for monitoring day-to-day óeuhydrationô [79], the state of being in water balance 

[80]. Therefore, these intra-individual consistencies with body weight and USG across the 

baseline measurement period and at the start of the dehydrating exercise trial gave us confidence 

that the baseline measurements represented a typical euhydrated state for each individual, and 

that each participant started the dehydrating exercise trial in a similarly euhydrated state. 

Knowing this, we can be more confident that all participants reached a similar level of 

hypohydration. An issue with our previous study was that we took one-day body weight and 

salivary osmolality to represent baseline hydration. This may not necessarily represent a true 

euhydrated state for a participant, if that particular day happened to be an abnormal day, in terms 

of hydration, for that participant. In such a case, dehydration during the exercise trial may 

represent dehydration from an already hypohydrated state, or from an over-hydrated state, 

compared to ónormalô. Participants, therefore, may have ended the trial at highly variable levels 

of relative hypohydration, making comparisons between participants less robust. In the current 
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study, three days of measurements before the trial gave us a much stronger baseline with which 

to compare starting body weight on the day of the trial. 

Salivary Osmolality & Plasma Osmolality 

Since the best way to track hydration is by using a combination of multiple methods, we used 

both salivary (Sosm) and plasma osmolality (Posm) to monitor hydration status throughout the 

dehydration and rehydration protocols. Posm has a much smaller inter-individual variation than 

other methods [78], and Sosm is a quick and non-invasive measurement that can easily be taken 

serially during an exercise protocol, making these two measurements ideal for our study. 

Additionally, urine variables such as USG and urine osmolality, although convenient, tend to 

exhibit issues that make those methods ill-suited to this context [51,79]. Namely, spot urine 

samples display high levels of both inter- and intra-individual variation, making it very difficult 

to compare to the relatively more methodical baseline measurements [78,79]. Hormonal changes 

influencing water balance also occur during rehydration which make urine variables unreliable 

under these conditions [51]. Therefore, although USG, along with body weight, was ideal for 

establishing participantsô normal baseline hydration states, other methods were needed to track 

hydration status during the dehydration and rehydration protocols. 

Sosm does come with its own limitations as well. In our previous study, Sosm was used to track 

hydration throughout a dehydrating and rehydrating protocol, and, similar to the current study, 

showed a very consistent pattern of increasing during dehydration and decreasing back to 

baseline levels after rehydration. However, Sosm is still in doubt within the scientific community 

as a reliable measure of hydration on its own, due to its limitations, which were controlled for in 

the previous study and in the current study as much as possible. For example, Sosm is influenced 

by food and fluid ingestion, such that false osmolality data may be measured for up to 15 
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minutes after an oral rinse with fluid [81]. To prevent these erroneous measurements, we waited 

30 minutes after each of the two rehydration phases before taking biological measurements. 

Indeed, Mid-Hydration and Post-Hydration values of Sosm followed the expected trajectory back 

down toward baseline levels. 

Additionally, high inter-individual variability makes it difficult to compare Sosm values among 

participants [78]. However, given our cross-over study design, we are only comparing each 

participantôs values to their own baseline, and since intra-individual variability of Sosm is 

relatively low [78], it should be an effective method for tracking hydration status in this context. 

The use of two different hydration monitoring methods, Sosm and Posm, also increases our 

confidence in our hydration measurements. 

Studies have previously used both the stimulated saliva sample collection method, in which 

mechanical orofacial movement (chewing on a cotton swab, in this case) stimulates saliva 

release, and the unstimulated method, in which saliva is collected as a passive expectorant. 

Although results from another study found high agreement between these two methods [82], our 

previous study found that the stimulated method showed a consistently lower osmolality than 

unstimulated samples. However, the trends observed between the two methods were very 

similar, with high correlation between the two. Both results indicate that either method may be 

used over the other with similar results. In our previous study, we did note that some participants 

disliked the sensation of chewing on the cotton swab, and therefore, we used the unstimulated 

method in the current study. The only issue with this method is that, as the participants 

dehydrated, their mouths tended to dry out, making it harder to produce saliva, and as a result, 

some samples had very low amounts of saliva. However, enough saliva was collected at each 

time point to obtain a value for osmolality. 
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Another reason for using both Sosm and Posm as measures of hydration status in our study was to 

compare the two methods under the particular circumstances laid out in our study. It has 

previously been reported that the effectiveness of any one method depends on multiple factors 

[51,78], including mode of dehydration (active vs passive), the frequency of measurement, and 

the study design [65]. Our study consisted of a cross-over design, in which each participant is his 

own control. We required serial measurements of hydration using quick, relatively non-invasive 

methods during active dehydration under heat stress. The consistent pattern of change in Sosm 

throughout the dehydration and rehydration protocols, and the high correlation (r = 0.8507) of 

average Sosm with Posm, a highly validated hydration measure, suggest that Sosm is an effective 

method of hydration assessment in this very particular context. However, Posm showed less 

variability, and therefore greater predictability in its fluctuations during the protocol, indicating 

that this may be a more reliable method of tracking hydration in this context than is Sosm. 

