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ABSTRACT

Fluid and sodium imbalances are implicated in the impairment of both
physiological function and exercise/sport performance. Older adults are at an increased
risk for fluid and sodium imbalances due to an impaired thirst sensitivity and renal water-
and sodium-conserving ability. Overdrinking and hyponatremia (low blood sodium
concentration) tend to occur most commonly in endurance athletes, especially small non-
elite female athletes. Basketball players can lose large volumes of sweat due to the high-
intensity and prolonged nature of the game. The unique characteristics of these
populations of athletes render them susceptible to the negative consequences of fluid and
sodium imbalances during exercise. Therefore, the purpose of this series of studies was
to 1) elucidate the role of fluid intake behavior, changes in body mass, sodium
consumption, and sweat sodium loss on fluid and sodium balance in younger and older
adult men and women during prolonged exercise in a warm environment and 2)
determine the effects of dehydration on performance during prolonged running and a
simulated basketball game.

The purpose of the first study was to compare the voluntary fluid intake behavior
of older men and women (54-70 yr) when provided cold, palatable beverages and ample
opportunity to drink between repeated bouts of exercise in the heat. Thirteen men and 14
women performed 4 bouts of 15 min cycling at 65% VOxpeak followed by 15 min rest at
30°C and 50% rh. In separate trials, subjects drank either a carbohydrate-electrolyte
solution (CES) or water ad libitum during the rest periods and were unaware that their
fluid intake was being measured. Fluid intake behavior was repeatable (intraclass
correlation coefficient = 0.75) and subjects drank enough of either beverage to match
sweating rates and maintain their body mass (BM). Fluid intake per kg BM was greater
with CES (18.7£2.2 vs. 15.1+£2.1 mL/kg; P< 0.05) and plasma volume (PV) was better
maintained during the CES trials (-1.3£1.1 vs. -4.2+1.1% during the second half of the
session). Women drank significantly more water than the men on a per kg basis
(17.24£2.9 vs. 12.8+1.7 mL/kg BM) and one woman (BM = 45.7 kg) became
hyponatremic (Sinar) = 126 mmol/L) with symptoms during the water trial. In

conclusion, older adults drink enough to maintain fluid balance when palatable fluid is
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readily available; however, CES promotes greater voluntary fluid intake and restores PV
losses faster than water. In addition, older women drink more water than men during
interval exercise in the heat which may put smaller women at an increased risk for
developing hyponatremia.

In the second study we compared the measured serum [Na'] (Spna+7) With that
predicted by the Nguyen-Kurtz equation by manipulating ingested beverage [Na'] and
changes in body mass (ABM) during prolonged running in a warm environment.
Endurance-trained athletes (4 men, 4 women; 22-36 yr) ran for 2 h, followed by a run to
exhaustion, and 1 h of recovery. During exercise and recovery, subjects drank a 6%
carbohydrate solution without Na” (Na'0), 6% carbohydrate solution with 18 mmol/L
Na'" (Na'18), or 6% carbohydrate solution with 30 mmol/L Na" (Na'30) to maintain BM,
increase BM by 2%, or decrease BM by 2% or 4% in 12 separate trials. Net fluid, Na’,
and K" balance were measured to calculate the Nguyen-Kurtz predicted Spyas for each
trial. The predicted and measured Sina+j Were not significantly different during the 0%, -
2%, and -4% ABM trials (-0.2 + 0.2 mmol/L), but were significantly different during the
+2% ABM trials (-2.6 + 0.5 mmol/L). Na’ consumption attenuated the decline in Spna+] (-
2.0+0.5,-0.9+0.5,-0.5+ 0.5 mmol/L from pre- to post-experiment of the 0% ABM
trials for Na'30, Na'18, and Na'0, respectively) but the differences among beverages
were not statistically significant. Beverage [Na'] did not affect performance; however,
time to exhaustion was significantly shorter during the -4% (8 + 3 min) and -2% (14 + 3
min) vs. 0% (22 + 5 min) and +2% (26 £+ 6 min) ABM trials. In conclusion, when
athletes maintain or lose BM, changes in Sina+ can be accurately predicted by changes in
the mass balance of fluid, Na®, and K" during prolonged running in the heat.

