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ABSTRACT

Background

Dehydration through exercise induces physiological and metabolic changes which may impair
health, limit exerciseapacity, and negatively affect athletic performance. However, our
understanding of the underlying mechanisms driving dehydratduced exercise impairment is
limited. Furthermore, there appears to be a high-intdvidual 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 persod&xarcise and

hydration recommendati ons based on an individ

Study Design

Accordingly, we subjected 10 male athletes to a dehydrating exercise protocol while measuring
exercise performance, hydration status and body morphometrecatébolically profiled

blood samples taken before and after a dehydrating exercise, and again after a rehydration
period. Salivary andlasma osmolality were used iaglicators of dehydration status; A i@ax

test and cognitive measures (Trail Making fTasdStroop Testwere 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 Baselwne341.6 £ 129.3 mmol/kg &ostExerdse p =

0.0033; Plasma: 302.5 = 8.7 mmol/kg at Basel®815.4 + 8.8 mmol/kg d®ostExercisep =

0.0122), and returned to baseline levels after rehydration (Salivary: 93.8 £ 21.3 mmBldsg at
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Hydrationvs 92.9 + 30.2 mmol/kg at Baseline, p > 0.99B8asma: 302.6 + 8.0 mmol/kg Rbst
Hydrationvs 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 decredse £ 6.7%)rom Baseline to th@ost
Exercisetime point (43.7 £ 6.4 mmol £min/kgvs 40.6 £ 7.6 mmol @min/kg, p = 0.0318),

with minimal changes in V&at ventilatory threshold (VT) across these time points that did not
reach significance (24.4 £ 3.8 mmo}/@in/kg at Baseline’s 26.5 £ 5.3 mmol @min/kg at
PostExercise p = 0.0895). After the rehydrating period, M@ax increased back to near
baseline levels (42.8 = 8.4 mmo}/@in/kg atPostHydrationvs 43.7 + 6.4 mmol @min/kg at

Baseline, p = 0.7309).

Additionally, we observedtrongcorrelations of V@max deficit and recovery with several
metabolites, including arachidonic acid, which is heavily involved in exeirikeed

inflammation.

Conclusions

These results indicate impaired aerobic capacity due tohygpation, 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 hypohydratarced performance
deficits, and as predictors of phyleigical 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 teritume, 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 voJtim&he term
dehydration usually refers to the proses water loss, leading toward a state of less than optimal
body fluid volume, or hypohydratid2]. 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 capac[B;4], lactate thresholfb-8], mental acuity9], and perhaps

muscular strengtfl0], as insufficient oxygen delivery to the worgimuscles 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 competitiofiL1].

Prolonged exerse 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 lossadtivieg
(exerciseinduced) dehydratiofiL2]. 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 atbgc sweat solution, and a
consequential rise in osmolality of the I8B]. This relative hypertonicity of the ISF causes
water to be drawn from the intracellular fluid and the plasnwader to balance concentrations

of the fluid compartmenjsherebyreducing blood volume.

12



Exercise in warm or hot environments exacerbates body temperature increases, speeding up
dehydration through sweating, and increasing risk for-tedated injury during exercigé4,15]
Hypohydration and the eventual resulting ésthermia, if untreated, both may cause
neurochemical changes in the central nervous system, which adversely affect muscle function
independently of peripheral fatiguing fact§t$. When fluids are not replaced, hypohydration
further impairs thermoreguian [16], and causes cardiac strain due to decreased total blood
volume and shunting of blood to the skin and away from the central blood viduimeat

dissipation causing heart rate to increase as stroke volume falls.

As of now, recommendations to ngiéite dehydration during exercise involve replacement of
fluids lost through swedl7]. Fluids containing glucose and sodium are thought to improve fluid
absorption in the intestine by exploiting the sodigitncose cotransportgt8,19]to build an
osmoticgradient across the enterocyte apical membj2@le 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 pi&igastrointestinal 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, hyphydration 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 capacitp].

In addition, data from a previous study conducted by ouffldlpaper inAppendix A) showed
that the particular mineral composition of a fluid, regardless of tonicity, may affect the rate at

which rehydration with that fluid aftex dehydrating exercise bout corrects fluid imbalances

13



[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 baselindevels 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 rabggrhase, such that

each participant was his/her own control. Results of the study showed that desalinated deep
ocean mmeral water exhibited significantly faster rate of acute rehydration than mountain

spring water (which has similar tonicity as demgan water) and a sports drink (which is

isotonic and contains glucose and higher amounts of sodkiguré S1).

However, hydration level does not always correlate with performance, as can be seen in some
long-duration endurance sports, such as marathwning 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 performf#jelt has been suggested that some

level of adaptation magccur in athletes that frequently dehydrate during training, such that the
body can Al earno to overcome the d¢26li cits nor
Additionally, many studies show conflicting results on whether or not hypohydration,

independently of other factors, can contribute to impaired muscular strgr@&#v] or certain

cognitive performance paramet§@s28-35], indicating high inteindividual variability in the

physiological and cognitive responses to a suboptimal hydratior{ 36dte

In order to fully understand these phenomena,aigableto study the underlying physiological
processes related to dehydration and exercise performance at the-deggthitevel available,
which can be accomplished using metabolorf8@s38] Global metabolomic profiles provide a

fingerprint of the entire metabolic system at a given point in time, allowing for comparison of

14



FIGURE S1: Salivary Osmolality Recovery
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Figure S1 From Harris et al. 2019. Rate of salivary osmolality recovery during fluid hydratidovioig
dehydrating exercise protocol. Salivary osmolality was fit with a single exponential decgyh@sedecay)

starting with peak salivary osmolality against real tirAe:epresentative

onphase decay fit to salivary osmolality

recovery during fluichydration. Fluid was ingested in two phases indicated by the ar@ssBar graph
representation of onphase decay fit parametets, (tau (), andU,,) in Femalesand Malesfrom theDeep Sports
and Spring groups. A repeated measures tway ANOVA determined a significant impact of fluid on rate
parameters of hydration thavas not impacted by sex. P&stc Bonferroni analysis indicated agsificant

difference in théeepgroup compared to botBportsand Spring groups

(*p<0.000). Onephase decay equation:

Sosr=(Sosmpear) Sosmibaselind) " + Sosm(baseling) K=rate constanttau (f) =1/K, and t12 = half-time Sismrecovery. Data

presentedis mean + S.D.
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these fingerprints across desired conditii®@®. Metabolomics is especially usefala context

like that ofthe current study, where the timeframe in which we are interested is relatively short.
Physiological changes resulting from atmaular 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 dehydratieimduced changes to metabolomic profiles kaghlight molecular

pathways and specific mechanisms that may modulate the resulting physiological responses and
performance deficits. It can also help us to understand theimdigrdual differences in these

responses, and begin to build the foundatowrpersonalized hydration and training
recommendati ons, based on an [40l. hhisgpeofd s i ndi vi
analysis will help us to explore the potential for the use of basatidénypohydrated

metabolomic profiling with standard germance 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 outcomept1-48], no human global metabaiocs 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 widually 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 pvdfiles may help

inform personalzed recommendations antethods for predicting performance response to
hypohydration We subjected 10 athletic male participants to a dehydrating exercise protocol,

followed by a 66minute rehydration protocol in which baseline hydration was regained, with

16



cognitive and exercise performance measurements taken throughout. Metabolomicgirofiles
blood plasmaamplesvere obtained throughout in order to track changes. Aerobic performance
significantly decreased as a result of hypohydration, and increaséyl lveezk to baseline levels
after rehydration. Metabolomic analysis showed significant correlation between changes in
VO2max and thenetabolite load for several metabolites. Altogether, results indicate a potential
for the future use of metabolomic profilas a predictor for aerobic performance and

physiological response to active dehydration.

17



METHODS

Participants

Participants eligible for this study included males age35lgears, who were nesmokers and

were wellconditioned, with moderate to exceltexrerobic capacity, determined by engagement

in 4-6 hours/week of moderatehigh-intensity exercise, obtained through selport at the time

of participant application. The study population engaged in primarily dynamic activities
including cycling, runmg 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 healéted ilinesses, as determined by a
University of Arizona Health History Screening Questionnaire (UAHH&gpendix 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 mapaeasgmptoms
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 (Cemisform inAppendix 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 establisnthred i vi dual 6s euhydrated state
physical anccognitiveperformance. Participants vehed to the lab to complete tHehydrating

exercise protocol at least 48 hours after the third baseline day, to give participants adequate

18



recovey time. The dehydration phase was followed by a rehydration protocol, in which
participants consumed Kona Deep® deepan mineral water (Kona Deep Corporation, Kailua

Kona Hawaii, USA).

Although no particular diet was prescribed, participants were askedintain 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 fastZdrairs

prior to each day measurememiere 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 caffeideitetic
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
PostExercisefatigue on measurements to be taken. Dyedmdpre-studyexercise 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 cforeemwere

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. Participantseveercouraged 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

19



UAHHSQ, with the reseahers taking note of any history or risk factors that may exclude the
individual from participating in the study. Participants were asked to provide-straam urine
sample in a sterile scretop container and then fully empty their urinary bladder. Alsdrop

of the urine sample was placed into a MISCO Palm Abbe Digital Handheld Refractometer (Part
Number PA202X093-095)[49] and Urine Specific Gravity[SG) was taken (Ranges 1.000

1.045) as a measure of hydration status, where 1.000 is extremedyelaydnd any value greater
than 1.020 is generally considered hypohydr§g@¢b1]. 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 digitalle measured in kilograms.

On the second baseline day, participants provided another urine sample tdJ&taand body

mass measurements were taken similarly to the day prior.

On the third baseline day, participants provided a urine samplé&)$G@nd 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 obthimsaline 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 patipants were attached to a-tEad 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
CosmedSilicone Facemask (Part Number C04&2410), connected to a flow turbine and gas
sampler, and performed the exercise performance test described in Exercise Performance Test to

establish baseline VMhax and the power output at which the participant rechtinar
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Ventilatory Threshold, defined as the point where rate of @@duction exceeds that 06O
consumption. Once participants finished the exercise performance test, their trial day was

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

Cognitive Tasks
The cognitive tasks utilized in this study include the Trail Making Test (TAMpendix D) and

Stroop TestAppendix E).

The TMT includes two parts, both of which were administered according to the guidelines
presented bytBauss, Sherman, and Spr¢g8]. 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 numb2ssii numeical order, whereas

in Part B, subjects are instructed to join numbet8 hnd letters A_ in an alternating sequence

(e.g. 2A-2-B-3-C). In both parts, when an error was made, the participant was instructed to
return to the dot where the error origirchtnd 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 completfp3,54] Different versions of the TMT were created for each time point,

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

The Stroop Tests a cognitive test used to assess selective attention of a participant and their
susceptibility to interference from conflicting stimuli. The specific versicth@Stroop Test

utilized in this protocol is the Wor@olor Interference Test and was performed using a computer
program on the website PsyToolf@6]. In this test, participants are presented with color names

in different @priedtooespon todthe wint aclodratherrthan thercaor r u c t
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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

associatedkes Ar o, fAgo, Abo, and Ayo respectively.
presented on screen wil/l match (e.g. fAgreeno
ficongruend . I n other cases, the colgor finraended awid I|prai

yell ow print), incongmenta.r eT lkceo nrsd adcetriean fit i me of t he
word is recorded by the program, and an average response time, measured in milliseconds, to
congruentandincongruentombinations are psented 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, ced the Stroop Effect. This Stroop Effect is measured by subtracting the average time

taken to respond toongruentombinations from the average time taken to respond to

incongruentombinationg56-58].

Cognitivemeasurements were collected a totahoée times for each participant, including

baselinePostExercise andPostHydrationtime points.

Exercise Performance Test
VOomax tests are designed to assess the maximum amount of oxygen that an individual can
utilize during maximaintensityexerci®, and isa widelyusedindicator of cardiovasculditness

and aerobic endurance.

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

location, using an electromagneticaliyakedv e | ot r onE cycl eo&r Yyomeuat ,
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Reality Cycling softwaré¢o set power output, ari@uark CPET (Cardiopulmonary Exercise
Testing) Cart with associated Cosmed Omnia Cardiopulmonary Diagnostic and Stress ECG
softwareto measure and record ECG, ventilation, oxygen consumptionsaibdncdioxide

production[59].

Participants were attached to al#¢dd ECG andeintroduced 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, clog their mouth and attempting to force the air out of

their lungs for 1615 seconds. The Valsalva Maneuver is meant to determine how the
participantds heart reacts to a decreased car
increased cardiac load onttee participant releases the pressure, as captured throughldes12
ECGJ60]. 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 statiomauy bike
two minutes of resting ventilatory and ECG data was captured (Imaggpaendix F). After two
minutes of rest, the participant was instructed to begin pedaling at whatever pace was
comfortable for them to warmmp sufficiently. All partici@nts warmed pat 50 Watts for five
minutes. After warmup, participants performed aV&mp test to exhaustion. All participants
began the V@ramp test at 80W and were instructed to attempt to maintain at least 80
revolutions per minute (rpm). After each minute oérexse, 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 \¥ax, a physical effort must be sufficient in
duration and intensityotfully tax the aerobic energy systeimnerefore, 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; @lateaus, heart rate exceeds 95% eirth
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predicted maximum, or carbon dioxide production exceeds oxygen consumption as measured by
a Respiratory Exchange Ratio (RER) greater than 1.15r&@p tests should elicit a

combination of these factors within 8 to 12 minutes from the onset of thesexphase 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 (rquyp0-130 bpm).

Physical performance measuremewese collected a total of three times for each participant,
including baselineRostExercise andPostHydrationtime points Example results from the

exercise performance test can be foundppendix H.

Exercise Trial Protocol
A graphical summary of the Exercise Trial Protocol is illustratdeignre 1. The protocol was

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

Baseline measurements of heart rate (SunTech M@di@ngo 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 46@Dyvere collected prior to the

initiation of the exercise dehydrati protocol. Next, participants initiated exercise using an
electromagneticalpr aked Vel otronE cycle ergometer (Rac
USA) [62] under moderate heat stress using heat lamp®tide warm conditions of aboG0-

35 °C, sincesweat rate is greatest at warm ambtentperaturef53]. 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 meseddy an
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FIGURE 1: Study Protocol

Dehydrating Protocol:

Data Collection:

Data Ci
Body Mass .
EKG
Tympanic Temp
Blood Pressure

ollection:
Body Mass
EKG
Tympanic Temp
Blood Pressure

* Blood and Saliva samples are
taken at mid-exercise and post-
exercise time points

Determine Hydration Status Exercise training 3% Body | Yes Performance Hvdratin
(Body Mass & 15 minute intervals Mass | el — Y 9
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Blood Pressure Blood Pressure
Blood Sample Blood Sample
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Phase 1 T Phase 2 T
Fluid Intake = ’ Fluid Intake = > Performance
2 total volume loss . 1 2 total volume loss ; 1 Measures
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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 hadmpleted 120 min. of total exercise (eigtiervals), whichever came first.
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ErgVideoE Virtual Real ity Cycling software o
on the flywheel according to cycling speed to keep power constant. Exercise edrfitin5

minutes, at which time participants were asked to cease cycling, anddigwel data collection

(body mass, heart rate, blood pressure, temperature). This protocol was repeatadhat 15

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

the participant had exercised for 120 minutes (eighnikbintervals) During thedehydration

protocol, biological samples (saliva and venous blood) were obtainddidtEBxercisetime

point, defined as a body nsakss of 1.5% or 60 minutes of exercise (fowndid 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 \wane asked to complete
cognitive tasks, Valsalva Maneuver, and the exercise performance test as detailed above. This set
of biological samples and performance measurements was identifiedRasstBExercisedata

set.