As expected, both Sosm and Posm showed consistency with previously observed patterns. With 

very few exceptions, values for Sosm and Posm increased steadily throughout the dehydration 

protocol, and then decreased steadily throughout the rehydration protocol, showing that the body 

mass loss over the course of the exercise was in fact primarily from fluid loss, and that the fluid 

losses significantly impaired body fluid balance. Similarly, it shows that rehydration after the 

dehydrating exercise protocol attenuated these fluid imbalances. 

Two participants reported being sleep deprived during the exercise trial day, having gotten little 

to no sleep the night before, due to working night shifts. Interestingly, these two participants both 

represent outliers in the Sosm data, exhibiting higher levels of baseline Sosm, which actually 

dropped substantially at the Mid-Hydration time point, then largely followed the normal trend 

described above for the rest of the protocol, only with very small changes in osmolality 
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compared to other participants (Table S1). For example, Post-Exercise Sosm for these two 

participants averaged 82.7 mmol/kg, whereas the average for other participants was 345.8 

mmol/kg. These observations indicate the possibility for sleep to affect Sosm measurements, 

particularly more so than Posm. 

No other studies could be found which comment on this specific phenomenon, in which a single 

night of missed sleep affects Sosm. However, one recent cross-sectional study did find an 

association in adults between patterns of low sleep (Ò 6 hours/night) and lower levels of 

hydration, shown by higher USG and urine osmolality, at the time of measurement [83]. We do 

not have any other information about the sleep habits of those two participants. Perhaps they do 

have a pattern of low sleep, or perhaps simply the offset of the sleep/wake cycle caused by 

working nights is enough to elicit these effects, the same way that it also affects metabolism [84-

87]. Furthermore, it does not appear that the subjects in our study were necessarily hypohydrated 

at the time, as USG and Posm reflected values that were more consistent with the other 

participants. In any case, further research on this topic is warranted. 

Hematocrit 

Originally, the hematology analysis conducted on each whole blood sample, before the plasma 

was isolated, was for the purpose of obtaining a hematocrit (HCT) value for each sample. We 

had planned on collaborating with a different lab to obtain the metabolomics data, and that lab 

wanted to do a comparison in metabolomic profiles between blood samples from venous draws 

and blood samples from peripheral draws. Peripheral blood samples were collected at the same 

time points as the venous samples, as outlined in the Methods. Peripheral samples were collected 

via finger stick of the third and fourth fingers of the hand on the same side of the body from 

which the venous sample was collected, using 5mm manual lancets and WhatmanÊ 903 Protein 
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Table S1 Salivary Osmolality of Sleep-Deprived Participants  

Time Points  Participant 1 Participant 2 Average of other 

participants 

Baseline 108.0 91.7 92.8 

Mid-Exercise 83.0 60.7 259.4 

Post-Exercise 98.7 66.7 345.8 

Mid-Hydration 71.0 60.3 119.2 

Post-Hydration 77.0 53.0 93.8 

Units of Salivary Osmolality: mmol/kg 
Table 5 

  

TABLE S1: Sleep-Deprived Participant Osmolality Data 
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Saver Cards. Samples sat for at least 45 minutes to dry until being stored in a -80 °C freezer. 

The measured HCT values were to be used as a normalizing factor between the venous and 

peripheral samples. When we changed labs for the metabolomics analysis, we no longer had use 

for the peripheral blood samples, but the HCT values are still useful, as HCT can also be an 

indirect measure of hydration status. Since HCT is a measure of the proportion, by volume, of 

red blood cells in the blood, rising HCT levels indicate blood plasma volume loss, which is not a 

direct measure of hydration, but points to dehydration from body fluid loss [51]. Similar to Sosm 

and Posm, we did indeed see a significant rise in HCT throughout the dehydration period, and a 

decrease in HCT toward baseline levels throughout the rehydration period. 