The third study tested the hypothesis that the ABM accurately reflects the change
in total body water (ATBW, deuterium oxide (D,0O) dilution technique) after prolonged
exercise. Endurance-trained runners (4 men, 4 women; 22-36 yr; 66 + 10 kg) completed
2 h of interval running (70% VOxmax) in the heat (30°C) and then sat for a 1 h recovery
period to allow fluid compartments to stabilize. During exercise and recovery, subjects
drank fluid or no fluid to maintain their BM, increase BM by 2%, or decrease BM by 2%
or 4% in separate trials. Three hours before running, subjects ingested 30 g of D,O. D,0O

concentration was measured in pre- and post-experiment blood and urine samples using a
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Fourier Transform Infrared Spectrometer. When calculating pre- and post-experiment
TBW, corrections were made for D,0 lost in urine, sweat, breath vapor, and nonaqueous
hydrogen exchange. The average difference between ABM and ATBW was 0.09 + 1.09
kg (paired t-test, P = 0.58). The slope and intercept of the relation between ABM and
ATBW were not significantly different from 1 and 0, respectively. The intraclass
correlation coefficient between ABM and ATBW was 0.76, which is indicative of
excellent reliability between methods. Measuring pre- to post-exercise ABM is an
accurate and reliable method to assess the ATBW. Athletes can use pre- to post-exercise
BM change to obtain a reasonable estimate of their sweat loss and their hydration status.

The purpose of the fourth study was to determine the effect of 1, 2, 3, and 4%
dehydration (DEH) vs. euhydration (EUH) on basketball performance in adult male
players. Seventeen 17-28 yr old male basketball players completed 3 h of interval
treadmill walking (40°C and 20% rh) with or without fluid replacement. Subjects
completed six trials in random order: 1) EUH with a CES, 2) EUH control (flavored
water with 0% carbohydrate and 18 mmol sodium), 3) 1% DEH, 4) 2% DEH, 5) 3%
DEH, and 6) 4% DEH. After a 70-min recovery period, subjects performed a sequence
of continuous basketball drills designed to simulate a fast-paced game. Measures of
overall skill performance during the 80-min game included: 1) total time to complete
basketball-specific movement drills (sprinting, defensive slides, sprinting-defensive
slides combination, and repetitive jumping drills) and 2) total number of shots (foul line
and baseline jump shots, layups, 3-point, 15-foot, free throws) made per game.
Performance during all timed and shooting drills declined progressively as % DEH
increased. Total time to complete basketball-specific movement drills was slower (1%:
+7 £ 6; 2%: +20 + 5 (P<0.05); 3%: +26 £ 7 (P<0.005); 4%: +57 + 9 (P<0.0001) sec) and
fewer shots were made during DEH vs. EUH control (1%: -5 £+ 1; 2%: -6 = 2 (P<0.05);
3%: -8 £ 2 (P<0.005); 4%: -10 £1 (P<0.0001) shots made). There were no significant
differences in performance between CES and EUH control. In conclusion, basketball
players experienced a progressive deterioration in performance as DEH progressed from
1 to 4%. The threshold, or % DEH at which the performance decrement reached

statistical significance, was 2% for combined timed and shooting drills.



The fifth study tested the hypothesis that DEH impairs attentional vigilance in
male basketball players. The Test of Variables of Attention (TOVA; Universal Attention
Disorders™) was administered to 11 male basketball players (17-28 yr) at baseline (Test
1), after walking (50% VOamax) in the heat (40°C and 20% rh) (Test 2), and then after a
simulated basketball game (Test 3). Tests 2 and 3 were performed while subjects were
either DEH (1-4%) or EUH. The TOVA consisted of target-infrequent and target-
frequent conditions, simulating static and dynamic (such as a basketball game)
environments, respectively. TOVA measures included errors of omission (OE) and
commission (CE), response time (RT), and sensitivity. During the target-infrequent half
of Test 3, EUH resulted in significantly better sensitivity (+0.4 + 1.2 vs. -0.9 £ 1.3), faster
RT (-8 £ 20 vs. +16 £ 28), and fewer OE (-0.4% 0.7 vs. +1.3 = 2.4) compared to DEH.
During the target-frequent half, EUH resulted in significantly fewer OE (-4 £ 15 vs. +5 +
7) and CE (-1.9 £ 3.2 vs. 0.6 + 1.4) in Test 2 and greater sensitivity (+0.7 £ 2.6 vs. -0.7 £
1.1) and faster RT (-21 £ 28 vs. +5 £+ 31) than DEH in Test 3. In conclusion, vigilance-
related attention of male basketball players was impaired by DEH, especially during the
target-frequent condition of the TOVA. These results suggest that fluid replacement is
essential to prevent the decline in vigilance that occurs with DEH in highly dynamic
environments. Therefore, basketball players should be advised to maintain EUH for