Following performance measurementsiiggants 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®-deean mineral

water to rehydratdn 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 colésionples was

identified asMid-Hydrationsamples. 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 taien 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 ma@snents was identified as tRestHydrationdata 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 weresdtor 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 usingyaage 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 takezafrom
participant. Whole blood samples were first analyzed for their hematology profile using a

Beckman Coulter® BATE 5di ff Cap Pi er ¢64]. Ebch dagsamdleswyeye An a |
analyzed, the hematology analyzer was calibrated using Beckman CoAR&r® E 5di ff 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, hemoghktinother blood parameters. The

blood samples were then centrifuged in a Beckman Coulter® Allegra®RXCentrifuge using

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

Vacutainer® EDTA whole blood tube produces thresponents; 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 storag®ifCafreezer

until osmolality analyis orbeing sent for metabolomic analysis.

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

Mid-Exercise PostExercise Mid-HydrationandPostHydrationtime points.

Measuring Hydration Status

Hydrationstatus was monitored throughout the exercise trial protocol using two methods:
salivary osmolality (&m) and blood plasma osmolality4h). These are only two of many
measurements that can be used to assess hydration status, including plasmandarima

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 dehydeatvia 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 comlaition[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, range3220 tmmol/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 subjectods bi ol ogieachbsamgeavaprinendriplicaterusing 10qua | i br

of the sample for each measurement.

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

that samples were not-feozen 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 metets)

To establish the euhydrated state of the participant, body mass (BN)Sfidere averaged
across the three baline days. To compare heart rate, tympanic temperature, systolic blood
pressurgand 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 significaBiistical calculations were made
using commercially available software (GraphPad Prism version 8.4.3 for Windows 10).
Differences in heart rate, temperature, blood presancehematocrit were determined by

variations of tweway ANOVA, depending onampleteness of study data sets.

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

were analyzed using L-®1S mass spectrometry. A comprehensive data analysis approach was
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applied to extract sigte 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 iad 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 overnigRO&t. After incubation, the sample was
centrifuged at 7,000xg 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 eL of 5x diluted organic extract was inject
randomized order with a pooled quality control (QC) injection after every 6 samples. Separation
was achieved using a Waters Acqui t.gx10PLC CSH
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 theredetoistarting

conditions over 0.05 minutes and allowedt@rg ui | i brate for 3.95 minut
constant flow rate. The column and samples were held at 65 °C and 6 °C, respectively. The

column eluent was infused into a Waters XeveX&QTORMS with an electrospray source in

positive mode, scanning 8200 m/z at 0.1 seconds per scan, alternating between MS (6 V

collision energy) and MSE mode (BB V ramp). Calibration was performed using sodium

formate with 1 ppm mass accuracy. The capiliavitage 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

RAMCIlustR version 1.1.0 in R version 4.0.2 (262®22)) was used to normaeé, filter, and

group features into specttaCMS [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 sigriahsity 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 detied 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
nontnegative 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 ¢c feature intensities to account
for instrument signal intensity drift. Only features with a regressigalype less than 0.05 and an
r-squared greater than 0.1 were corrected. Of 7510r&=at63 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 weas 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 spectriy1] using the do.findmain function, which calls the interpretMSSpectrum
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packagd72]. 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]+ [BM+NH4]+, nls = [M+H-COCH2]+ [M+H-
C2H3NO]+ [M+HH20]+ [M+HNH3]+ [M+H-CO2]+ [M+H-NH3-CO2]+ [M+H-NH3-
HCOOH]+ [M+H-NH3-H20]+ [M+HNH3- COCH2]+ [M+H-S]+ [M+H-S-NH3-HCOOH]+
[M+H-H402]+ [M+H-CH2]+ [M+H-CH403]+ [M+HQO]+ [M+H-C2H2]+ [M+H-C2H4]+
[M+H-CQO]+ [M+H-C3H6]+ [M+H-C2H40]+ [M+H-C4H6]+ [M+HC3H40]+ [M+HC4H8]+
[M+H-C5H8]+ [M+H-C4H60]+ [M+H-C5H10]+ [M+H-C6H12]+ [M+HC4H802]+ [M+H
H20-HCOOH]+ [M+H-CH4]+ [M+H-CH20]+ [M+H-C2H6]+ [M+H-CH3OH]+ [M+HC3H4]+
[M+H-C3H6QO]+ [M+H-CO2-C3H6]+ [M+H-SO3]+ [M+H-SO3H20]+ [M+H-SO3H20-
NH3]+ [M+H-NH3-C3H4]+ [M+H-H20-CO2]+ [M+H-H20-H20-C2H40O} [M+H-NH3-CO-
COJ+ [M+H-NH3- CO-COCH2]+ [M+H-C8H60]+ [M+H-C8H60ONH3]+ [M+H-C8H6O
H2QO]+ [M+H-C2H202]+ [M+HC2H402]+ [M+HC5H80]+ [M+HNH3-CO2CH20]+ [M+H-
NH3-CO2NH3-H20]+ [M+H-NH3-CO2 C3H40]+ [M+H-NH3-CO2C5H8]+ [M+H-
HCOOHHCOOH]+ [M+H-C2H4-CO2]+ [M+H-C2H4 HCOOH]+ [M+H-NH3-H20-H20]+
[M+H-H20-C2H202]+ [M+HCOCH2C4H8]+ [M+H-NH3-NH3- C3H4]+ [M+H-C2H402
CH3OH]+ [M+H-C3H60G-CH30H]+ [M+H-NH3-CO-COCH2C4H60]+ [M+HC4H6 H20]+
[M+H-C4H6-C2H4]+ [M+H-C4H6-NH3-H20]+ [M+H-C4H6-COCH2]+ [M+H-C4H6-
C4H60]+ [M+H-C3H40-C4HG+ [M+H-C3H40-C4H802]+ [M+HC4H8 C4H6]+ [M+H-
NH3-HCOOHCH3OH]+ [M+HNH3-C2H6]+ [M+H-NH3-C8H6OG-CH2]+ [M+H-NH3-C3H4
COCH2]+ [M+H-C3HIN]+ [M+H-C3HIN-C2H402]+ [M+HC6H1007]+ [M+H
C6H1007+H20]+ [M+HC6H1007(H20)2]+ [M+H-C6H1206]+ [M+HC6H1206+H20]+

[M+H-C6H1206H20]+ [M+H-C5H1005]+ [M+HC5H1005+ H20]+ [M+HC5H1005
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H20]+ [M+H-C2H8NO4P]+ [M+H(H20)3-COJ+ [M+HCBH13NO2]+ [M+HC5H11NO2]+
[M+H-CH3S]+ [M+H-C8H802]+ [M+HC12H22011]+ [M+HC12H24012]+ [M+H

C12H20010]+, scoring = auto, and use.z = TRUE.

MSFinder[73] was ugd for spectral matching, formula inference, and tentative structure
assignment, and results were imported into the RAMCIustR object. Annotations were assigned
using the RAMCIustR 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 otogenies using the ClassyFire AP#]. 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 waseérfo

using the Imer and ImerTest functions. The model used was 'group + (&P were

assigned using the 'anova' function with ddf set to 'KemRaxgkr.' Pvalue correction was
performed using the p.adjust function with method set to BH. Efféats 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-galue, and then removed unidentified compoundsjriga®37

metabolites for analysis going forward. Major metabolic pathway or general classification was
then identified for over half of the 237 meta
of each of the metabolites for each participant, whicli@faed 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 calculate®JC (Ex) (AUC for the exercise period, from baseline to the
PostExercisetime point),AUC (Hyd) (AUC for the rehydration period, frofostExerciseto

the PostHydrationtime point), andAUC (Total) (AUC for the entire protocol, from baseline to
PostHydration). In order to begin identifying meaningful associations between metabolites and
exercise performance, AUC was initially plotted againstbm@x using the following

comparisons: AUC (Ex) vs Vdhax atPostExerciseand AUC (Total) vs V@max Recovery (%

change fronPostExerciseto PostHydrationVO2max).

Specific metabolites of interest reethen 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 pvalues, previous identification of a known pathway or vestiblished

biological role.No single selection criteria took priority over othe3slected 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/perfacaaomparisons might be

most useful, we constructed a correlation table for arachidonic acid ¢&rvelh lipid involved

in inflammation), whi ch c onipandrpeake)foreverysiiglat i o n

comparison combination from the uak of VGQmax and metabolite load.

Values of VOmax includevO2max (B) (baseline V@max),VO2max (PE) (PostExercise
VO2max),VO2max (PH) (PostHydrationVO2max),VO2max (Deficit) (% change in V@max
from baseline t&?ostExercisg, VO2max (Recovery)(% change in VOmax fromPostExercise
to PostHydration), andVO2max (Return) (% difference in baseline amtbstHydration
VO2max). Values of metabolite load includ&C (Ex), AUC (Hyd), AUC (Total), Abs (PE)
(the absolute abundance of the metabolifecstExercisg, Abs (PH) (the absolute abundance

of the metabolite @ostHydration, Met (Deficit) (% change in metabolite from baseline to
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PostExercisg, Met (Recovery)(% change in metabolite froRPostExerciseto PostHydration),

andMet (Return) (% difference in metabolite between baseline BodtHydration).

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 shtere then plotted the

metabolite load values against the M@x 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 abalescriled analyses, we discuss the biological roles of some
metabolites of interest, and speculate on the potential relationship of these metabolites with

hypohydratiorinduced exercise performance deficits.
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RESULTS

Age and Body Morphometrics

Theaverage age,dight, body masand BMI of participants (n = 10) are summarized able 1

Baseline Hydration and Performance

Baseline Hydration Status

Hydration status throughout the study protocol was established using body mass (BM), urine
specific gravity USG), sdivary osmolality (Ssm), and blood plasma osmolality«). BM and

USG, averaged over three consecutive baseline days,-andrfsl BRsmmeasured only on the

third baseline day, were used as indicators of baseline hydration (euhydration) for participants
At baseline, participants had an averd@Gof 1.011 £ 0.007, an average BM of 79.2 + 9.7 kg,

and averageosmof 94.4 + 26.7 mmol/kg, and an average-f 302.5 + 8.7 mmol/kg.

Baseline Cognitive Performance

Following collection of biological sampleall 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$ti®op TestAt baseline, the

average timéo 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 Testecords three values, each measured in milliseconds: time to respond to
incongruentombinations, time to responddonguentcombinations, and the Stroop Effect,

which is the difference betwe@mongruentandcongruentimes. The Stroop Effect is the
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TABLE 1: Age and Body Morphometrics

Table 1 Age and Body Morphometrics

Morphometrics Average Values* Range
Age (years) 23.6 £4.6 197 34
Height (cm) 179.4 +5.8 172.01 192.4
Body Mass (kg) 79.2+9.7 60.47 91.0
BMI (kg/m?) 248+25 20.47 28.5

*Data presented as mean = S.D.
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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 describedhia MethodsFrom this exercise performaniest, we obtained
the following for each participant: Vax (mL/kgmin), VO, at ventilatory threshold (VT), and
the power output at which the participant reached VT. At baseline, the averagaX/®@as

45.8 £+ 8.0 mL/kgmin, the average V&at VT was 24.4 3.8 mL/kgmin, and the average power

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

All baseline hydration and performance measurements are summarizgaer?.

Dehydration Protocol Results

Percent Body Mass Loss and Time to Complete

During the completion of the dehydration protocol, body mass was measured at erenutes
interval to monitor the participantsd progres
participants was to reach a BM loss of 3% of baseline BM, or kbaguah 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 retungito baseline hydration. Subsequent comparison of

the mean values for each time point showeat average percent Blgiss at thd?ostExercise

time point was significantly different (p < 0.0001) from both the baselind’astHydration

time points and here was no significant difference between baselindrastHydration time

38



TABLE 2: Baseline Performance and Hydration Measurements

Table 2 Baseline Performance and Hydration Measurements

USG 1.011 £ 0.007
Baseline Hydration
Status Sosm (Mmol/kg) 94.4 +26.7

Posm (Mmol/kg) 302.5+£8.7

Trail Making Test Part A (s) 19.8+6.9
Baseline Cogruve Trail Making Test Part B (S) 35.7+9.7
Performance

Stroop Effect (ms) 93.1 +86.9

VO,;max (mL/kgmin) 458+ 8.0
Baseline Physical | VO, atVentilatory Threshold

: 24.4 +£ 3.8

Performance (mL/kg-min)

Power atvT (W) 138.0 £+ 35.8

Data presented as mean = S.D.
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points EFigure 2). The average time to completion of the dehydration phase was 100.0 = 15.0

min, with onlytwo participants exercising for the maximum allowed time d¥ @#n.

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 axahitor their

bodis 6 physi ol ogical response to exercise under
in Methods and include heart rate (HR), tympanic temperature (Teanp)systolic (BE) and

diastolic (BP) blood pressures. Each measurement was taken directlyafte 15minute

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 tcsigmificantly higher than the baseline average (129.6 £

11.0 bpmvs 62.9 £ 9.1 bpm, p < 0.0001Figure 3A). Tympanic temperature was used as an
indicator of core temperature, and to monitor
heat stresslhe average peak Temp was found to be significantly higher when compared to

baseline values (99.9 £ 0.6 ¥697.5 £ 0.6 °F, p < 0.0001Figure 3B).

BP was measured to monitor the participantds
cardiovacular load in response to exercise. Peakvigds found to be significantly greater than
baseline BB(149.2 £ 14.1 mmHgs 132.9 + 11.9 mmHg, p = 0.0008), while no significant
differences were found when comparingbBRm baseline to peak (77.6 £ 5.9 mgis 80.7 +

9.9 mmHg, p = 0.3084F{gure 3C-D).
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FIGURE 2: Body Mass
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Figure 2: Percent change in body mass from Baseline to PE and PH time points-wagrANOVA indicated a
significant difference between Baseline and PE, and between PE and & pldiimis (****p<0.0001). Data
presented as mean £ S.D.
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FIGURE 3: Heart Rate, Temperature, and Blood Pressure
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Figure 3: Comparison of baseline and peak values during the dehydration profoEl@art rate: A paired t test
indicated a significant difference between baseline and fiegkpoints (****p<0.0001).B Tympanic temperature:

A paired t test indicated a significant difference between baseline and peak time points (****p<0Q@yk}olic

blood pressure: A paired t test indicated a significant difference between baselipeantime 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.
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Hydration Throughout Protocol
As described inhe Methodsa s¢ of biological samples, including unstimulated saliva samples
and venous blood samples were collected at five separate time points: bdtidHB&ercise

PostExercise Mid-Hydration andPostHydration

For each saliva sample, we determined the &an indication of hydration statuses®
progressively increased during the dehydration protocol such that mean basglmasS
significantly lower tharMid-Exercis€(92.9 + 30.2 mmol/kgs 259.4 + 126.6 mmol/kg, p =
0.0226) andPostExerciseSesmvalues(92.9 + 30.2 mmol/kgs 341.6 + 129.3 mmol/kg, p =
0.0033). The meaklid-ExerciseSesmwas also significantly lower than that of thestExercise
time point (p = 0.0003). During the hydration phase of the protoegistadily declined, and
returned tdaseline &mvalues upon completion of the hydration period, shown by no
significant difference between baseline &wbtHydrationSesmVvalues (92.9 + 30.2 mmol/kg
93.8 £ 21.3 mmol/kg, p > 0.9999). TRestExerciseS,smwas significantly greater thahe
Mid-Hydration(341.6 £ 129.3 mmol/kgs 119.2 + 36.1 mmol/kg, p = 0.0078) aRdst
HydrationSosmVvalues (341.6 + 129.3 mmol/kg 93.8 + 21.3 mmol/kg, p = 0.0074).
Additionally, no significant differences were found between baselind/ahdHydration (p =
0.0907) Mid-ExerciseandMid-Hydration(p = 0.0682), oMid-HydrationandPostHydration

(p = 0.0711) Figure 4A).