 

Performance 

Cognitive Performance 

The Trail Making Test (TMT) is one of the most commonly used tests in the assessment of 

executive function, focusing on the individualôs motor speed, and ability to scan and suppress 

irrelevant or interfering stimuli [88]. If these factors were dependent upon exercise, hydration 

status, or both, we would have expected to see a change between the three time points in the time 

to complete Part A (numbers only), Part B (numbers and letters), and especially in the time 

difference between Part A and Part B. An increase in completion time would signify lower 

executive function, as it takes the participant longer to process the information and provide a 

reaction. Completion time for Part B was always higher than that of Part A for each participant at 

each time point, which is expected, as that is by design of the assessment. However, we saw no 

significant changes in any of the measurements between any of the three time points. There was 
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a slight increase in average completion time difference observed at the Post-Exercise time point, 

and a decrease at Post-Hydration, which seems to indicate that there may have been some 

slowing due to hypohydration, but this is not supported by the individual averages of Parts A or 

B. This seems to suggest that active dehydration has no effect on the particular cognitive domain 

evaluated by this assessment. 

The Stroop Test is a cognitive test used to assess selective attention of a participant and their 

susceptibility to interference from conflicting stimuli [89]. Similar to the TMT, higher time 

values signify slower reaction time to the stimulus, and therefore diminished cognitive function. 

The Stroop Test also measures the percentage of correct inputs (correct identification of the text 

color as opposed to the text meaning), which can be another marker of attention. Impaired 

cognitive function would be reflected by a higher percentage of incorrect inputs. The Stroop 

Effect, which describes the slowing in reaction time to respond to incongruent combinations (text 

color and meaning do not match) compared to congruent combinations (text color and meaning 

match), is calculated by subtracting the average response time to congruent from that of 

incongruent combinations. An increase in the Stroop Effect between two time points would 

indicate a decline in cognitive performance, as it takes the participant longer to recognize the 

difference in the conflicting stimuli of incongruent combinations. Similar to the TMT results, we 

observed no impairment in cognition, as reaction times did not decrease upon hypohydration. 

Though many studies show declines in cognitive performance due to hypohydration [9,31,90-

95], our results agree with the majority of recent evidence, summarized by a recent review 

claiming no decline in cognitive performance with hypohydration [28]. Of course, results vary 

widely due to multiple factors, including the specific cognitive parameter or cognitive domain 

being measured (attention, balance, executive function, hand-eye coordination, decision-making, 



68 
 

learning, memory, motor skills, etc.), each of which would require a different type of assessment 

to be employed. Also warranting consideration is the mode of dehydration, whether that be 

passive vs active, or the specific activity being undertaken by participants. For example, in our 

current study, we cannot separate the effects on cognition brought on by exercise from those of 

hypohydration alone, since our protocol used these two stressors combined. Changes in cognitive 

performance may also be dependent on the level of hypohydration, as it has been suggested that 

cognitive declinations may only appear at higher levels (3-4% body mass loss) [2], while 

physical performance deficits can be seen at hypohydration levels as low as 2% body mass loss. 

The populations being measured may also produce variation in results, as athletes and physically 

active participants may react differently than regular, healthy individuals, or special populations 

such as the very old or very young, or the health-compromised. Ultimately, comparisons between 

studies remain difficult, since study designs vary based on the goals and desired outcomes of the 

study [2,28]. 

One concern with our results is that, in addition to a lack of decline in cognitive function based 

on these assessments, we actually saw a slight downward trend in reaction times in both the 

TMT and the Stroop Test, indicating improved cognitive function, regardless of hydration status. 

These trends even reached statistical significance between some time points in the congruent and 

incongruent measurements of the Stroop Test. It seems possible that there may have been some 

learning effect, based on the trends, as participants may have become more familiar and 

comfortable with the test as they repeated the procedure. In an effort to preemptively control for 

the possibility of the participants memorizing the placement of the number and letter points, we 

did alter the layout of both Parts of the TMT by randomly moving the points around the page, so 

the participant would have a different version for each time point. However, it seems that despite 
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this precaution, the familiarity of the task in general overrode the unfamiliarity of the particular 

layout. For this reason, interpretation of results from cognitive measures in this study must be 

carefully considered. 

Physical Performance 

VO2max (the maximum volume of oxygen consumption) was used as the marker for exercise 

performance, because it is an extremely common way to measure aerobic exercise performance, 

and it is known to be sensitive to hydration status [5]. Ventilatory threshold (VT) is the point at 

which an exercising person transitions from an aerobic to an anaerobic state of metabolism. 

Sometimes referred to as lactate threshold (LT), this value is useful as a predictor of exercise 

performance and as a prescriber of exercise intensity for training [96]. LT has also been reported 

to be sensitive to hydration status, as hypohydration and heat stress induces LT at earlier stages 

during exercise (lower absolute VO2 at LT), compared to exercise during euhydration [5-8,97]. 