optimal concentration and attentional skills during competition.
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Chapter 1

INTRODUCTION

Background and Significance

Water is the largest component of the human body and accounts for
approximately 45-70% of total body mass (BM) in the average adult. Total body water
(TBW) can be divided into two components — the intracellular water (ICW) and the
extracellular water (ECW). The ICW accounts for approximately 55% of TBW, while
the ECW accounts for the remaining 45%. The ECW can be further divided into the
extravascular and intravascular fluid spaces (Edelman and Leibman, 1959). Water in the
vascular space (i.e., plasma) plays a central role in the body’s cardiovascular and
thermoregulatory capacity during exercise. Sodium (Na") and its associated anions
comprise the most osmotically active components of the plasma. Consequently, Na"
balance plays a key role in governing the size of the ECW compartment and water
movement between the ICW and ECW (Mack and Nadel, 1996). During intense and/or
prolonged exercise, body water and electrolytes are lost as a consequence of
thermoregulatory sweating. When there is a mismatch between fluid/Na " intake and
fluid/Na" loss this imbalance can have implications for both health and performance.

Throughout this dissertation, the term “euhydration” or “EUH” refers to
maintenance of “normal” baseline body water content, while the terms “hypohydration”
and “hyperhydration” refer to body water deficits and excesses beyond EUH,
respectively. The term “dehydration” or “DEH” is defined as the dynamic loss of body
water or the transition from EUH to hypohydration. For simplicity, the more common
term DEH will be used to describe both the process of body water loss and hypohydration
in this dissertation, unless stated otherwise. Additionally, it will be assumed that an acute
BM loss is a reflection of a body water deficit. For example, a 2% BM deficit is defined
as 2% DEH. This topic is a matter of debate and will be discussed in more detail later.
However, for simplicity, the term DEH will be used to denote a BM and body water

deficit throughout this dissertation, unless stated otherwise.



Thirst and Voluntary Fluid Intake

Sweating rates can vary from less than 0.5 to over 2.5 L (17 to over 85 oz) per h
depending upon exercise intensity, environmental conditions, amount and type of
clothing or equipment, acclimation state, fitness level, and hydration status (Rehrer and
Burke, 1996; Sawka, 1992). Because of this considerable variability, it can be difficult to
closely match the volume of fluid intake to the volume of sweat output. Moreover, thirst
does not provide a good index of body water status because it typically lags behind
physiological indicators of DEH. For example, the threshold for the release of
antidiuretic hormone (ADH) and renal water conserving mechanisms occurs at lower
osmolalities than does thirst. The osmotic threshold for ADH secretion is approximately
286 mOsm/kg whereas the average threshold for thirst is 295 mOsm/kg (Robertson,
1984; Vokes and Robertson, 1987). Therefore, ad libitum drinking during and/or after
exercise-heat stress usually results in incomplete fluid replacement, a concept known as
“voluntary dehydration” (Greenleaf and Sargent, 1965; Rothstein et al., 1947). In fact, it
is common for individuals to voluntarily replace only about 50% of their sweat losses and
incur > 2% DEH during a given bout of exercise in a hot environment (Binkley et al.,

2002; Convertino et al., 1996; Passe et al., 2007; Sawka, 1992).