Venous blood samples were taken at every time point listed above, and for each sample we
determined the &nwas an indication of hydtion status. & progressively increased during the
dehydration protocol such that baselingvas significantly lower thaMid-Exercise(302.5 +

8.7 mmol/kgvs 312.1 + 9.7 mmol/kg, p = 0.0012) aRdstExercisePosmvalues (302.5 + 8.7

mmol/kgvs 3154 £+ 8.8 mmol/kg, p = 0.0122). During the hydration phasg,deeadily
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declined and returned to baselingsf7alues upon completion of the hydration period, shown by
no significant difference between baseline BodtHydrationPosmVvalues (302.5 + 8.7 mol/kg
vs302.6 + 8.0 mmol/kg, p > 0.9999). TRestExercisePosmwas significantly higher thaRost
HydrationPosm (315.4 + 8.8 mmol/kgs 302.6 + 8.0 mmol/kg, p = 0.0091), and tel-
HydrationPosmwas also significantly greater th®ostHydrationPosm (310.3 £ 5.6 mmol/kgs
302.6 + 8.0 mmol/kg, p = 0.0057). Additionally, baselingn®as significantly lower thaMid-
HydrationPosm (302.5 + 8.7 mmol/kgs 310.3 + 5.6 mmol/kg, p = 0.0234). No significant
differences were found betwebtid-ExerciseandPostExercise(p = 0.7334)Mid-Exerciseand

Mid-Hydration(p = 0.9414), oPostExerciseandMid-Hydration(p = 0.3056) Figure 4B).

Venous blood samples were also analyzed for hematocrit (HCT) as desctibed/iethods
Analysis showed that HCT gradlyaincreased during the dehydration protocol and remained
elevated for a time, such that baseline HCT was significantly lowePthstiExercisevalues

(46.9 + 1.4%vs50.3 £ 2.3%, p = 0.0339). During the hydration phase of the protocol, HCT
steadily deghed and returned to baseline HCT values upon completion of the hydration period,
shown by no significant difference between baselineRosiHydrationHCT values (46.9 +
1.4%vs48.0 + 1.9%, p = 0.3602). ThostExerciseHCT was significantly higher tmeMid-
Hydration(50.3 + 2.3%vs 48.8 £ 1.3%, p = 0.0360) ambstHydrationvalues (50.3 + 2.3%s

48.0 + 1.9%, p = 0.0192). Additionally, no significant differences were found between baseline
andMid-Exercise(p = 0.1646), baseline amdid-Hydration(p =0.2408),Mid-Exerciseand
PostExercisg(p = 0.4143)Mid-ExerciseandMid-Hydration(p = 0.6456) Mid-Exerciseand

PostHydration(p = 0.1633), oMid-HydrationandPostHydration(p = 0.3505) Figure 4C).
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FIGURE 4. Markers of Hydration
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Figure 4: Changes to indicats of hydration statusA Salivary Osmolality: A repeated measures-gray 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 PB&PH (**p=0.0074).B Plasma
osmolality: A mixeeeffects onavay 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.Hematocrit: A mixegeffects twewvay

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 preseatedthean + S.D.
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Dehydrating Exercise and Performance Measures

As described inthe Methodsa set of performance measures, including cognitive tasks (TMT and
Stroop Testand a V@max test, were each taken at three separate time points: baBelhe,
Exerdse, andPostHydration 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 PaRat@Ehdf

the TMT (Figure 5A-C).

For theStroop Testthree measurements weaien for each time point, includigngruent
response timancongruentesponse time, and Stroop Effect, which is the difference between
incongruentindcongruentimes. Analysis by repeated measures'wag ANOVA indicated a
significantly higher mearesponse time toongruentombinations at baseline thanPaist
Hydration(767.3 + 193.5 mgs 595.2 + 87.9 ms, p = 0.008Bigure 6A). We also found there
to be a significantly higher meamcongruentesponse time at baseline, when compardtbi
Exercise(860.4 + 199.8 mgs 738.0 £ 152.3 ms, p = 0.0030) aRdstHydrationtime points
(860.4 £ 199.8 mys 746.5 £ 145.9 ms, p = 0.010Figure 6B). However, no significant

differences were found across time points for the Stroop Effentire 6C).

Following completion of the cognitive tasks, a Maax test was performed to obtain an
evaluation of the participant-dfectsanrevap bi ¢ per f o
ANOVA indicated that the mean value for #@ax at thdPostExercisetime point was

signficantly lower thanthe mean value at baseline (40.6 = 7.6 mmghtin/kg vs 43.7 £ 6.4

mmol G/min/kg, p = 0.0318) anBostHydrationtime points (40.6 £ 7.6 mmolAnin/kg vs

42.8 £ 8.4 mmol @min/kg, p = 0.0028). There was no significant differendevben the mean

VOomax values at baseline aRdstHydration(p = 0.7309) Eigure 7A).
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FIGURE 5: Trail Making Test
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Figure 5. Response times to Trail Making Test (TMT) across the exercise proidealt A of the TMT: Mean

values from each time point were compariedrepeated measures cm&y ANOVA and no significant difference
was found between any time poifdPart B of the TMT: Mean values from each time point were compared via
repeated measures om&y ANOVA and no significant difference was found betweetiraaypoints C Difference

in response times between Part A and Parivigan values from each time point were compared via repeated
measures onay ANOVA and no significant difference was found between any time points. Data presented as
mean + S.D.
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FIGURE 6: Stroop Task
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Figure 6: Response times ®troop Tesacross the exercise protocdl.Response times tmngruentcombinations:
Mean values from each time point were compared via repeated measuwayYANOVA, which indicated a
significant difference leveen Baseline and PH time points (**p=0.008&)Response times tocongruent
combinations: Mean values from each time point were compared via repeated measwrag &OVA, which
indicated a significant difference between Baseline and PE (**p=0.0830)PH time points (*p=0.0103L
Stroop EffectMean values from each time point were compared via repeated measwwayA&IOVA and no
significant difference was found between any time points. Data presented as mean + S.D.
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Changes to aerobic capacitere also evaluated by converting absoluterviéx values into a
percent change from baselidalysis by mixeeeffects oneway ANOVA indicated that the
mean value for percent change from baselinerw&x at thd?ostExercisetime point (7.7 +

6.7%) was mgnificantly lower than baseline (0% change, p = 0.0325)RostHydrationtime
points €7.7 £ 6.7% vs2.7 £ 8.1%, p = 0.0021). Again, no significant difference was found in
the percent change from baseline #¥@x between the baseline ardstHydrationtime points.
(Figure 7B). There were no significant differences found in the mean values of power output at
VT between baseline aRbstExercise(138 + 35.8 W vs 130 £ 40.28 W, p = 0.3358), between
baseline an®ostHydration(138 + 35.8 W vs 128 + 32.9%, p = 0.4091), or betwedPost
ExerciseandPostHydration(p = 0.9312) Figure 7C). Additionally, no significant differences
were found in the mean values of Y& VT between baseline afmdstExercise(24.4 + 3.8

mmol Q/min/kg vs 26.5 + 5.3 mmol £min/kg, p = 0.0895), between baseline &ust
Hydration(24.4 + 3.8 mmol @min/kg vs 27.0 + 6.0 mmol £min/kg, p = 0.1044), or between

PostExerciseandPostHydration(p = 0.4798) Figure 7D).

Metabolomic Analysis

The process of detrdomomimaintg metl albholointsé/ips i s d
Met holdisosft A he met abolites incl uAdppdendi ur anal
Met abolites for which associated pathways or
pr es e Ap e a@x idalong with the overall direction of change throughout the exercise

protocol for each metabolite, and the reported ANOWsafue for each metabolite.

49



FIGURE 7: VO2max

A: . B: .
604 & _>° 10— >S5
LR 2
c ® e
E 40 o 07
o) . : D 5
) ° L4 =
@]
E 204 E -10
N
Q S 154
0 T T T -20 T T T
<L <L QO
'\\°® «0\6 fz'r‘\o \\°® «0\6 fa"\o
N BN
Q% é\’((/ \tz‘\\ Q &'{O ‘3$
S o &
4 R
C: D:
2504 40-
° ° — b °
200~ < oJe
— ° £
2 150 E, *
g @)
- — d
D? 100 g
N 10-
- O
50 2
0 1 1 | 0 | 1 1
e @
Qﬁ\e c’)\%@ ;00(\ '\\(\ (}6 ;\\:0Q
'z?e ~\9} & fé’e ~\9} &
& 2 & 2
o 2 S &
< Q0 %

Figure 7: VO.max parameters across the exercise protogd\bsolute V@max: A mixedeffects onavay ANOVA
indicated significant differences between Baseline Rost Exercise(*p=0.0318) andPostExerciseand Post
Hydration (**p=0.0028). B Percent change from baseline ¥@ax: A mixeekffects onavay ANOVA indicated
significart differences between baseline @aktExercise(*p=0.0325) andPostExerciseand PostHydration
(**p=0.0021). C Power output at ventilatory threshold (VA:repeated measures emay ANOVA indicated no
significant differences between any time poibt¥.O, at VT: A repeated measures eway ANOVA indicated no
significant differences between any time points. Data presented as mean + S.D.
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A visual representation of RigueBdieditd te | oado

comparisons of metabolite ldavith VO,max that were used to help identify metabolites of
interest werAUC (Ex) vs VOmax (PE), and AUC (Total) W6O-max (Recovery)The top 10

results fromeach comparison, along witlorrelation coefficients, are presented\ppendix K.

Metabolitesof interest are presentedTiable 3 along with AVOVA pvalues and metabolite
classifications. Metabolites of interest were plotted against study time points, and representative
examples of various patterns of change are presentgdure 9A-F. The corelation table for
arachidonic acidwhich wasused to help identify valuable comparisons between metabolites of
interest and V@max values, can be foundAppendix L. Metabolite load values were plotted
against VOmax values using the selected comparisand representative examples of these
correlation plots are presentedrigure 10A-F, with correlation data fahe comparisonsn

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

performance deficit and a performameeovery standpoint for select metabolites of interest.
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FIGURE 8: Area under the Curve (AUC) Example
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Figure 8: Visuau represeriauun ul AUL exal I asi IUUTIGAUIU KA. A TTHE STidueu aled 1epresents the AUC
(Total), the area under the o for the entire protocoh measur e of Bmieé airse bARAi®E | oado.
tracedin a different colorfor each participant. AUC can been seen to waigelyamong participants.
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TABLE 3: Metabolites of Interest

Table 3Metabolites of Interest

Metabolite ANOVA p-value Pathway
Arachidonic acid 7.73E07 Lipid
Eicosapentaenoic acid 1.50E05 Lipid
Cortisol 7.33E06 Lipid
PG(20:5/17:0) 0.161328* Lipid
L-carnitine 4.11E06 Lipid
LysoPC(18:2) 7.47E05 Lipid
PC(R16:0/20:4) 0.009252 Lipid
PE(18:0/20:4) 0.001372 Lipid
PS(0G16:0/20:1) 2.74E05 Lipid
Bilirubin 0.058697* Heme Catabolism
Biliverdin 2.13E06 Heme Catabolism
Neurotensin 6.69E07 Neurotransmitter
Cyclo-L-prolylglycine 6.59E08 Neuropeptide
Creatinine 2.56E05 Amino Acid
Citrulline 0.038014 Amino Acid

*Not statistically significant (p 6.05)
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FIGURE 9: Metabolite Time Course Examples
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Figure 9: Visual examples of metabolite time coulseortisol: similar to ARA, cortisol rises throughout exercise,
then falls by the end of the protocol. However, it continues taltisag the first half of the rehydration period
Cyclo-L-Prolylglycine: rises at ME time point, but then continues falling for the remainder of the protocol, even to
below baseline level€ Biliverdin: rises only slightly during exercise, then more giyaduring rehydrationD L-
Carnitine: falls steadily throughout entire protocol, apparently unaffected by rehydr&ibypsoPC(18:2): falls
steadily throughout protocol, then seems to level off by the PH time Bd¥@(20:5/17:0): falls throughout

execise, then rises markedly at MH, then continues to fall at PH.
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FIGURE 10: Representative Metabolite vs V@max Comparisons
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Figure 10: Representative examples of metabolite relationships to performawdeA higher PE rises in ARA
correlate with greater V@nax deficits PEB ARA higherPE rises in ARA correlate with smaller return to baseline
VO.max.C EPA higher PE rises in EPA correlate with greater @ax deficits PED EPA: higher PE rises in
EPAcorrelate with smaller return to baseline W@®ax.E LysoPG18:2). greater metabolite lad through exercise
correlates with higher Vénax PEF CLPG. greater total metabolite load correlates with lower ¥@x recovery.
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TABLE 4: Correlation Data for Metabolite vs VO max Comparisons

Table 4 Correlation Data for Metabolite vs \i@ax Comparisons

Metabolite Comparison Pear sqg R? p-value
Arachidonicacid 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 acif Met(Deficit) vs

VO2max(Deficit) -0.8597| 0.7392, 0.0014
Eicosapentaenoic acii Met(Deficit) vs

VO2max(Retirn) 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

VO2maxRecovery) 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)

56




DISCUSSION

Heart Rate, Temperature, Blood Pressure, and Participant Characteristics

Heart Rate

Heart rate (HR), for all participants, showaethrge 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 submaximaxercise, as we used in the dehydrating exercise protocol. Furthermore, results
of some studies suggest that hypohydration exacerbates teck#asing effects of exercise

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

dehydrating exercise protocol at a constant power output, equal to the power output at each
participantds ventilatory t hoepmestésb Thd yaluelveas e r mi n
chosen because it is a power output that participantd ceaintain 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 arountbéb of their ageredicted

maximum HR.

In our previous stdy [22] participants selfnonitored 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 exercissnpadey as

muscle fatigue may have played a different role in observed performance deficits for each
participant. Wi th participants held at a cons
aerobic capacity, any effect of fatigue on the observeidpeance 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 valueshi$ is consistent witfindingsin the literatire, which show

marked increases in body temperature over prolonged periods of eXéé¢jsand yet is

inconsistent with the findings of our previous study, in which we showed a slight, but
insignificant rise in Temp despite similar exercise conditiovtssamilar 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 actliymhad 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
capabilties following exercise and heat str§gg], 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 shouldoiolgusn one sex, since

we were uable to recruit enough total participants to adequately power sex comparisons. Since
more males had completed the study at the time, we decided tmdaolyemales in the

analysis. Out of 19articipants who enrolled in théusly, six were females, and five

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

were therefore excluded from all analyses. S#grénces in the exercise and dehydration data,
for those who completed the study, are discussed in thdebupmary Datand Observations

sectionof the Discussion
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Additionally, not all samples were collected from every participant at every time proihe

case of biological samples, samples were not taken if veins were not easily accessible and would
have required multiple needle sticks for each time pBiobd samples were collected with a

new venipuncture at each time point, since collectingdtbrough intravenous catheters

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

participant A summary of collected samples and measurentam$e found iMppendix M.

The small age range of participants in shiedy may help to minimize the interdividual
variation in biological measurements that can occur due tp78perhough the inclusion
criteria includes participants aged-38 years, only one participant was over the age of 26.

Excluding that participat, the age range was-2® with an average age of 23.6 years.