VO2max tests may be performed on either a treadmill or on a cycle ergometer, but it is useful to 

note that performance is expected to appear lower on a cycle ergometer when compared to a 

treadmill for most athletes, with exception to trained cyclists [98,99]. 

VO2max showed a significant decline from baseline to Post-Exercise, and an increase from Post-

Exercise to Post-Hydration, such that Post-Hydration values were not different from baseline 

values. This suggests that active dehydration produces deficits in endurance capacity, and that 

rehydration corrects this issue. Again, we cannot make a distinction between the effects of 

hypohydration versus those of exercise and the associated muscle fatigue. Even during the 

rehydration period, the one hour of rest before the Post-Hydration VO2max test was taken could 

have allowed significant recovery from muscle fatigue, and VO2max may have partially 
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recovered during that time even without rehydration. There is no way to tell from our 

experimental protocol. 

One interesting observation we made is that the more fit individuals (the ones with higher levels 

of baseline VO2max) seemed to exhibit smaller declines in VO2max after hypohydration than 

those of lower fitness levels. When we plotted this data, we indeed saw a reasonably high 

negative correlation between baseline VO2max and the decline in VO2max from baseline to Post-

Exercise (Pearsonôs r: -0.7669, R2: 0.5882, p-value: 0.0159) (Figure S2). There was no 

difference in the return to baseline VO2max between participants of different fitness levels. This 

suggests that individuals of higher fitness levels may be better equipped to maintain endurance 

performance when facing hypohydration. 

The VO2 at VT did not change significantly over the course of the dehydration and rehydration 

protocol, although the trends show a slight increase in VT from baseline to Post-Exercise, and 

from Post-Exercise to Post-Hydration, meaning participants reached this aerobic-anaerobic 

transition threshold at higher absolute values of VO2 at each successive time point. This is 

counter to the above research showing a decrease in VT due to exercise, heat stress, and 

hypohydration. One explanation for this discrepancy is that various methods may be used for the 

determination of this threshold, leading to inconsistencies in measurements across studies [96]. 

 

Metabolomic Analysis 

Despite having huge amounts of data from the exercise and metabolomics analyses, preliminary 

investigation of the data was kept relatively simple in the current study. We focused on  
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Figure S2: Percent decline in VO2max plotted against initial baseline VO2max. Participants with higher VO2max 

showed lower declines, or even increases in two cases, in VO2max from baseline to Post-Exercise.  

FIGURE S2: Fitness Level vs Performance Decline 

S 12 
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narrowing the field, identifying the more relevant metabolites first, and then performing some 

basic correlational statistics to determine the strength of the associations between metabolites 

and exercise performance. Having this initial basic level of analysis is very important for 

focusing future questions and developing testable hypotheses based on the known functions of 

reported metabolites. 

For example, we saw that arachidonic acid (ARA), a 20-carbon ɤ-6 polyunsaturated fatty acid, 

was significantly elevated at both Mid-Exercise and Post-Exercise time points, compared to 

baseline, and declined slightly over the course of the rehydration period (Figure 8). Exercise 

produces acute inflammation due to muscle cell damage [100], and ARA is essential in this 

inflammatory response pathway, as it leads to the formation of fundamental inflammatory 

mediators called eicosanoids, including prostaglandins, leukotrienes, and thromboxanes [101]. 

Increased levels of ARA during exercise is certainly indicative of this acute inflammatory 

response. Interestingly, dietary supplementation of ARA has been shown to increase the rise in 

ARA and the overall inflammatory response to acute exercise without influencing basal 

inflammation levels [100]. 

Upon plotting the changes in ARA against changes in VO2max, we found a significant negative 

correlation between ARA Deficits (rises in metabolite levels are seen as ñnegative deficitsò) and 

VO2max Deficits (Figure 10, Table 4, & Appendix L ). In other words, higher rises in ARA 

over the exercise period were associated with greater declines in VO2max. In addition, there was 

a strong positive correlation between ARA Deficit and VO2max (Return), meaning that greater 

rise (lower negative deficit) in ARA over the exercise period was associated with lower return of 

VO2max to baseline values (shown by a greater % difference between baseline and Post-

Hydration) (Figure 10, Table 4, & Appendix L ). In summary, higher ARA after the dehydrating 
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exercise was associated with greater VO2max decline after dehydration, and lower VO2max 

recovery after rehydration. 

For practical application of this information, a hypothesis that could be developed based on our 

observed results and the results from some previous studies is that a high-inflammatory diet 

strengthens the exercise-induced inflammatory response, and as a result, leads to greater 

performance deficits upon hypohydration, and impairs recovery following rehydration. More 

directed experiments could then test this hypothesis and investigate the exact nature of these 

relationships. As of now, all of this is mostly speculation, presented as an example of the type of 

practical information that could be learned from a more sophisticated analysis in the future. It is 

still only based on our simple comparisons and associations, which does not by any means 

establish a causal relationship. Further studies directly observing the effects of specific 

metabolites will be needed to determine whether relationships are causal in nature. 

Furthermore, we use the presence of ARA as an indicator of inflammation during exercise, even 

though no other metabolites associated with a pro-inflammatory state were identified. We did 

find one prostaglandin within our top 300 metabolites list; however, the ANOVA p-value was 

not close to the significance cutoff, and no significant associations were found between this 

prostaglandin and exercise performance or recovery. On the other hand, we detected large 

increases in cortisol, the ñstress hormoneò, and eicosapentaenoic acid (EPA), an ɤ-3 fatty acid, 

during and after exercise, which are both strongly anti-inflammatory [102] (Cortisol shown in 

Figure 9). Interestingly, both of these compounds showed similar relationships to VO2max 

Deficit as ARA (Table 4, EPA in Figure 10). 

It seems counter-intuitive that pro- and anti-inflammatory metabolites would show the same 

correlations with athletic performance. However, it is important to remember that inflammation, 
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in any context, is a balance. When the term inflammation is used in health science research, it 

typically has a negative connotation attached, but that is usually only when referring to chronic 

inflammation, which can promote metabolic dysregulation, leading to heart disease, metabolic 

syndrome, diabetes mellitus, and a host of other disorders. Acute inflammation is actually 

beneficial, as it repairs damage, such as that elicited by exercise [103]. Inhibition of 

inflammation is a crucial step for modulating the inflammatory response, and it is only when this 

inhibition is overridden by excessive inflammation that we see harmful effects from the 

inflammatory response [104]. Perhaps this partially explains the simultaneous elevation of both 

pro- and anti-inflammatory mediators during exercise. However, this needs a closer look for a 

more precise interpretation. 

 

Supplementary Data and Observations 

Sex Effects 

As was stated above, both males and females initially were enrolled in the study, and only the 

male data was included in the main analyses and metabolomic profiling, in order to reduce study 

heterogeneity. However, we do have exercise, dehydration, and performance data from the 

females who completed the study, allowing us to make some comparisons in these parameters 

between sexes. With only four females having completed the study, we lack the statistical power 

to draw strong conclusions from the observed results. However, some of the sex differences we 

found are worth noting as trends to support future work. 

Males and females display some physiological differences related to fluid balance, 

thermoregulation, and exercise, which may help to inform some of the differences we found. 
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Males are typically taller and heavier, and have higher body surface area [105], higher 

percentages of total body weight attributable to total body water (60% vs 50% in females) [106], 

higher sweat rate [77,105], lower density and absolute number of heat-activated sweat glands 

[107], lower evaporative cooling efficiency [77,105], greater muscular strength and aerobic 

workload capacity [105], and different sweating adaptations from endurance training [108]. 

Our results show that male participants were significantly taller (179.8 ± 6.1 cm vs 165.8 ± 9.3 

cm, p <0.01), and weighed more than females (80.6 ± 9.2 kg vs 64.7 ± 14.9 kg, p < 0.05), 

although average age and BMI were similar (Table S2). At baseline, males and females showed 

no significant differences in USG, Sosm, Posm, HCT, TMT times, Stroop Test times, Stroop Effect, 

VO2max, power output at VO2max, VO2 at VT, or power output at VT, all of which are 

summarized in Table S3. Males and females ended the dehydration protocol with similar percent 

body mass loss (2.66 ± 0.44% vs 2.45 ± 0.44% respectively) (Figure S3A); however, females 

had higher time-to-completion than males (116.3 ± 7.5 min vs 98.3 ± 15.2 min, p < 0.05) 

(Figure S3B). Additionally, no sex differences were seen in baseline or peak HR, baseline or 

peak Temp, or baseline or peak BPD. However, males had a significantly higher baseline BPS 

(135.4 ± 11.8 mmHg vs 115.8 ± 3.2 mmHg, p < 0.05) and peak BPS (149.6 ± 14.9 mmHg vs 

127.5 ± 11.8 mmHg, p < 0.05) than females. Data is summarized in Table S4. No sex effects 

were seen in Sosm or Posm at any of the time points. However, HCT was significantly lower for 

females than for males at the Mid-Exercise (p <0.01), Post-Exercise (p <0.01), Mid-Hydration (p 

<0.05), and Post-Hydration (p <0.01) time points (Figure S4). There were no sex effects in TMT 

or Stroop Test times at any of the time points, and no sex effects in VO2max or VT at any of the 

time points. 
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Table S2 Comparison of Age and Body Morphometrics for Females and Males  

Morphometrics  Females (n = 4) Males (n = 9) 

Age (years) 22.5 ± 3.3 23.3 ± 4.8 

Height (cm) 165.8 ± 9.3** 179.8 ± 6.1 

BM (kg) 64.7 ± 14.9* 80.6 ± 9.2 

BMI (kg/m2) 23.4 ± 3.8 25.2 ± 2.3 

Data presented as mean ± S.D. 