Hydration Status

During the rehydration phase of the protoctlparticipants used Kona Deep® deegpean
mineral water to rehydrate, as it wdeterminedo be a more effective acute rehytilva agent
when compared to spring water and sports drinks in previous studies perforooedain

(Figure S)) [22,23]

Urine Specific Gravity & Body Weight

Body Weight and urine specific gravity§G), 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
Oeuhydratedd state for each participant. For
different across the three baseline days, with the majority of paimt s @6 wei ght s st a\

1% of each other measuremenhellargest differenca body weight across baseline déyan
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outlier, given that it wasbouttwo-fold greater thathat ofother participant$ was2kg, which

was about a 2% difference. Additially, 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 ouilier1.9kg differencé all participants

stated the dehydrating exercise trial within 1% of their measured baseline average weight. Each
par t i d&JB@wanalsdvery similar across the three baseline days, with the largest

difference being 0.018, a 1.8% difference. Similarly, stattl8gs on theday of the dehydrating

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

Combining morning urine concentration measurements (suds&gswith body weight is the

best means for monitoring ddg-d a 'y 6 e u HARldtheasthteé af lmeidg in water balance

[80]. Therefore, these intiadividual consistencies with body weight ad8G across the

baseline measurement period and at the start of the dehydrating exercise trial gave us confidence
that the baseline measurememtgresented 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
hypohydraton. An issue with our previous study was that we tookdmebody 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 alaeynin 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 anhyolvated state,
compared to 6nor mal 6. Pemded thectrialmtehighlysvariabte levels e f o r e

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 bgdveight on the day of the trial.

Salivary Osmolality& Plasma Osmolality

Since he best way to track hydration is by using a combination of mutkhods, we used

both salivary (&m and plasma osmolality ¢&y) to monitor hydration status throughdhbé
dehydration and rehydration protocolssithas a much smaller interdividual variation than

other method§78], and Ssmis a quick and neimvasive measurement that can easily be taken
serially during an exercise protocol, making these two measmtsrideal for our study.
Additionally, urine variables such &SGand urine osmolality, although convenient, tend to
exhibit issues that make those methodsuited to this contefb1,79] Namely, spot urine
samples display high levels of both intand intraindividual variation, making it very difficult

to compare to the relatively more methodical baseline measurefvi®@m3]. Hormonal changes
influencing water balance also occur during rehydration which make urine variables unreliable
under theseonditions[51]. Therefore, althoughlSG, along with body weight, was ideal for
establishing participantsd nor mal baseline

hydration status during the dehydration and rehydration protocols.

Sosmdoes core with its own limitations as welln our previous studyosmwas used to track
hydration throughout a dehydratimagnd rehydrating protocol, ansimilar to the current study,
showed a very consistent pattern of increasing during dehydration and deriead to
baseline levels after rehydration. Howe&gmis still in doubt within the scientific community
as a reliable measure of hydration on its own, duis tonitations, which were controlled for in
the previous study and in the current studynash as possible. For examplgss3s 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 flui@1]. To prevent these erroneous measurements, we waited
30 minutes after e of the two rehydration phases before taking biological measurements.
Indeed Mid-HydrationandPostHydrationvalues of $mfollowed the expected trajectory back

down toward baseline levels.

Additionally, high interindividual variability makes it difEult to compare &mvalues among
participantd78]. However, given our crossver study design, we are only comparing each
participantods val ues t o-indiiideal varialolityaf Shias el i ne, a
relatively low[78], it should be aeffective method for tracking hydration status in this context.

The use of two different hydration monitoring methodsn8nd RBsm also increases our

confidence in our hydration measurements.

Studies have previously used bdile stimulatedsaliva samp@ collection methodn which
mechanical orofacial movement (chewing on a cotton swab, in this case) stimulates saliva
release, anthe unstimulated methoth which saliva is collected as a passive expectorant.
Although results from another study foungliagreement between these two mettgdg our
previous study found that the stimulated method shanazhsistently lower osmality than
unstimulated samples. Howevére trendobserved between the two methods were very
similar, with high correlatiorbetween the two. Both results indicate thistter method may be
used ovethe othemwith similar resultsin our previous study, we did note that some participants
disliked the sensation of chewing on the cotton swab, and therefore, we used the uestimula
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 wals collected at each

time point to obtain a value for osmolality.
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Another reason for using bo8ismand RBsmas 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 passive), the frequency of measurement, and
the study desigf65]. Our study consisted of a cresger design, invhich each participant is his
own control. We required serial measurements of hydration using quick, relativeilyvagive
methods during active dehydration under heat stress. The consistent pattern of cBayge in
throughout the dehydration and rehgtibn protocols, and the high correlatior 0.8507)of
averageSosmWith Posm, a highly validated hydration measure, suggest thatiSan effective
method of hydration assessment in this very particular comiextever,Posmshowed 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 tBan is

As expected, botBosmand Rsmshowed consistency with previously obsahpatterns. With

very few exceptions, values fossmand Rsmincreased 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 wkcirprimarily 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 participantseported being sleep depedduring the exercise trial dafiaving gotten little
to no sleep the night befqréue to working night shiftdnterestingly, thestvo participantsoth
represent outliers in tH&smdata,exhibiting higher levels of baselirSsm which actually

dropped substantially at tidid-Hydrationtime 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 participar{iBable S1). For examplePostExerciseSesmfor these two
participants averaged 82.7 mmol/kg, whereas the average for other participants was 345.8
mmol/kg. Thes@bservationsndicate the possibility for sleep to affé&km measurements,

particularly more so thaRosm

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

night of missed sleep affec®sm However, one recent cressectional study did find an
association in adults between patterns of | ow
hydration, sbwn by highelUSGand urine osmolality, at the time of measurenj@g}. 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/wakeayséd by

working nights is enough to elicit these effects, the same way that it also affects metfblism

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

at the time, ablSGandPosmreflected valuesiat were more consistent with the other

participants. In any caskirther 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 atiteg 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 samplesdm 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 sideluidizdrom

which the venous sample was coll ected, using
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TABLE S1: SleepDeprived Participant Osmolality Data

Table S1Salivary Osmolality of Sleepeprived 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
PostExercise 98.7 66.7 345.8
Mid-Hydration 71.0 60.3 119.2
PostHydration 77.0 53.0 93.8

Units of Salivary Osmolality: mmol/kg
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Saver Cards. Samples sat for at least 45 minatdsytuntil being stored in-#®0 °C freezer.

The measured HCT values were to be used as a normalizing factor between the venous and
peripheral sample$Vhen we changed labs for the metabolomics analysis, we no longer had use
for the peripheral blood sangd, but the HCT values are still useful, as HCT can also be an
indirect measure of hydration stat&nce HCT is a measure of the proportion, by volume, of

red blood cells in the bloodsmgHCT levels indicate blood plasma volume loss, which is not a
direct measure of hydration, but points to dehydratiomfomdy fluid losg51]. Similar to 3sm

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

decrease in HCT toward baseline levels throughout the rehydpied.

Performance

Coanitive Performance

The Trail Making Test (TMT) is one of the most commonly used tests in the assessment of
executive function, f oc usandagilitydonscah dne suppressi vi du a
irrelevart or interfering gmuli [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 (humbers and letters), and especiallynmethe ti

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 tHaafA for each participant at

each time point, which is expected, as that is by design of the assessment. However, we saw no

significant chages in any of the measuremepétween any of the three time points. There was
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a slight increase in average comple time difference observed at tRestExercisetime point,

and a decrease BostHydration 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. Thisseems to suggest that active dehydration has no effect on the particular cognitive domain

evaluated by this assessment.

The Stroop Tests a cognitive test used to assess selective attention of a participant and their
susceptibility to interference from efiicting stimuli [89]. Similar to the TMT, higher time

values signify slower reaction time to the stimulus, and therefore diminished cognitive function.
The Stroop Testalso 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 respoimttmgruat combinations (text
color and meaning do not match) comparedaiegruencombinations (text color and meaning
match), is calculated tsubtracting the averagesponseime tocongruenfrom that of
incongruentombinationsAn increase in the Stroop fett 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 ahcongruentombinations. Similar to the TMT results, we

observed no impairment gognition, as reaction times did not decrease upon hypohydration.

Though many studies show declines in cognitive performance due to hypohyfB8ia0

95], our esults agree witthe majority of recent evidence, summarized by a recent review
claiming ro decline in cognitive grformance with hypohydratid28]. Of course, results vary
widely due to multiple factors, including the specific cognitive parameter or cognitive domain

being measurediftention, balancesxecutive functionhandeye coordinationdecisionmaking,
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learning, memory, motor skillgtc.) 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 beimglertaken by participants. For example, in our
current study, we cannot separate the effects on cognition brandiytexercise from those of
hypahydration alone, since our protocol used these two stressors combined. Ghaogesive
performance maglso be dependent on the level of hypohydration, as it has been suggested that
cognitive declinations may only appear at higher leveé%3body mass los$2], while

physical performance deficits can be seen at hypohydration levels as low as 2% bothsmas

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 heatttmpromised. 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 theStroop Testindicating improved cognitive function, regardless of hydration status.
These trends even reached statistical significance between sonp®imntsein thecongruentand
incongruenmeasurements of ti&troop Testlt seems possible thitere may have been some
learnng effect, based on the trends, as participants may have become more familiar and
comfortable with the test as they repeatedottoeedure. 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 partigpant 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 cognitigasures 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,
andit is known to be sensitive to hydration stafbls 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 isl asedupredictor of exercise
performance and as a prescriber of exercise intensity for trdBohg. T has also been reported

to be sensitive to hydration status, as hypohydration and heat stress induces LT at earlier stages
during exercise (lower abstVO, at LT), compared to exercise during euhydrafe8,97]

VO2max tests may be performed on either a treadmill or on a cycle ergometer, beefuiso

note that performance is expectedppeatower on a cycle ergometer when compared to a

treadmill for most athletes, with exp&on to trained cyclistf98,99]

VO2maxshowed a significant decline from baselinétistExercise and an increase froRost
Exerciseto PostHydration such thaPostHydrationvalues 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 musggle.f&ven during the
rehydration period, the one hour of rest beforeRbstHydrationVO.maxtest was taken could

have allowed significant recovery from muscle fatigue, \@@dmaxmay have partially
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recovered during that time even without rehydratidmer€ 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/O-max) seemed to exhibit smaller declines/i@-maxafter hypohydration than

those of lowefitness levels. When we plotted this data, we indeed saw a reasonably high
negative correlation between baselffe;maxand the decline iWO,maxfrom baseline téost
Exercise( P e a r s7668 BR* 0r5882 p-value:0.0159 (Figure S2. There was no

difference in the return to baselin®>maxbetween participants of different fitness levels. This
suggests that individuals of higher fitness levels may be better equipped to maintain endurance

performance when facing hypohydration.

TheVO: at VT did notchange significantly over the course of the dehydration and rehydration
protocol, although the trends show a slight increase in VT from baseRust&xercisg and

from PostExerciseto PostHydration meaning participants reached this aer@aerold
transition threshold at higher absolute values of ¥3each 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 varioudsethay be used for the

determination of this threshold, leading to inconsistencies in measurements acros§ldies

Metabolomic Analysis
Despite having huge amounts of data from the exercise and metabolomics analyses, preliminary

investigation of thelata was kept relatively simple in the current study. We focused on
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FIGURE S2: Fitness Level vs Pdormance Decline
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Figure S2 Percent decline in Vénax plotted against initial baseline Viax. Participants with higher Vax
showed lower declines, or even increases in tvge@gan V@max from baseline tBostExercise
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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 ptarmance. Having this initial basic level of analysis is very important for
focusing future questions and developing testable hypotheses based on the kictiaumsfon

reported metabolites.

For example, we saw that arachidonic acid (ARA), & 29 r b-6 polyumsaturated fatty acid,

was significantly elevated at bolhid-ExerciseandPostExercisetime points, compared to

baseline, and declined slightly over the course of the rehydration pErgpog 8). Exercise

produces acute inflammation due to musdk damagg¢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 thromljaRahes
Increased levels of ARA dimg 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

inflammaton levelg100].

Upon plotting the changes in ARA against changagdamax, we found a significant negative

correlation between AR Deficits (rises in metabolite levelsr e s een as fAnegative
VOomax Deficits Figure 10, Table 4, & Appendix L). In other words, higher rises in ARA

over the exercise period were associated with greater declinesmaxOin addition, there was

a strong positive correlation between ARA Deficit ando@x (Return), meaning that greater

rise (lower negative defigiin ARA over the exercise period was associated with lower return of
VO2max to baseline values (shown by a greater % difference between baseluwsand

Hydration (Figure 10, Table 4, & Appendix L). In summary, higher ARA after the dehydrating
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exercisewvas associated with greater Y@ax decline after dehydration, and lower i@ax

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 pregituases is that a higimflammatory diet
strengthens the exercigeduced inflammatory response, and as a result, leads to greater
performance deficits upon hypohydration, and impairs recovery following rehydration. More
directed experiments could thenttdss hypothesis and investigate the exact nature of these
relationshipsAs 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 figure. It
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 icenature.

Furthermore, we use the presence of ARA as an indicator of inflammation during exercise, even
though no other metabolites associated with aimffammatory state were identified. We did

find one prostaglandin within our top 300 metabolites however, the ANOVA {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 coohnie®ol antdhei totanpeBfaty@adpoi ¢ aci
during and after exercise, which are both stronglyiaflammatory[102] (Cortisol shown in

Figure 9). Interestingly, both of these compounds showed similar relationshiffSstnax

Deficit as ARA(Table 4, EPA inFigure 10).

It seems countentuitive that pre and antinflammatory 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 tbem 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 exgr@é&eInhibition of

inflammation is a crucial step for modulating timflammatory response, andstanly when this
inhibition is overridden by excessive inflammation that we see harmful effects from the
inflammatory responsid04]. Perhaps this partially explains the simultaneous elevation of both
pro- and antiinflammatory mediators during exercise. Howe this needs a closer look for a

more precise interpretation.

SupplementaryData 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 analysesnagichbolomic 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 fotemales 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 physgital 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 surfacgl@ggahigher

percentages of total body weigdttributable to total body water (60% vs 50% in femdl&8%],
higher sweat ratfy7,105] lower density and absolute number of keatvated sweat glands
[107], lower evaporative cooling efficiend¢y7,105] greater muscular strength and aerobic

workload capacity105], and different sweating adaptations from endurance trajh0g].

Our results show that male participants were significantly tllé9.8 + 6.1 cm vs 165.8 £ 9.3
cm, p <0.01)and weighed more than femal89.6 + 9.2 kgrs 64.7 £ 14.%g, p < 0.05)

although average age and BMI were simileailfle S2. At baseline, males and females showed
no significant differences iI0SG, Sosm Posm HCT, TMT times Stroop Testimes, Stroop Effect,
VO2max, power output at Vé&nax, VO at VT, or poweinoutput at VT, all of which are
summarized imable S3 Males and females ended the dehydration protocol with similar percent
body mass los2(66 + 0.44%s 2.45 + 0.44%espectively) Figure S3A); however, females

had higher timgo-completion than malg416.3 = 7.5 mirvs98.3 £ 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 peak BB. However, males had a significantly higher baseiRe
(135.4 £ 11.8 mmHgs 1158 + 3.2 mmHg, p < 0.0%and pealBPs (149.6 + 14.9 mmHgs

127.5 £ 11.8 mmHg, p < 0.08)an females. Data is summarizedable S4 No sex effects

were seen ind&mor Psmat any of the time points. However, HCT was significantly lower for
females tharfior males at the MidExercise (p <0.01), Posixercise (p <0.01), MiHydration (p
<0.05), and Postlydration (p <0.01) time point$igure S4. There were no sex effects in TMT
or Stroop Test times at any of the time points, and no sex effects,max@r VT at any of the

time points.
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TABLE S2: Age and Body Morphometrics forFemales andVales

Table S2Comparison of Age and Body Morphometrics for Females and Me

Morphometrics Females ( = 4) Males (n =9)
Age (years) 225+ 3.3 23.3+4.8
Height (cm) 165.8 £ 9.3** 179.8+6.1
BM (kg) 64.7 = 149* 80.6 £9.2
BMI (kg/m?) 23.4+ 3.8 25.2+2.3

Data presented as mean = S.D.
Unpaired ttest used to compare groups *p <0.05 **p<0.01
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TABLE S3: Baseline Hydration and Performance for Females and Male:

Table S3Baseline Hydration and Performance for Females and Males

Baseline Hydration and Performance

Measurements Females i =4) | Males (h=9)
_ USG 1.013 £0.007 | 1.013 £0.006

Eaze“tr_‘e Sosm(Mmol/kg) 847+16.4 | 94.4+26.7

coatis | Posm(mmol/kg) 206.8+6.8 | 302.5+8.7
HCT (%) 40.3+2.8 46.5+1.3
Trail Making Test Part A (s 20.2+7.8 203+7.1

Baseine

Psychologica : .

berformance | Trail Making Test Part B (s 40.4 + 5.4 37.1+93
Stroop Effect (ms) 65.5 +120.1 92.1+92.1
VO,;max (mL/kgmin) 42.8 + 10.6 44.0+6.0

Baseline Power at VQmax (W) 245.0+37.9 | 284.4+53.6

Physical VO, atVentilatory

Performance | Threshold (mL/kgmin) 233+48 238+34
Power at VT (W) 100.0+£0.0 133.3+34.6

Data presented as mean = S.D.
Unpaired ttest performed to compare groups
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FIGURE S3: Body Mass Loss and Completion Timéor Females and Males
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Figure S3 Percent body mass loasd time to complete dehydrating exercise tdaBody mass loss: males and
females both had significant body mass loss at PE, with no sex differdatarsined by oneray ANOVAB Time

to completionA We | -tedt wasuset to compariemale and male times to reach target dehydration (*p<0.05).
Data presented as mean + S.D.
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TABLE S4: Baseline and Peak HRTemp, and BP for Females and Males

Table S4Baseline and Peak HR, Temp, andfBPFemales and Kles

Morphometrics Females ( = 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+x1.1 97.5+0.6
Peak Temp (°F) 99.5+0.8 99.9+0.7
Baseline BB (mmHg) 73.8+6.2 774164
Peak BB (mmHgQ) 70.8 £ 9.7 80.2+104
Baseline BB (mmHQ) 115.8 + 3.2* 135.4+11.8
Peak BR (mmHg) 127.5+11.8* 149.6 +14.9

Data presented as mean = S.D.
Unpaired ttest used to compare groups * p <0.05
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Differences in morphometrics and baselindragion and performance measurements between
females and males were determined by unpaitestt Differences in percent body mass loss,
salivary osmolality, plasma osmolalitypgnitivetasks and physical performance within females
and males were detemed by onevay ANOVA. Differences in time to complete the

dehydration protocol bet ween f emdestes and mal e

Blood Thaw Method

In order to minimize variability in the salivary and plasma osmolality measurements, samples
werekept frozen in a80 °Cfreezer, and saved until all samples had been collected, then run

through the osmometer all in the same session. All osmolality data reflects only nine
participantsod data, because t hehaddompeledtipear t i ci
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 expatahdata 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 réreezing. We usedeveral 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 osmolély 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 valueslCT, hemoglobin white blood celtount, etg. We found that
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FIGURE S4: Hematocrit Time Coursefor Females and Males
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Figure S4 HCT time course for females malesA mixedeffecs two-way ANOVA was performed to compare

time points within each sex (**p<0.01,****p<0.0001) and compare females arades at each timgoint
(#p<0.05). Data presented as mean + S.D.
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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 foudgppendix N.

Limitations

As discussed pusously 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 exercisone Rather, it must be carefully noted that angeaved 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 experimentaitcmmiwhich may affect the measured

outcome independently of either hypohydration or exefdi3p

Additionally, since dietary data was not collected, adherence to the suggested dietary guidelines

laid out in the Methods cannot be confirmed, and anygeffiediet on the observed outcomes

cannot be ruled ouFor 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 cogrn 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 i mportant because of the diuretic effect
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 infonmetsoall sek

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 filiex, but again, we were resigned to taking the

participantsd word that they had indeed follo

Another issue over which we had regrettably little control was the number of participants

enrolled in the study. We had to cut down ounmpke 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 dirst, and then discouraged enrollment once we reached the point

when we could safely run experiments again. We even had participants who enrolled, but

coul dnét meet the challenges presented by hea
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,rosmader 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 badéhess levels, which would give us a better
understanding of how an individual s own char

dehydration conditions.

Finally, the apparent learning effects experienced by participants durin@tneax tess and

cognitivetestsnay conf ound the observed resul Post i n th
ExerciseVOoma x was t he exact same as hPodExécss el i ne t
value was significantly higher than his baseline. Furtheemor s ever al ofostt he par

HydrationVO2max 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 cpteted avO.max 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 complet&d.max test before,

consisting of a mock, parti®dlO-max test, in which the participant exercised for a few minutes,

with the power output being increased each minute. Given the results, pefipgO-max

test prior to the baseline measurement would be a more appropriate familiarization tactic.

Similarly, we saw unexpected trends in the TMT and3tneop Testesults, as average response
times tended to actually decrease over the courseafghydration 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 numbeind 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 observedebetthis

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 accompl i sh, i's to hel p dé&hiseconoeptoftpreasiof i el d o

hydration is not only about what, how much, or when an individual should drink, according to
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his/her individual needs, but also nutrition and lifestyle patterns that promote optimal hydration,
and alleviate the negative effectdedsthanoptimal 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
guestion:Can we use baseline and hypohydrated metabolorofdgs with standard exercise
and performance measutespredict exercise performancesponse to dehydratioand inform

personalized nutrition and hydration recommendations for optimal performance and recovery?

An exciting prospect for bolstering thedy of research related to precision hydration is to add

in a genomic component with the metabolomics. Gen@nutiling would add an additional

layer to the utilityof individual metabolite profiles for the predictionmysiologicaland

exercise perforenceresponse to hypohydratiofhe 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 emiichkby

allow for the prescription of diet and exerci
characteristics. This integrat@échulti-o mi ¢ s 0 ap pr o a cthe intewelatiodshigsiofg h 1 i g h
biologic pathwayswouldh el p t o assess t Ibeweénfdiffeoentlegelsofi nf or ma
regulation in the path from genotype to phenotype, and is essential to understanding complex

physiological process¢$09].

As mentioned previously, we passively observed that sleep may play a part in fluid balance, as
salivaryosmolality 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 particalamsens. 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 whethareteetually

responsible for any observed associations. We have collected an immense amount of data, from
heart rate and heart rate variability, blood pressure, and body temperabloedtparameters
obtainedirom hematology analysiull examplereadout inAppendix N), to exercise

parameters that can be extracted fromi@emax 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 catruct predictive models based on individual characteristics, and use

metabolite profiles to inform personalized nutrition and training regimens.

Conclusions

Exerciseinduced hypohydration &.69 + 0.43%body mass loss produced a clear decline in
aerobicexercise capacity, measured by M@x, but failed to drive any measureable change in
cognitive performance, measured by the Trail Making Test an8tthep Tesassessments.
Subsequent rehydration with Kona Deep® deepan mineral water elicited recoyef aerobic
capacity nearly back to pexercise levels, and had no effect on cognition. Metabolomics
analysis revealed many metabolites with some correlation tondf0and change in Vihax
between various time points, suggesting that the changes imtleéseolites resulting from

hypohydration may be linked with exercise performance. Notably, arachidonic acid, a lipid that

86



is highly related to exercisaduced inflammation, showed a close relationship withriaéx
deficit and recovery, indicating the pdsbty of exerciseinduced inflammation as a driver of
the aerobic exercisepairment observed in hypohydration. Now that these metabolites have
been identified, further research is warranted to elucidate the precise relationships between

metabolite angberformance 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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Matthew P. Koppinger', Zain |. Khalpey® and John P. Konhilas®®"

Abstract

Backgroeund: Exercise and heat trigger dehydration and an increase in extracellular fluid osmolality, leading to
deficits in exercise performance and thermoregulation. Evidence from previous studies supports the potential for
deep-ocean mineral water to improve recovery of exercise performance post-exercise. We therefore wished to
determine whether acute rehydration and muscle strength recovery was enhanced by deep-ocean mineral water
following a dehydrating exercise, compared to a sports drink or mountain spring water. We hypothesized that
muscle strength would decrease as a result of dehydrating exercise, and that recovery of muscle strength and
hydration would depend on the type of rehydrating fluid.

Methods: Using a counterbalanced, crossover study design, female (n=8) and male (n = 9) participants performed
a dehydrating exercise protocol under heat stress until achieving 3% body mass loss. Participants rehydrated with
either deep-ocean mineral water (Deep), mountain spring water (Spring), or a carbohydrate-based sports drink
(Sports} at a volume eqgual to the volume of fluid loss. We measured relative hydration using salivary osmolality
(Sesm) and muscle strength using peak torque from a leg extension maneuver.

Results: S, significantly increased (p < 0.0001) with loss of bady mass during the dehydrating exercise protocol.
Males took less time (90.0+ 183 min; P < 0.0034) to reach 3% body mass loss when compared to females (127.1

+ 200 min). We used a mono-exponential model to fit the return of Sus, to baseline values during the rehydrating
phase. Whether fitting stimulated or unstimulated So.n, male and female participants receiving Deep as the
hydrating fluid exhibited the most rapid return to baseline So.m (p <0.0001) regardless of the fit parameter. Males
compared to females generated more peak torgue (p = 0.0005) at baseline (3083 + 56.7 Nm vs 172.8 + 408 N,
respectively) and immediately following 3% body mass loss (276.3 + 39.5 Nm vs 153.5 + 35.5 Nm). Participants
experienced a loss. We also identified a significant effect of rehydrating fluid and sex on post-rehydration peak
torque (p <00117).

Conclusion: We conclude that deep-ocean mineral water positively affected hydration recovery after dehydrating
exercise, and that it may also be beneficial for muscle strength recovery, although this, as well as the influence of
sex, needs to be further examined by future research.

Trial registration: clincialtrialsgov PRS, NCT02486224. Registered 08 June 2015.
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Background

The volume of total body water in humans represents
approximately 60-70% of total body weight in men and
50—60% of body weight in women, with some variability
primarily due to differences in body composition [1].
Many facters impact total fluid volume including diet
(water and sedium intake), environmental temperature,
evaporation, activity level, and certain disease states.
Humans have a remarkable capacity to maintain con-
stant osmolality of extracellular fluid (ECF) through both
behavioral responses and physiological mechanisms that
restore ECF to homeostatic values [2]. Still, loss of body
water, or dehydration, impairs normal physiclogic func-
tion. Dehydration increases cardiovascular strain by re-
ducing blood volume through fluid loss, thereby
decreasing stroke volume, and increasing heart rate.
‘When core temperature increases as a result of exercise
and dehydration, elevated skin blood flow displaces
blood away from the central blood volume, exacerbating
cardiovascular strain [3]. In addition to this increase in
cutaneous blood flow, sweat production increases in an
effort to dissipate heat to the environment through evap-
orative cooling [4].

Sweat glands produce a hypotonic fluid in relation to
plasma by drawing fluid from the ECF concomitant with
reabsorption of sodium and chlorine via the cystic fibro-
sis transmembrane protein (CFTR) channels [5]. This re-
sults in both a decrease in total body water volume and
an increase in ECF osmolality [6]. Governed by hydro-
static, osmotic and oncotic pressures, the increase in
ECF osmolality triggers water movement from plasma
and intracellular stores to restore osmeolality in the inter-
stitial fluid compartment [1, 2]. Osmotic fluctuations, if
severe enough, can have sericus health consequences,
such as weakness, cardiac arrest, spasticity, coma, sei-
zures, and death [2, 7]. Furthermore, dehydration im-
pairs thermoregulation [8] and exercise performance,
independently of thermal, dietary, or metabolic stressors
[3, 9]. Exercising in a hot environment amplifies dehy-
dration, exacerbates the above effects, and accelerates
performance deficits [3, 10, 11].

An obvious key to preventing the detrimental impact
of fluid loss on exercise performance is to replenish fluid
deficit through oral consumption [5]. Although the
American College of Sports Medicine Guidelines on
Nutrition and Athletic Performance recommend the
amount of fluid intake, there is no clear endorsement re-
garding the specific type of rehydrating fluid [12]. A re-
cent study shows that deep-ocean water taken from the
coast of Hualien, Taiwan at a depth of 662 m improves
recovery following a dehydrating exercise, evidenced by
accelerated recovery of aerobic capacity,
lower-bedy muscle power performance, and significantly
reduced levels of exercise-induced muscle damage

increased
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markers compared to participants drinking purified
tap-water [13]. In another study, deep-ocean mineral
water was shown to increase the exercise performance
of gerbils, compared to distilled water, measured by re-
tention rates during a 90-min treadmill exercise [14].
Considering the established connection between hydra-
tion status and exercise performance, these data suggest
that deep-ocean mineral water may provide optimal
rehydration for performance recovery following
high-intensity exercise. Accordingly, data from our pre-
vious study [15] suggested that Kona Deep®-ocean min-
eral water had the potential to improve lower-body
muscle strength as well as acute rehydration rate after
dehydrating exercise.

Deep ocean mineral water has a mineral composition
that differs significantly from that of water found on or
near the surface, often containing much higher amounts
of sodium, potassium, chloride, magnesium, and various
other trace minerals which are not found in surface
water sources. Although mineral profiles of deep ocean
mineral water differ by specific site, it is this unique
mineral composition that we believe is responsible for
the effects described above, though we do not propose a
mechanism here.

The objective of this study was to improve and expand
upon the observations from our previous work, regard-
ing the impact of fluid type on rehydration and muscle
performance recovery following rehydration at the com-
pletion of a dehydrating exercise protocol under heat
stress. We hypothesized that rehydration with Kona
Deep® ocean mineral water will accelerate the rate of
acute rehydration, and will impreve muscle strength re-
covery compared to (Gatorade® or mountain spring
water. Secondarily, we make observations on potential
sex differences in these parameters.

Methods

Participants

Participants eligible for this study included females and
males ages 20—25 years, who were nonsmokers and were
well-conditioned with moderate to excellent aerobic cap-
acity. Participants were free from medication, stimulants,
dietary supplements (including vitamins/minerals, amino
acids, and herbal supplements, as defined by the FDA),
or major health-related issues, as determined by a
University of Arizona Health History Screening Ques-
tionnaire (UAHHSQ). Age-matched female and male
study participants meeting eligibility criteria were further
selected for equivalent fitness levels based on a
self-reported 3—6h of athletic conditicning per week.
The study population engaged in primarily dynamic ac-
tivities including cycling, running, hockey, soccer, and
triathlons. With a conservative estimate of salivary
osmolality at baseline (100 mmol/Kg) compared to peak
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(150 mmol/Kg) during the experimental protocol with a
standard deviation of 30, sample size was determined
using a power of 0.8 at « = 0.05 (6 or greater per group).
This was also confirmed using power analysis of mean
population serum and urinary osmolality. All partici-
pants provided consent under protoccls adhering to
guidelines approved by the Institutional Review Board at
the University of Arizona and in accordance with the
Declaration of Helsinki. Participants were asked to fol-
low a normal diet while avoiding foeds high in sodium
24 h prior to study initiation, and to avoid any exercise
24 h prior to each trial. Dietary data was not collected.
In addition, participants were required to abstain from
alcohol consumption 36 h prior to each exercise trial, as
alcohol has diuretic effects, and may confound observed
effects of dehydration. Female participants were asked to
complete the study early in their menstrual cycle to
avoid the potentially confounding issue of fluid reten-
tion. Participants were also instructed to begin each trial
in a similarly hydrated state (confirmed by consistent
baseline salivary osmolality at the start of each trial).