Unpaired t-test used to compare groups   * p < 0.05    **p < 0.01 
Table 6 

  

TABLE S2: Age and Body Morphometrics for Females and Males 
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Table S3 Baseline Hydration and Performance for Females and Males 

Baseline Hydration and Performance 

Measurements 
Females (n = 4) Males (n = 9) 

Baseline 

Hydration 

Status 

USG 1.013 ± 0.007 1.013 ± 0.006 

Sosm (mmol/kg) 84.7 ± 16.4 94.4 ± 26.7 

Posm (mmol/kg) 296.8 ± 6.8 302.5 ± 8.7 

HCT (%) 40.3 ± 2.8 46.5 ± 1.3 

Baseline 

Psychological 

Performance 

Trail Making Test Part A (s) 20.2 ± 7.8 20.3 ± 7.1 

Trail Making Test Part B (s) 40.4 ± 5.4 37.1 ± 9.3 

Stroop Effect (ms) 65.5 ± 120.1 92.1 ± 92.1 

Baseline 

Physical 

Performance 

VO2max (mL/kg-min) 42.8 ± 10.6 44.0 ± 6.0 

Power at VO2max (W) 245.0 ± 37.9 284.4 ± 53.6 

VO2 at Ventilatory 

Threshold (mL/kg-min) 
23.3 ± 4.8 23.8 ± 3.4 

Power at VT (W) 100.0 ± 0.0 133.3 ± 34.6 

Data presented as mean ± S.D.        

Unpaired t-test performed to compare groups 
Table 7 

  

TABLE S3: Baseline Hydration and Performance for Females and Males 
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Figure S3: Percent body mass loss and time to complete dehydrating exercise trial. A Body mass loss: males and 

females both had significant body mass loss at PE, with no sex differences, determined by one-way ANOVA. B Time 

to completion: A Welchôs t-test was used to compare female and male times to reach target dehydration (*p<0.05). 

Data presented as mean ± S.D. 

FIGURE S3: Body Mass Loss and Completion Time for Females and Males 

A: 

B: 

S 13 
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Table S4 Baseline and Peak HR, Temp, and BP for Females and Males  

Morphometrics  Females (n = 4) Males (n = 9) 

Baseline HR (bpm) 65.5 ± 10.3 63.9 ± 9.1 

Peak HR (bpm) 121.0 ± 30.2 129.8 ± 11.7 

Baseline Temp (°F) 97.3 ± 1.1 97.5 ± 0.6 

Peak Temp (°F) 99.5 ± 0.8 99.9 ± 0.7 

Baseline BPD (mmHg) 73.8 ± 6.2 77.4 ±6.4 

Peak BPD (mmHg) 70.8 ± 9.7 80.2 ± 10.4 

Baseline BPS (mmHg) 115.8 ± 3.2* 135.4 ± 11.8 

Peak BPS (mmHg) 127.5 ± 11.8* 149.6 ± 14.9 

Data presented as mean ± S.D. 

Unpaired t-test used to compare groups   * p < 0.05     
Table 8 

  

TABLE S4: Baseline and Peak HR, Temp, and BP for Females and Males 
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Differences in morphometrics and baseline hydration and performance measurements between 

females and males were determined by unpaired t-test. Differences in percent body mass loss, 

salivary osmolality, plasma osmolality, cognitive tasks, and physical performance within females 

and males were determined by one-way ANOVA. Differences in time to complete the 

dehydration protocol between females and males were determined by Welchôs t-test. 

Blood Thaw Method 

In order to minimize variability in the salivary and plasma osmolality measurements, samples 

were kept frozen in a -80 °C freezer, and saved until all samples had been collected, then run 

through the osmometer all in the same session. All osmolality data reflects only nine 

participantsô data, because the final participant completed the study after we had completed the 

osmolality analysis. When thawing frozen saliva and plasma samples for osmolality 

measurements, there was some question as to the best way to thaw the samples to prevent any 

damage to the samples, and it was difficult to find any experimental data to inform this decision. 