Study design

We used a counterbalanced, crossover study design in
which participants (# = 17) were randomized to begin in
one of 3 experimental groups: Kona Deep® deep-ocean
mineral water (Deep), Gatorade® sports drink (Sports),
or Arrowhead mountain spring water (Spring) (See
Table 1 for fluid nutrient comparison). Each participant
was required to complete the dehydrating exercise
protocol 3 times, one trial for each hydration fluid, each
separated by a pericd of at least 48 h, to give participants
adequate recovery time. After the first trial, participants
were randomized to complete the second arm of the
study, hydrating with one of the twe remaining hydrat-
ing fluids. During the third trial, participants rehydrated
with the last remaining fluid.

Table 1 Fluid comparison of selected nutrients
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Dehydration and hydration protocols
A graphical summary of the Dehydration and Hydration
Protocol is illustrated in Fig. 1. Participants were asked
to remove any excess or loose clothing including shirts,
athletic pants, shoes, and socks. Participants were instru-
mented with a Polar™ heart rate menitor allowing
continuous monitoring of heart rate. Baseline measure-
ments of heart rate, body weight (using a digital scale)
and tympanic temperature (Braun ThermoScan® PRO
4000) were collected prior to the initiation of the exer-
cise dehydration protocol In addition, stimulated and
unstimulated saliva samples (detailed below) were taken
to establish baseline osmolality values and to ensure all
participants were similarly hydrated at the start of each
trial. Next, participants initiated exercise using a Mon-
ark® stationary cycle under moderate heat stress using
heat lamps to provide warm conditions of about 30°C,
since sweat rate is greatest at warm ambient tempera-
tures [16]. Participants were instructed to sustain about
60% of maximum heart rate and maintain 150-200 watts
on the stationary bicycle at a cadence greater than 70
rpm. Participants self-monitored and adjusted watts by
varying cycle speed or resistance. Exercise was continued
for 15min, at which time participants were asked to re-
move any excess or loose clothing as above, and
towel-dry for data collection (body weight, heart rate,
temperature, saliva samples). Participants were not
allowed to evacuate or intake any fluids during the exer-
cise protocol. This protocol was repeated at 15-min in-
tervals until target dehydration, indicated by a body
mass loss of 3% was achieved. Studies have indicated
that greater than 2% body mass loss by dehydration re-
sults in a significant exercise deficit 3, 10, 13, 14].
When 3% body mass loss was reached, participants
rehydrated by consuming a volume of fluid (Deep,
Sports, or Spring) equal to their body mass loss, assum-
ing that each 1L =1kg. Rehydration occurred in two
phases. In the first phase, participants consumed

Nutrient Kona Deep® {deep-ocean mineral water)® Arrawhead {mountain spring water)b Gatorade® {carbohydrate-based sports drink)®
Sodium 85 mg/L 3mg/L 4509 mg/L

Chloride 150 mg/L 0-12mg/L 4083 mg/L

Potassiurm 4 mg/L 0-29 mg/L 1268 mg/L

Magnesium 43mg/L T4 mg/L Omag/L

Calcium 14 mg/L 4 mg/L 0mag/L

Boron 065 mg/L Omg/L Omag/L

Bromide 540 pg/L 3.0 pg/L 0 g/

Chrorium 22 pg/L Opg/L Opg/ll

Carbohydrates O g/L 0g/L 59.2g/L

“Values provided by Kona Deep® Corporation via a 3rd party laboratory report. "Values are minimum ranges based on Arrowhead 2016 Water Analysis Report at
www.nestle-watersna.com. “Values caleulated based on amounts reported for Gatorade® Thirst Quencher at www.Gatorade.com. Values were not validated

in house
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Dehydration Protocol:

DATA COLLECTION: DATA COLLECTION:
* Heart Rate * Heart Rate
*  Body Woeight * Body Weight
+  Tympanic Temp +  Tympanic Temp
Saliva Sample « Saliva Sample
1. Biodex Exercise Training 3% Body |Yes| 2.Biodex
(peak torque > 15 minute intervals Mass b (peak torque
extension) (stationary bicycle, 30 °C) Loss? extension)
s
No
. Hydration
Hydration Protocol: Protocol
Saliva Sample
Phase 1 collection Phase 2 :
Fluid Intak .I Fluid Intak 3. Blodex
uid Intake = uid Intake = (peak torque
2 total volume loss 2 total volume loss :
2 b 10 5555 2 bt 1055555565 extension)

(total: 30 mins) (total: 45 mins)

Fig. 1 Sxpermental design and protocel. Dehydratior Protocel: Eubydraled parlicipants were randomly assignea in a counterbalarced fashion 1o
ore of three groups (Deep, Sports, or Spring). Pror to data collection, part'c ants executec 1 of 3 peak torgue extension mareuvers to ootain a
baseline value. Following peak tercue extension, parameters were co'lected (indicated in the pane labe'ed DAIA CO_LECTION) anc exercise was
initiated us'ng a stat'onary bicycle uncer moderate heat stress (32-35°C). Exercise was continued for 15 m™n followed by collecton of paramaters.
If partic’oants did not acheve 3% body mass loss, exercise was reintiated ‘or another 15 min. This cycle was continued untll participants lost a
minimum 3% of body mass and participants were not allowed to evacuate or intake any fluids. Upon completion of the Dehvdration Protocol
particinants immediately executad the second 27 of 3 pea< torque extensian maneuvers to obta'n a past-exercise value and transitaned to the
Hydrat'on orotoco . Hydration protocol: Participants rehydrated with 1 of 3 fluids, 'n 2 phases, Phase 1: Participants consamea fluics at %2 of the
total velume ost. 10min following fluid irtake a saliva sample was collected. Sample collection cortinued at 5-min atervals until 30 mir from
the time of fluig intake. Phase 2: The remaining amount (4 of the tetal volume lost) of fuld was ingestad fellowed by saliva sample collection

10 min later. Saliva collection cont'nued at 5-min intervals until 45 min from the second fluld intake. Immediatey followirg the final saliva
collection, participants executed the thid [3] of 3 peak torgue extension maneuvers 1 oblair a post-hydration value

one-half of the total volume lost. Stimulated and un-
stimulated saliva samples were collected starting at 10
min after this initial rehydration phase (to avoid the
cofounding effect on salivary osmolality due to oral
rinse) [17], and at each subsequent 5-min interval, for
30 min. After this 30-min time period, the second phase
occurred, in which participants consumed the remainder
of the fluid. Saliva samples were taken starting at 10 min
after this second rehydration phase, and at each subse-
quent 5-min interval, for 45 min.

Lower body muscle performance

Peak torque of the left knee extensors, measured on a
Biodex™ System 3 dynamometer, was used as a measure
of lower body muscle performance. As illustrated in Fig.
1, a peak torque extension maneuver was executed three
times during the Dehydration and Hydration Protocols:
1) baseline — prior to exercise, 2) post-exercise — fol-
lowing loss of 3% body mass, and 3) post-hydration —
after the final saliva collection (75min post-exercise).
Participants performed a series of 3 maximal contrac-
tions of the left knee extensors at a rotational velocity of
60 degrees per second using the Biodex™ To maintain

consistency, participants performed this test oriented in
the same position, and using the same hand grips for
support during each of the measurements. Participants
were also vigorously encouraged to exert maximal effort
on ecach measurement by the same individuals. To
familiarize participants with the Biodex™ machine, they
were allowed a “practice” period prior to each measure-
ment to move their leg at will, and become accustomed
to the speed of movement. When the participants were
comfortable and ready to perform the measured test,
they indicated this to the machine by holding their leg in
a fully contracted position for several seconds, signaling
the measurement process detailed above to proceed.

Salivary osmolality

Hydration status was monitored using salivary osmolal-
ity. Several different measurements can be used to assess
hydration, including serum, saliva, and urine osmolality,
and urine volume and specific gravity, and the most ap-
propriate measurement depends on the mode of dehy-
dration, and the frequency of the measurement. Previous
studies have demonstrated that, for repeated measure-
ments during active dehydration (i.e. exercise) in the
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heat, salivary osmolality is an accurate, non-invasive
method to measure ECF osmolality [18].

Saliva was collected from the oral cavity, first as a pas-
sive expectorant (unstimulated) [17, 19], and then fol-
lowing mechanical (stimulated) orofacial movement
(chewing on a cotton swab). Stimulated saliva samples
were spun down in a centrifuge for 10 min to collect sal-
iva from the cotton swabs. All samples, both stimulated
and unstimulated were then vortexed tc homogenize the
samples. Salivary osmolality was measured using a dedi-
cated vapor pressure osmometer (Wescor VAPRO®
5600) by the same three individuals, using 10 ul of each
sample, and each sample was run in triplicate. This was
done immediately after sample collection to prevent
sample spoilage. In addition to daily calibrations, the
osmometer was calibrated prior to each new bio-
logical sample.

Data and statistical analysis
All values are presented as mean (SD). Body Mass Index
(BMI) was calculated using the following equation:

BMI = bedy weight (in kg)/height (in meters)”

Body Surface Area (BSA) was calculated based on the
following equation [20]:

BSA (m”) = V(Height (in em} x body weight {in kg)}/3600

To compare heart rate, body weight (BW), BMI, BSA,
and tympanic temperature at baseline and peak, the
measured values in each individual were averaged across
the three arms of the study. The same method was used
to calculate mean values for time to 3% body mass loss,
sweat rate, baseline and post-exercise peak torque.
Salivary osmolality (Sesm) was plotted against percent
body mass loss; bedy mass loss was calculated as the dif-
ference in body mass after completion of the dehydrat-
ing exercise, from bedy mass at trial initiation. This
value was divided by bedy mass at trial initiation and
expressed as a percentage. For each individual, Sgpp
against body mass loss (%) was fit by linear regression.
Differences in the slopes of the regression lines between
the groups were calculated using one-way analysis of
variance (ANOVA) with Bonferroni post hoc correction
for multiple comparisons. The return of S, to baseline
during the Hydration Protocol was best fit by a
mono-exponential (one-phase decay) model where,

Sosm = (Sosm (peak)—Sosm (baseline))™
+Sosm(baseline)

Sosm = Salivary osmolality; Sosmbaseliney = Salivary
osmolality at baseline (approximate; calculated as plat-
eau phase of best fit model); Soomepenty = Salivary esmo-
lality at peak (Sosm at end of Dehydration Protocol).
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Time was adjusted such that the time at Sqmpeay Was
set to t=0 in order to normalize fit parameters. K = rate
constant, tau (1) =1/K, and T 15 = half-time S, recov-
ery. Performance loss was calculated as percent loss
from baseline; performance recovery was calculated as a
percentage of baseline peak torque where post-exercise
peak torque was divided by baseline peak torque and
expressed as a percentage (Peak Torquepes.eo/Peak
Torquepase X 100).

We used p values of <0.05 to indicate statistical sig-
nificance. Statistical calculations were calculated using
commercially available software (GraphPad Prism ver-
sien 5.0 for Mac OS X). Differences between averaged
age, height, heart rate, BW, BMI, BSA, tympanic
temperature, time to 3% body mass loss and sweat rate
were determined using 2-way ANOVA with poest-hoc
Bonferroni analysis. All other comparisons were com-
pleted using a repeated measures 2-way ANOVA
followed by a post-hoc Bonferroni analysis. No
non-parametric tests were necessary, as all data were
normally distributed.

Results

Age and body Morphometrics

At the time of the study, female participants (i = 8) were
22.1+21years of age, which was not different from
male participants (#7=9) who were 23.6+2.2years of
age. Female participants were significantly less in height
when compared to male counterparts (167.6 + 2.9 cm vs
181.1 + 4.6 cm). Considering the significant difference in
height, BW (65.2+10.2kg vs. 76.0+8.6kg) and BSA
(1.74+0.11m? vs 1.95 + 0.14 m?) were significantly less
in females compared to males. However, this difference
was eliminated in the calculated BMI; females had a
BMI of 23.3 + 3.0 kg/m® while males had a BMI of 23.2
+3.4kg/m”.

Heart rate and body temperature

Although baseline heart rate trended higher in females
(85.8+6.4bpm) compared to males (80.4+16.3bpm),
the trend did not reach significance. For each 15-min
bout of exercise, we recorded peak heart rate and subse-
quently averaged these values to arrive at a single peak
heart rate. We saw no significant impact of sex on peak
heart rate, and no interaction between sex and exercise
on peak heart rate.

Tympanic temperature as an
temperature was also recorded throughout the exercise
protocol. Despite being subjected to exercise and moder-
ate heat stress, both female (97.9 + 0.5 °F vs. 99.2 + 0.7 °F)
and male (97.7+08°F vs. 99.3+0.7°F) participants
maintained body temperature to a similar extent, dis-
playing no significant increase in core temperature dur-
ing exercise.

indicator of core
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Exercise and salivary osmolality

For cach saliva sample (unstimulated and stimulated),
we determined salivary osmolality (S,s,) and plotted
Sosm against the percent of body mass lost. For display
purposes, we represent the data as binned samples +
standard deviation (S.D.). Stimulated and unstimulated
Sesm were significantly (positively) correlated with per-
cent of body mass loss for both females and males. As il-
lustrated in Fig. 2, Sism progressively increased during
exercise bouts paralleling lost body mass. The relation-
ship of Sysm and percent body mass loss was not differ-
ent between females and males.

No significant differences in baseline S,y among
study groups based on fluid designation were detected,
validating that participants began each arm of the three
trials at a similar hydration level. Baseline S, was not
cffected by sex in the stimulated (females 94.39 + 14.90
vs males 113.00 +63.84), or the unstimulated (females
94.06 + 26,62 vs males 95.51 = 33.27) saliva samples, and
there was no interaction between study group designa-
tion and sex, Peak Sy, (stimulated and unstimulated)
was taken as the wvalue for S, once participants
reached at least 3% body mass loss. Similar to baseline,
peak S, was not significantly impacted by either study
group designation or sex in the stimulated (females
180.29 +60.37 vs males 256,96 £ 104.57), or the un-
stimulated (females 235.04 + 105.99 vs males 297.14 =
102.39) saliva samples, Moreover, there was no signifi-
cant interaction between these factors on peak Siem. At
the completion of 3% body mass loss, all participants
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achieved a significant (p < 0.0001) increase in averaged
Saem Over bascline values, However, this clevation in S,
was not affected by the sex of the participant (Fig. 2d, ¢).

Time to body mass loss

We compared the expended time for participants to
achieve a 3% body mass loss in each study arm (study
group designation). Participants (female and male) did
not differ in the time to achicve a 3% body mass loss be-
tween the 3 trials (Fig. 3a). We found a significant effect
(P <0.0125) of sex on time to achieve 3% body mass loss,
with no interaction between study group designation
and sex. Subsequent comparison of the mean values for
each participant demonstrated that males took less time
(90.0 £ 18.3 min; P<0.0034) to reach the required body
mass loss when compared to females (127.1 + 20.0 min)
(Fig. 3b). Assuming that body mass loss during the exer-
cise period was due to water loss, we calculated sweat
rate using the absolute mass of lost body mass and the
total time to reach 3% body mass loss (Fig. 3c). Based on
the averaged values of sweat rate for each participant, fe-
males (15.3 + 3.2 ml/min; p <0.0083) demonstrated lower
sweat rates compared to males (25.2 + 7.8 ml/min), con-
sistent with the greater time to achieve 3% body mass
loss in the female group.