We conducted a side experiment to see if thawing method influenced osmolality measurements. 

When freezing the samples, we made several aliquots of each sample so we could test various 

methods without re-freezing. We used several different samples in our analysis as examples, and 

subjected them to a room temperature thaw, an ice bath thaw, and a warm water bath thaw. 

Although the data for this experiment was lost, we did not see any differences in salivary or 

plasma osmolality between the three thawing methods. We can conclude, therefore, that the 

method of thawing does not affect osmolality. 

We also conducted the same experiment on whole blood samples, to see if thawing method 

would affect hematology values (HCT, hemoglobin, white blood cell count, etc.). We found that  
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Figure S4: HCT time course for females and males. A mixed-effects two-way ANOVA was performed to compare 

time points within each sex (**p<0.01,****p<0.0001) and compare females and males at each time point 

(#p<0.05). Data presented as mean ± S.D.  

FIGURE S4: Hematocrit Time Course for Females and Males 

S 14 
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none of the blood hematology parameters were affected by thawing method. An example of the 

full spectrum of the hematology readouts can be found in Appendix N. 

 

Limitations  

As discussed previously on multiple occasions, the use of active dehydration as the stimulus in 

the sole experimental group precludes interpretations of any of the results as effects of either 

hypohydration or exercise alone. Rather, it must be carefully noted that any observed effect is a 

result of the combination of both exercise and hypohydration. In addition, we conducted our 

experiments under mild heat stress to promote fluid loss by sweating. Often, heat stress adds 

another separate component to the experimental conditions which may affect the measured 

outcome independently of either hypohydration or exercise [13]. 

Additionally, since dietary data was not collected, adherence to the suggested dietary guidelines 

laid out in the Methods cannot be confirmed, and any effect of diet on the observed outcomes 

cannot be ruled out. For example, excess or inadequate salt consumption can interfere with 

normal fluid balance, which is why we instructed participants to avoid excessive salt. Too little 

salt is usually not a large concern in the typical American diet, so we did not feel the need to 

warn against that specifically. Avoidance of coffee and other stimulants as well as alcohol was 

also important because of the diuretic effect of consumption. Anything that alters the bodyôs 

normal ability to clear body fluid would likely confound hydration measurements and make 

comparisons impossible. The same goes for medications that affect fluid balance, which we 

asked about in the health questionnaire during recruitment. Health information was all self-

reported and could not be verified. Lastly, we required the participants to complete all baseline 
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measurement days and the exercise trial day in a fasted state to help mitigate the effects of recent 

food consumption on blood metabolomic profiles, but again, we were resigned to taking the 

participantsô word that they had indeed followed this recommendation. 

Another issue over which we had regrettably little control was the number of participants 

enrolled in the study. We had to cut down our sample size a little when we decided to proceed 

with only males instead of both sexes, and an even larger barrier to recruitment was the 

pandemic. Working with human participants during this time was certainly a challenge, and 

halted our ability to enroll at first, and then discouraged enrollment once we reached the point 

when we could safely run experiments again. We even had participants who enrolled, but 

couldnôt meet the challenges presented by health protocols and had to discontinue the study. 

Ultimately, due to time constraints, we decided to continue analysis with the data and samples 

from our 10 participants. This was not hugely detrimental to our ability to produce results which 

inspire confidence, as many similar studies have comparably small, or even smaller study 

populations, but more participants definitely would have added statistical power, and would 

likely have made the metabolite correlations more robust. A greater sample size would also have 

allowed us to separate participants based on baseline fitness levels, which would give us a better 

understanding of how an individualôs own characteristics interact with the metabolic response to 

dehydration conditions. 

Finally, the apparent learning effects experienced by participants during the VO2max tests and 

cognitive tests may confound the observed results in these measurements. One participantôs Post-

Exercise VO2max was the exact same as his baseline test, and one participantôs Post-Exercise 

value was significantly higher than his baseline. Furthermore, several of the participantsô Post-

Hydration VO2max values were actually higher than their baseline values, despite already having 
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completed hours of strenuous activity that same day. At the beginning of the study, we asked 

each participant if he had completed a VO2max test before, and a large majority of them had not. 

Therefore, it stands to reason that as each participant became more familiar with the process, and 

how his body would react, maximum values might increase. We did include a brief 

familiarization period for those participants who had never completed a VO2max test before, 

consisting of a mock, partial VO2max test, in which the participant exercised for a few minutes, 

with the power output being increased each minute. Given the results, perhaps a full VO2max 

test prior to the baseline measurement would be a more appropriate familiarization tactic. 