Impact of fluid on S,;,, recovery {rehydration)
Peak S,qn steadily declined and returned to baseline
Sosm Values before completion of the saliva collection
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Fig. 2 Salivary csmolality as a function of bady mass (oss. Salivary asmolality (5., mmaol/Kgl was plotted as a funcrion of change in boay mass
percentage 1n each of the three groups: Beep (a), Soorts () or Sorng (¢ groups. (ncivicual measures of salivary asmolality were averaged frem
tha three trials. Sa vary asmolality (5, mmol/Kg) was significantly clevated Fp < 0.0001; Females anc Males) at Peak compared Lo Sase ne
collectea as either Stmuated {d) or Unstimulated {e). No differences oetween Females and Males were detected, nor was there an interaction
een sex ard time poirt of data collection. Two-way ANOVA with post-hoc 3onferroni analysis, Data oresented as mean + 50
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Table 2 The return of Sy to baseline levels during rehydration

Recovery of Salivary Osmolality (Sesm)

Females (n=8) Males (h=9)
Stimulated Sgsm

Deep

K {min ") 0077 + 0015 0123 + 0077

T {min) 13326 105 + 4.3

T 172 (min) 22+18 72+ 30
Sports

K{min 1) 0.028 £ 0011 0035 + 0021

T {mir) 432 £ 227 385+ 238

T 1,2 (i) 300 £ 158 266+ 165
Spring

K{rnin 1) 0.031 £ 0006 0032 + 0023

T (min) 336 £59 435+ 196

T 12 (min) 233 £4.1 304+ 136

Unstimulated Soqm

Deep

K (min " 0.085 +£ 0017 0.106 £ 0038

T {min) 123 +27 103+ 27

T 142 (min) 85+ 18 72418
Sports

K (min ") 0.028 £ 0013 0.030 £ 0014

T (min) 420 + 166 329+96

T 142 (min) 291 £115 228+66
Spring

K {min 1) 0.028 £ 0011 0.032 £ 0023

T {min) 421 £133 400 + 16.1

T 172 (min) 291 £19.1 2771112

The relationship between S.q, and time during the rehydration phase was
best fit by a mono-exponential (one-phase decay) model. One-phase decay
equation: Sosm = (Sosmipeak)- Sosmibaseline)}Kt + Sosmibaseline); K =rate
constant, tau (1) =1/K, and 1, , =halftime S, recovery. Data presented
as mean +S.D

Dehydration, rehydration, and exercise performance

Each participant (female and male) achieved a similar
peak torque extension at baseline and immediately fol-
lowing 3% body mass loss across each study arm and is
summarized in Fig. 5a. The dehydrating exercise proto-
col significantly impacted peak torque (p =0.0048),
which was dependent on sex (p = 0.0005). Overall, males
generated greater peak torque extension at baseline
when compared to females (308.3 +56.7 Nm vs 172.8 +
40.8 Nm, respectively) and immediately following loss of
3% body mass (276.3 +39.5 Nm vs 153.5 + 35.9 Nm, re-
spectively). When comparing baseline and post-exercise
peak torque, there was significant main effect of the ex-
ercise protocol on peak torque (p =0.0002). However,
the loss of peak torque reached significance only in
males (9.6 +/— 7.4%; p = 0.0117) and not in females (10.6

(2019) 16115

Page 8 of 12

+/-81%; p =0.1998). Although participants in each
study group failed to fully recover peak torque extension
following rehydration, there was a significant effect of
the rehydrating fluid (p = 0.0157) on the percent peak
torque recovery (Fig. 5b).

Discussion

The goal of the study was to evaluate parameters of de-
hydration and associated performance deficits due to de-
hydrating exercise, and then to determine if hydration
and muscle performance recovery was dependent on
fluid type. Secondarily, we observed potential sex differ-
ences in these parameters, although the study was not
explicitly powered for such comparisons.

Heart rate and body temperature

Qur observations on increases in heart rate are consist-
ent with most [21-24], but not all [25] studies in the lit-
erature reporting statistically similar increases in heart
rate for females and males during strenuous exercise. It
has been suggested that males and females may differ in
heart rate response to exercise, due in part to differences
in exercise capacity, with men being able to reach higher
exercise intensities, and therefore generate larger
changes in heart rate during exercise [25]. It has also
been suggested that a bias may exist in research
personnel against pushing females as hard as males dur-
ing exercise [25], and that males may put in a higher de-
gree of effort during exercise than females [22], both of
which could show confounded sex differences in peak
heart rate. Indeed, we informally observed that males
tended to exercise at a higher workload than females
during cur exercise study. However, our study, as well
as another [22] showed similar max heart rates in fe-
males as males, despite the appearance of a difference
in effort, indicating that males and females demon-
strated similar exertion.

Sex differences may exist in thermoregulatory factors
following heat stress and exercise [26], and we kept track
of participants’ tympanic temperature, which is repre-
sentative of body temperature [27], throughout the exer-
cise protocol. We observed a slight but statistically
insignificant increase in tympanic temperature through-
out the duration of the exercise protocol in men and
women, with no differences between the sexes. This lack
of difference between sexes was not surprising, because
although males and females differ in some specific as-
pects of thermoregulation (sweat rate and evaporative
cooling efficiency) during exercise in the heat, it is
thought that females and males are able to maintain
body temperature with similar efficiency [26]. However,
we did not expect to see an overall lack of significant in-
crease in body temperature after exercise, since much of
the literature supports the idea that exercise, heat, and
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dehydration impair thermoregulation [3, 11, 26]. One
potential explanation for our data may be variation in
the duration to achieve 3% body mass loss [3] or the fit-
ness level of the study participants [3, 28]. More likely,
acclimation to exercising in hot conditions may be the
reason for this observation. Heat acclimation may pro-
vide the athlete with the benefit of expanded erythrocyte
volume, and plasma volume, both of which have the po-
tential to improve thermorcgulatory ability in athletes
[29]. We did not account for heat acclimation in this
study, but it is reasonable to infer that some or all of the
study participants had some level of heat acclimation liv-
ing in Arizona, a region with a hot, dry climate through-
out most of the year.

Salivary osmolality and time to body mass loss

Average baseline S, was not different between males
and females. As expected, the total time to achieve a 3%
reduction in body mass was similar among the three tri-
als completed by each participant, regardless of sex,
indicating consistency in exercise performance. Further-
more, we confirmed a significant positive correlation be
tween percent body mass loss through sweat (dehydra-
tion) and S.q, for both males and females, as expected
during intense exercise in the heat. These were import-
ant observations, because they indicate that participants
started at the same hydration level and executed a simi-
lar amount of exercise during each trial. Although power
output was not measured, we observed that men may
have had higher average power output and tended to use
greater resistance throughout the workout, consistent
with findings showing higher aerobic workload capacity
in men compared to women [30]. A higher power

output in males could be one reason for the observed
shorter time-to-dehydration than females. This difference
in time-to-dehydration could also be attributed to a faster
general sweat rate in males than in females, mainly due to
greater body surface area and lower surface arca-to-mass
ratio, and greater metabolic heat production in males than
in females [30, 31]. Although females generally have a
greater number and density of eccrine sweat glands than
men [30], the per-gland sweat secretion rate is a larger
contributing factor to overall sweat rate than the number
or density of sweat glands [31]. Sweat sccretion rate per
gland varies inter- and intra-individually, but it is possible
that this factor may be partially responsible for this ob-
served sweat rate difference.

Dehydration, rehydration, and exercise performance
Baseline and post-exercise values indicated that males
generated greater peak torque than females, as expected,
based on a higher average muscle mass in males than in
females. In our study, fluid loss due to exercise resulted
in a significant muscle performance deficit that was not
impacted by sex. Although current literature is fairly in-
conclusive, results from many studies do suggest that
dehydration negatively impacts muscular strength,
power, and endurance [32]. However, there is relatively
little research comparing potential dehydration-induced
decline in muscle strength between men and women,
and results of such studies vary. [32, 33]. The results of
the current study do not necessarily support the notion
that dchydration negatively impacts muscle strength, as
the effects of dehydration were not isolated from the ef-
fects of exercise and muscle fatigue in this study.
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Interesting findings from previous work suggest that
consumption of deep-ocean mineral water following a
dehydrating exercise protocol improves aerobic perform-
ance and muscle strength [13, 14]. Although these stud-
ies did not measure “hydration status”, our initial study
demonstrated a significantly more rapid return to
pre-exercise (baseline) hydration levels in addition to
improved recovery of lower body muscle performance
following rehydration (post-hydration) with deep-ocean
mineral water [15]. In this more comprehensive study,
we found that male and female participants demon-
strated elevated rates of hydration recovery, and that
peak torque of a leg extension may also be improved
when fluid was replenished with deep-ocean mineral
water compared to other fluids. Therefore, improved
acute hydration may be one factor by which deep-ocean
mineral water improves exercise performance, as has
been shown.

Although we did not study the precise mechanism
underlying enhanced fluid recovery with deep-ocean min-
eral water, it is likely that the unique mineral composition
of deep-ocean mineral water contributes to this character-
istic (See Table 1 for a nutrient comparison of fluids). A
2013 study by Hou et al. [13] speculates that elevated
levels of magnesium (Mg) in deep-ocean mineral water
may be a major contributor to its performance-enhancing
effects, citing evidence of a correlation between Mg status
and musde strength. However, Kona Deep® contains far
less Mg than the deep-ocean mineral water used in the
Hou study, and therefore, we cannot necessarily predict
that the modest difference in Mg between the three fluids
in our study was a major contributer to the observed ef-
fects on muscle performance. Additionally, we have no
evidence to support a connection between Mg and
hydration recovery.

Another possible mineral contributor is boron. Both
Kona Deep® and the water used in the Hou study con-
tain significant amounts of this trace mineral. Hou re-
ports that boron attenuates the rise in plasma lactate,
potentially delaying fatigue, and prevents Mg loss. As
with Mg, however, we have no evidence to support a
connection between boron and hydration recovery.
Interestingly, composition of the intake fluid impacts in-
testinal water flux more so than osmolality [34]
Carbohydrate-electrolyte sports drinks, such as Gator-
ade®, are proposed to increase intestinal water absorp-
tion due to the presence of glucose, which assists
sodium transport into the intestinal cells via the
sodium-glucose cotransporter, thereby influencing water
flux by promoting an osmotic gradient [35, 36]. How-
ever, we observed no greater acute hydration rate with
Gatorade® compared to the other fluids. This may be
due to the influence of gastric emptying rates, as fluids
containing carbohydrates may decrease gastric emptying
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rate compared to non-carbohydrate-containing fluids
[36, 37]. Notably, slower gastric emptying rates may
also decrease intestinal absorption rates [35], thereby
slowing overall fluid uptake and assimilation into the
body fluid compartments.

Limitations

Several limitations of the study have been mentioned
throughout the paper. We relied on the use of salivary
osmolality as the sole marker of hydration throughout
the study. Previous work shows that salivary osmolality
is highly valuable for serial measures of hydration during
intense physical activity in the heat [18]. More import-
antly, we needed multiple data points to best model in-
stantaneous changes in osmolality throughout the
dehydration and rehydration periods. Due to the con-
tinucus nature of the exercise protocol, serial urine col-
lections were not practical for this study. Some
limitations do exist for the use of §,,,, as a marker of hy-
dration, including an initial sharp drop in osmolality
caused by oral rinse and variability between participants
[3, 15, 17-19]. To account for these limitations, saliva
samples were collected starting at 10 min after partici-
pants ingested the rehydrating fluid, which allowed Soqp,
to return to pre-rinse levels. Furthermore, baseline, peak
or the rate of increase in S, across the 3 trials was
similar for each participant, indicating Sysm was an ap-
propriate method for comparing rehydration fluids
within each participant.

Participants were separated by sex based on second-
ary analysis of study parameters. Because the study
was not powered for sex differences, analysis of peak
torque would require further studies specifically pow-
ered for sex as a primary outcome. Similarly, dietary
restrictions were suggested and not strictly enforced
and cannot be ruled out as a potential contributor to
any sex differences.

Finally, the American College of Sports Medicine
(ACSM) recommends 1.25-15L of replacement fluid
for every 1 kg lost during exercise, as fluid loss continues
post-exercise as a result of continued sweating and urin-
ary losses [12]. In our study, participants replaced fluid
lost in a 1:1 ratio. During development of the protocol
in pilot studies, participants were not able to ingest fluid
amounts suggested by the ACSM recommendations. In
addition, participants did not urinate during rehydration,
and all subjects completed the final saliva collection and
muscle strength measurement at their full baseline body
mass. Future studies will be designed to address these
limitations as well as the underlying mechanisms by
which deep-ocean mineral water elicited enhanced hy-
dration effects, including the contribution of specific nu-
trients specific to deep-ocean mineral water.
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Conclusions

Kona Deep® deep-ocean mineral water improved acute
rehydration rate after a dehydrating exercise in both
males and females, compared to spring water and
Gatorade®. However, it remains unclear whether the
hydration-enhancing effect of deep-ocean mineral water
impacts performance recovery as demonstrated previ-
ously [13—15]. Future studies will be targeted at unco-
vering the mechanisms behind the hydration-enhancing
properties of deep-ocean mineral water, further charac-
terizing sex differences in these relationships, and correl-
ating additional measures of hydration, such as serum
osmolality, with that of Segp.
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APPENDIX B: University of Arizona Health History Screening Questionnaire

John P. Konhilas, A THE UNIVERSITY
. OF ARIZONA.

Arizona Health Sciences Center

Ph.D. Arizona Health Sciences Cir.
Associate Professor MRB, Room 320
Department of Physiology (520) 626-6578
PC Box 245051 FAX: (520) 626-7600
Tucson, AZ 85724 E-mail: konhilas@arizona.edu

UNIVERSITY OF ARIZONA
HEALTH HISTORY SCREENING QUESTIONNAIRE (UAHHSQ)

Please complete thoroughly and accurately.

Date

Name: Ethnicity:
Address: City: State: Zip:
Date of Birth: Age: Height: Phone #:

Email: @

Emergency contact information: Name: Phone #:

Personal healthcare provider to contact in case of an emergency:

Name Phone #:

City:

CARDIOVASCULAR HEALTH HISTORY

Have you ever been diagnosed with or had any of the following?

Heart Attack? Yes[ ] No[_]
Heart Surgery ? Yes[ ] No[_]
Cerebrovascular accident (e.g. Stroke)? Yes[ | No[ ]
Transient Ischemic Attack (TIA)? Yes[] No[ ]
Carotid Artery Disease? Yes[ ] No[ ]
Cardiac Catheterization? Yes[ | No[_]
Coronary Angioplasty? Yes[ ] No[ ]
Pacemaker/Implantable Cardiac Device? Yes[ | No[ ]
Irregular Heart Rate/Heart Rhythm Disturbance? Yes[ ] No[]
Atrial Fibrillation? Yes[ ] No[_]
Heart Valve Disease? Yes[ | No[ ]
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Heart Failure? Yes[ | No[ |

Heart Murmur? Yes[ | No[ |
Heart Transplantation? Yes[ | No[_|
Congenital Heart Disease? Yes[ | No[ |

Have you ever experienced any of the following symptoms:

Chest discomfort with exertion? Yes[ | No[ ]
Unreasonable breathlessness? Yes[ | No[_]
Dizziness, fainting, or blackouts? Yes[ | No[ |
Syncope (loss of consciousness)? Yes[ | No[]
Hypoxia (low oxygen levels)? Yes[ ] No[_]
Do you currently take heart medications? Yes[ | No[ ]

If yes. what?

Have you been diagnosed with diabetes (Type 1 or Type 2) or
problems with blood sugar levels? Yes[ ] No[]
If yes, please note Type 1 or Type 2

Ifvou circled ves to any of the abave statements in this section, consult vour physician or other appropriate health care provider
before engaging in exercise. You may need to use a facility with a medically qualified staff.

CARDIOVASCULAR RISK FACTORS

Are you a male over 45 years old? Yes[ | No[_|
Are you a female over 55 years old? Yes[ | No[_]
Have you had a hysterectomy? Yes[ | No[_|
Have you had both of your ovaries surgically removed? Yes[ ] No[]
Are you postmenopausal? Yes[ | No[ ]
Do you currently smoke or have you quit within the last

six months? Yes[ | No[ |
Is your blood pressure greater than 140/90 mm Hg? Yes[ | No[]

I Don’t Know[ |
If known, what is your blood pressure? / mm Hg

Do you currently take blood pressure medications? Yes[ | No[ ]
Do you currently take any medications for your heart? Yes[ | No[_]

101




Is your total blood cholesterol level greater than 200 mg/d1? Yes[ ] No[]

I Don’t Know[ |
Do you know your cholesterol level? Yes[ ] No[]
1f yes, Total Cholesterol .