Similarly, we saw unexpected trends in the TMT and the Stroop Test results, as average response 

times tended to actually decrease over the course of the dehydration and rehydration protocols, 

meaning that participants were actually getting faster on each measurement, regardless of 

hydration status. This happened despite our effort to prevent a learning effect by mixing up the 

orientation of the number and letter points on the tests for each time point. In retrospect, we may 

have, therefore, benefited from providing a familiarization period for these two cognitive tasks. 

As it stands, we cannot confirm whether a lack of hydration effect was observed because of this 

learning effect, or because no hydration effect exists. 

 

 

Future Directions 

The broad, overarching goal of this research, which this particular set of studies will only begin 

to accomplish, is to help develop the field of ñprecision hydrationò. This concept of precision 

hydration is not only about what, how much, or when an individual should drink, according to 



85 
 

his/her individual needs, but also nutrition and lifestyle patterns that promote optimal hydration, 

and alleviate the negative effects of less-than-optimal hydration, whether that be in relation to 

exercise performance or overall health. 

The scope of this current study, which has been achieved to a certain extent, is to answer the 

question: Can we use baseline and hypohydrated metabolomic profiles with standard exercise 

and performance measures to predict exercise performance response to dehydration, and inform 

personalized nutrition and hydration recommendations for optimal performance and recovery? 

An exciting prospect for bolstering the body of research related to precision hydration is to add 

in a genomic component with the metabolomics. Genomic profiling would add an additional 

layer to the utility of individual metabolite profiles for the prediction of physiological and 

exercise performance response to hypohydration. The identification of specific genetic factors 

which associate highly with certain metabolites and measures of performance could lead to a 

much deeper understanding of individual response and individual needs, which could eventually 

allow for the prescription of diet and exercise based on an individualôs own unique 

characteristics. This integrated ñmulti-omicsò approach would highlight the interrelationships of 

biologic pathways, would help to assess the ñflow of informationò between different levels of 

regulation in the path from genotype to phenotype, and is essential to understanding complex 

physiological processes [109]. 

As mentioned previously, we passively observed that sleep may play a part in fluid balance, as 

salivary osmolality measurements were influenced by sleep deprivation, but not plasma 

osmolality or hematocrit. Clearly, some aspect of body fluid distribution is being manipulated by 

lack of sleep, and further studies will be needed to parse out the particular mechanisms. In time, 

with deeper understanding of these processes, sleep patterns can become an integral part of this 
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concept of precision hydration, since we know that optimal hydration can be threatened by 

inadequate amount or quality of sleep. 

Importantly, using the very same data generated by this study, future research can take a deeper 

dive into the specific metabolite/performance relationships, such as the arachidonic acid example 

mentioned earlier, and assess how they may work together, or whether they are actually 

responsible for any observed associations. We have collected an immense amount of data, from 

heart rate and heart rate variability, blood pressure, and body temperature, to blood parameters 

obtained from hematology analysis (full example readout in Appendix N), to exercise 

parameters that can be extracted from the VO2max test data, such as ventilatory threshold, power 

output at various points of interest, and other ventilation information. Big data analysis can 

utilize multiple factors to construct predictive models based on individual characteristics, and use 

metabolite profiles to inform personalized nutrition and training regimens. 

 

Conclusions 

Exercise-induced hypohydration of 2.69 ± 0.43% body mass loss produced a clear decline in 

aerobic exercise capacity, measured by VO2max, but failed to drive any measureable change in 

cognitive performance, measured by the Trail Making Test and the Stroop Test assessments. 

Subsequent rehydration with Kona Deep® deep-ocean mineral water elicited recovery of aerobic 

capacity nearly back to pre-exercise levels, and had no effect on cognition. Metabolomics 

analysis revealed many metabolites with some correlation to VO2max and change in VO2max 

between various time points, suggesting that the changes in these metabolites resulting from 

hypohydration may be linked with exercise performance. Notably, arachidonic acid, a lipid that 
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is highly related to exercise-induced inflammation, showed a close relationship with VO2max 

deficit and recovery, indicating the possibility of exercise-induced inflammation as a driver of 

the aerobic exercise impairment observed in hypohydration. Now that these metabolites have 

been identified, further research is warranted to elucidate the precise relationships between 

metabolite and performance outcome. 
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APPENDIX A: Harris et al. 2019. Fluid Type Influences Acute Hydration and 

Muscle Performance Recovery in Human Subjects 
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APPENDIX B: University of Arizona Health History Screening Questionnaire 
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APPENDIX C: Participant Consent Form  
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APPENDIX D: Trail Making Test  (TMT)  
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APPENDIX E: Stroop Test 

  








