LDL o

HDL -

Triglycerides o
Do you have a close blood relative who has suffered a heart attack
or had any kind of heart surgery before the age of 55 (for father
or brother) or age 65 (for mother or sister)? Yes[] No[_]
Are you more than 20 pounds overweight? Yes[] No[_]

I Don’t Know

Are you physically inactive (i.e., do you get less than 30 minutes
of physical activity less than three times a week)? Yes[ | No[ ]

Have you had a recent surgery (in the past 2 years)? Yes[ | No[ ]

Have you had an exercise stress test, heart catheterization,
or echocardiogram? Yes[ | No[ ]

If yes, please explain

To the best of your knowledge, is there any reason that might Yes[ ] No[]
make it unsafe for you to participate in exercise?

Ifvou cireled ves to two or more of the statements in the above section you should consult vour physician or other appropriate
health care provider before engaging in exercize. You might benefit from using a facility with a professionally/medically
qualified exercise program and staff’

To the best of my knowledge, the information I have provided above is an accurate assessment of my
health and medical history.

Name of Participant Participant’s Signature Date

Name of Administering Staff Signature of Staff Member Date

Please stop here. The remainder of this Health History Screening Questionnaire will be administered to
you by one of our staff.
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STAFF: Administer the remaining portion of the UAHHSQ,.
GENERAL MEDICAL HISTORY

Height: Weight: BMI (calculated):

Do you drink alechol?
If yes. how many drinks per week?

Check One

Yes[ ]

No[_]

Are you taking any prescription or over-the-counter medication?

If yes, what medication and what dosage?

Yes[ ]

No[_]

Do you take any vitamins, supplements, or
herbal/homeopathic medications?

If yes, what type and what dosage?

Yes[_]

No[_]

Has your body weight been stable over the past 6 months?

If no, please explain

Yes[ ]

No[_]

Have you been on a recent diet or a prescribed diet?

If yes, please explain

Yes[ ]

No[_]

Have you been diagnosed with asthma, exercise-induced asthma, reactive airway disease,

pulmonary disease (COPD), or any other respiratory disease?

If yes, please describe:

Yes[ ]

chronic obstructive

No[_]

Have you ever been diagnosed with cancer?

If yes, please describe when and what type:

Yes[ ]

No[_]

Have you ever undergone a lymphectomy?

If yes, please describe when and why?

Yes[ ]

No[ ]

Do you have musculoskeletal problems that limit your physical
activity such as walking?

Do you have concerns about your safety when you exercise or
exert yourself?

Yes[ ]

Yes[ ]

No[_]

No[_]
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FOR FEMALES ONLY:

Are you pre- , peri- or post- menopausal?

If premenopausal, are you using any form of contraception
(birth control) or horimone therapy for any reason?

If yes, why and what type?

No[_|

If you are premenopausal:

Are you pregnant? Yes[ ]
Could you be pregnant? Yes[_]
Are you trying to become pregnant? Yes[ ]

If you are peri- or postmenopausal:

For how long?

No[ | I Don’t Know[ |
No[_] I Don’t Know|[ ]

NOD

When was your last menstrual period?

Have you had a hysterectomy w/ or w/out ovary removal? Yes[ |

Have you had an cophorectomy without removal of your

uterus?

Are you currently taking any type of hormone replacement

therapy or using any form of contraception (birth control)? Yes[ |

If yes, what type? How long?

No[_|

No[ |

No[_|

Dosage

Name of Administering Staff Signature of Staff Member

Date

Adapted from ACSM's Guidelines for Exercise Testing and Prescription. Philadelphia: Lippincott Williams & Wilkins, 2013,
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Have you ever experienced burning or ecramping sensations in

your | legs when walking short distances?

Do you have any other health problems, illnesses, diseases,
infections, surgeries, allergies, or hospitalizations?

If yes, please explain,

Yes[ |

Yes[ |

No[_]

No[ ]

FAMILY HISTORY

Please check all that apply

Family Member High Blood Diabetes Heart Diseases Comments
- Pressure TypelorIl
If yes, was it before the age of 657
Mother YesD NDD
If ves, was it before the age of 857
Father
YesD Nl]l:‘
Sibling Gender: Apge:
Sibling Gender: Ape:
Paternal
Grandmother Apge:
Paternal
Grandfather Apge:
Maternal
Grandmother Age:
Maternal
Grandfather Age:
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APPENDIX C: Participant Consent Form

A

ARIZONA

The University of Arizona Consent to Participate in Research

Study Title: The Impact of Post-exercise Hydration with Deep Sea Mineral Water
on Exercise Performance, Rehydration, and Recovery.

Principal Investigator: John Konhilas (P1) and Douglas Keen (co-Pl)

This is a consent form for research participation. It contains important information about this
study and what to expect if you decide to participate. Please consider the information
carefully. Feel free to discuss the study with your friends and family and to ask questions before
making your decision whether or not to participate.

Why is this study being done?
The purpose of this study is to measure changes in the metabolomic profile due to exercise,
dehydration, or a combination of exercise and dehydration, and to understand the relationship

of these changes to performance deficits that may occur after dehydrating exercise. This study
involves research using human subjects as voluntary participants.

What will happen if | take part in this study?
If you take part in this study, you will be asked to participate in at least one of six different
exercise/dehydration trials. Each trial will be separated by at least 48 hours. During each trial
you will be asked to participate in an exercise-challenge protocol (stationary biking, treadmill,
or squats) under warm conditions (30°C or 86°F). If you are in one of the dehydration groups,
you will exercise until 3-5% of your body mass is lost from exercise-induced dehydration {mainly
through sweat). If you are in one of the hydration maintenance groups, you will exercise for up
to 2 hours while maintaining hydration. After the dehydrating exercise protocols, you will be
asked to consume a rehydration fluid (deep-sea mineral water), the volume (in milliliters) of
which will be equal to 1.5 times the total body mass you lost (in kg). During each trial, the
following parameters will be measured and/or collected to evaluate hydration status and
exercise performance:

s Body mass

* Blood pressure and heart rate variability

« Tympanic temperature

s VOzmax

s« Urine, saliva, and blood samples (up to 6 draws of 4 mL each)
You will be asked to perform a series of 3 maximal contractions of the left knee extensors on a
Biodex machine as a measure of peak power production before the exercise protocol,
immediately after the exercise protocol, and after rehydration. The night prior to each trial and
on the morning of each trial you will be asked to consume 1.5L of commercially available

1 HSPP Use Only:
1 Human Subjects Protection Program
| Consent Form TS02a v 2015-01

___________________________

! Consent Version: 04/03/2018
Page 1 of 5
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A

ARIZONA
bottled (non-spring) water to ensure that you are properly hydrated. You will be asked to
follow a normal diet while avoiding foods high in sodium and alcohol for 24 hours before each

trial.

How long will | be in the study?

Baseline measurements will be taken at least 48 hours prior to the day of the first exercise trial.
If performing multiple trials, each trial will be separated by at least 48 hours. Therefore,
completion of the study will require 4-25 hours over the course of 1-6 weeks, depending on the
number of trials in which you choose to participate.

How many people will take part in this study?
This study will involve the participation of approximately 15 male subjects and 15 female

subjects.

Can | stop being in the study?

Your participation is voluntary. You may refuse to participate in this study. If you decide to
take part in the study, you may leave the study at any time. No matter what decision you
make, there will be no penalty to you and you will not lose any of your usual benefits. Your
decision will not affect your future relationship with The University of Arizona. If you are a
student or employee at the University of Arizona, your decision will not affect your grades or
employment status.

What risks, side effects or discomforts can | expect from being in the study?

Participation in this study does not pose more than minimal risk. The risks associated with this
study are similar to the risks present during normal physical exertion and may include physical
fatigue, exhaustion, and dehydration. Additionally, the risks invelved in drawing blood from a
vein may include momentary discomfort at the site of the blood draw, possible bruising,
redness and swelling around the site, bleeding at the site, feeling of lightheadedness when the
blood is drawn, and rarely, an infection at the site of the blood draw. There are no anticipated
risks due to HRV measurement or body composition measurement, as these are non-invasive
measures. There are no anticipated psychological, social, legal, or economic risks associated
with this study.

What benefits can | expect from being in the study?

You may or may not benefit as a result of participating in this study. Subjects may benefit from
the moderate aerobic exercise required in this study, exercise being an important part of an
active, healthy lifestyle.

What other choices do | have if | do not take part in the study?
You may choose not to participate in this study without penalty or loss of benefits to which you
are otherwise entitled.

_____________________ ' Consent Version: 04/03/2018

! HSPP Use Only:

| Human Subjects Protection Program Page 2 of 5
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ARIZONA

Will my study-related information be kept confidential?

Only the Principal Investigator, Dr. Konhilas, co-Principal Investigator, Dr. Keen, and the
researchers, Mr. Harris and Mr. Sivertson, will have access to the materials containing personal
identification of the participants throughout all steps of the experiment (recruitment, consent
process, and research procedures). Participants will be assigned a subject code that will appear
in the participants’ record. The key to participant codes will be held separately from the data.
Participant codes will not be used in any paper presentations or manuscripts resulting from the
research. Participants’ identities will be known only to the Pl, co-Pl and researcher. All data will
be encrypted and stored electronically on a password protected desktop computer. The
password will only be known to the Pl and to the researchers. Data will be stored for 6 years
after publication date.

Efforts will be made to keep your study-related information confidential. However, there may
be circumstances where this information must be released. For example, personal information
regarding your participation in this study may be disclosed if required by state law.

Also, your records may be reviewed by the following groups:
e Office for Human Research Protections or other federal, state, or international
regulatory agencies
e The University of Arizona Institutional Review Board

A description of this clinical trial will be available on http://www.ClinicalTrials.gov (registration
pending), as required by U.S. Law. This Web site will not include information that can identify

you. At most, the Web site will include a summary of the results. You can search this Web site
at any time.

What happens if | am injured because | took part in this study?

If you suffer an injury from participating in this study, you should seek treatment. The
University of Arizona has no funds set aside for the payment of treatment expenses for this
study. You will be provided with any new information that develops during the course of the
research that may affect your decision whether or not to continue participation in the study.

When may participation in the study be stopped?
Participants may be withdrawn from the study at any time if it is determined that they have any

of the exclusion criteria listed in the application form. Participants withdrawn from the study by
the Pl will be verbally informed and provided with an explanation for removal from the study.
There are no consequences to the participant to withdraw or to be withdrawn from the study.

What are the costs of taking part in this study?

Participation will involve two meetings and up to 6 experimental trials. Each meeting will take
approximately 30 minutes and will be separated by at least 36 hours. The first meeting will be
to describe the experimental objectives, experimental protocols, and to discuss informed

--------------------------- ] "
HSPP Use Only: Consent Version: 04/03/2018
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ARIZONA

consent. The second meeting will be to authorize informed consent and to schedule
experimental trial dates. Each experimental trial will require approximately 3 hours of
participation time and will be separated by at least 48 hours. There are no additional costs

associated with participation.

Will | be paid for taking part in this study?

Subjects will be compensated for their time. Each subject will receive $50 presented as a
cheque upon completion of the study. By law, payments to subjects may be considered taxable
income.

Who can answer my questions about the study?

For questions, concerns, or complaints about the study you may contact John Konhilas (P1)
konhilas@email.arizona.edu, Douglas Keen (co-Pl) dkeen@email.arizona.edu, Preston Harris
(researcher) prharris@email.arizona.edu, or Matthew Sivertson (researcher)
sivertsonm®@email.arizona.edu, 520-626-7677

For questions about your rights as a participant in this study or to discuss other study-related
concerns or complaints with someone who is not part of the research team, you may contact
the Human Subjects Protection Program at 520-626-6721 or online
athttp://rgw.arizona.edu/compliance/human-subjects-protection-program.

If you are injured as a result of participating in this study or for questions about a study-related
injury, you may contact John Konhilas (PI).

An Institutional Review Board responsible for human subjects research at The University of
Arizona reviewed this research project and found it to be acceptable, according to applicable
state and federal regulations and University policies designed to protect the rights and welfare
of participants in research.

Signing the consent form
| have read (or someone has read to me) this form, and | am aware that | am being asked to
participate in a research study. | have had the opportunity to ask questions and have had them

answered to my satisfaction. | voluntarily agree to participate in this study.

| am not giving up any legal rights by signing this form. | will be given a copy of this form.

Printed name of subject Signature of subject

AM/PM

Date and time

1 HSPP Use Only:
1\ Human Subjects Protection Program
| Consent Farm T502a v 2015-01

! Consent Version: 04/03/2018
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ARIZONA

Investigator/Research Staff

| have explained the research to the participant or the participant’s representative before
requesting the signature(s) above. There are no blanks in this document. A copy of this form
has been given to the participant or to the participant’s representative.

Printed name of person obtaining consent Signature of person obtaining consent

AM/PM

Date and time

' HSPP Use Only:
1 Human Subjects Protection Program
| Consent Form T502a v 2015-01

! Consent Version: 04/03/2018
Page 5 of 5
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APPENDIX D: Trail Making Test (TMT)

Trail Making Test (TMT) Parts A & B

Instructions:

Both parts of the Trail Making Test consist of 25 circles distributed over a sheet of paper. In Part
A, the circles are numbered 1 — 25, and the patient should draw lines to connect the numbers in
ascending order. In Part B, the circles include both numbers (1 — 13) and letters (A — L); as in
Part A, the patient draws lines to connect the circles in an ascending pattern, but with the added
task of altemating between the numbers and letters (i.e., 1-A-2-B-3-C, etc.). The patient should
be instructed to connect the circles as quickly as possible, without lifting the pen or pencil from
the paper. Time the patient as he or she connects the "trail.” If the patient makes an error, point
it out immediately and allow the patient to correct it. Errors affect the patient's score only in that
the correction of errors is included in the completion time for the task. It is unnecessary to
continue the test if the patient has not completed both parts after five minutes have elapsed.

Step 1: Give the patient a copy of the Trail Making Test Part A worksheet and a pen or
pencil.

Step 2: Demonstrate the test to the patient using the sample sheet (Trail Making Part A —
SAMPLE).

Step 3: Time the patient as he or she follows the *“trail” made by the numbers on the test.

Step 4: Record the time.

Step 5: Repeat the procedure for Trail Making Test Part B.

Scoring:

Results for both TMT A and B are reported as the number of seconds required to complete the
task; therefore, higher scores reveal greater impairment.

Average Deficient Rule of Thumb
Trail A 29 seconds > 78 seconds Maost in 90 seconds
Trail B 75 seconds > 273 seconds Most in 3 minutes

Sources:

= Commigan JD, Hinkeldey MS. Relationships between parts A and B of the Trail Making Test. J
Clin Psychol. 1987;43(4):402—409.

» Gaudino EA, Geisler MW, Squires NK. Construct validity in the Trail Making Test: what makes
Part B harder? J Clin Exp Neuropsychol. 1995;17(4):529-535.

* Lezak MD, Howieson DB, Loring DW. Neuropsychological Assessment. 4th ed. New York:
Oxford University Press; 2004.

* Reitan RM. Validity of the Trail Making test as an indicator of organic brain damage. Percept
Mot Skills. 1958; 8:271-276.
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Trail Making Test (TMT) Part A - Sample

Participant ID: Date:

BASELINE
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Trail Making Test (TMT) Part A
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Trail Making Test (TMT) Part B - Sample

Participant 1D: Date:

BASELINE

END
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Trail Making Test (TMT) Part B
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APPENDIX E: Stroop Test
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