Older Adults and Fluid/Sodium Balance

Older adults (> 60 yr) are particularly susceptible to “voluntary dehydration”
because they exhibit decreased thirst sensation and reduced fluid intake in response to
hypovolemia compared with young adults (Stachenfeld et al., 1997). Further, older
adults are at an increased risk for fluid and electrolyte imbalances due to an impaired
renal water- and Na -conserving ability (Mack et al., 1994). Fluid replacement studies in
young adults have shown that carbohydrate-electrolyte solutions (CES) are more
effective than plain water in stimulating voluntary fluid intake, restoring plasma volume,
and maintaining fluid/electrolyte balance during exercise-heat stress (Carter and Gisolfi,
1989; Costill and Sparks, 1973; Murray, 1998; Nose et al., 1988; Sawka et al., 2007).
However, the efficacy of CES as a fluid replacement beverage for older active men and

women during or after exercise-heat stress has not been previously studied. Further, little



data exist on the actual sex-related differences in ad libitum fluid intake behavior of older

adults during exercise-heat stress.

Exercise-Associated Hyponatremia

Exercise-associated hyponatremia (EAH) is defined as a serum Na" concentration
(Spna+p) less than 135 mmol/L (Montain et al., 2001). EAH is a rare but potentially life-
threatening condition. The incidence of symptomatic EAH in endurance events, such as
marathons, ultramarathons, and triathlons, has been reported to range from 0 to 4% of all
participants (Almond et al., 2005; Hew, 2005; Hew et al., 2003; Hsieh et al., 2002;
Noakes et al., 1990; Noakes et al., 2005; Speedy et al., 1999). The reduction in solute
concentration in serum promotes movement of water from the serum and into cells,
which can cause swelling in the brain and/or congestion in the lungs (Montain et al.,
2001). Symptoms of mild to moderate EAH may include headache, nausea, dizziness,
and muscle weakness, while severe EAH (typically Sina+)< 125 mmol/L) is characterized
by pulmonary edema, cardiorespiratory arrest, cerebral edema, seizures, and/or coma
(Backer et al., 1999, Montain et al., 2001).

Contributing factors to the etiology of EAH include 1) overdrinking of hypotonic
fluids at rates that exceed sweating and 2) excessive loss of Na' in sweat (Montain et al.,
2001; Noakes, 1985; Sawka, 2007). Investigators have used a prediction equation
developed by Kurtz and Nguyen (2003) to calculate post-exercise Sina+) based on changes
in the mass balance of water, Na', and K" (Montain et al., 2006; Weschler, 2005).
However, its predictions have not been directly compared to empirical data of post-
exercise Sna+] in athletes with known pre-exercise Syna+j, BM, sweating rates, sweat
[Na'] and [K], fluid intake, and Na" and K" intake in a controlled laboratory setting.
Further, EAH tends to occur more commonly in women than men (Almond et al., 2005;
Backer et al., 2005; Eichner, 2002). Thus, it would be important to compare measured
Sina+) With that predicted by the Nguyen-Kurtz equation in both male and female
endurance-trained athletes after prolonged running to assess the equation’s accuracy.

Another matter of uncertainty concerning fluid/Na" balance in endurance athletes

is the relation between the ABM and the actual ATBW, i.e., hydration status, during



prolonged exercise. The debate centers on whether endogenous water production
(metabolic water production via cellular metabolism and the liberation of water as
glycogen is utilized) plays a significant role in the overall ATBW during prolonged
exercise (Cheuvront et al., 2007; Sawka et al., 2007). Some investigators suggest that a
70-kg athlete can lose > 2.2 kg (> 3% of BM) during endurance events without
experiencing a net loss in TBW. Further, they propose that endogenous water production
contributes significantly to the dilution of Sin,+) and therefore the etiology of EAH in
endurance athletes (Hew, 2005; Noakes et al., 2005). The mass of endogenous water
gain and non-sweat sources of BM loss (oxidation of glycogen and fatty acids) and their
contribution to overall fluid balance during endurance exercise has been calculated
previously (Rogers et al., 1997). However, the relation between the ABM and the ATBW
in male and female endurance-trained athletes after prolonged running has not been

directly measured.

Dehydration and Endurance Performance

The prevailing view is that DEH negatively affects cardiovascular and
thermoregulatory function, the combined effect of which is increased perceived effort and
impaired performance during activity which is greatly dependent upon these two systems,
i.e., prolonged aerobic exercise (Sawka and Noakes, 2007). However, Noakes challenges
this view, suggesting that drinking according to thirst, a practice which is likely to result
in > 2% DEH (Binkley et al., 2002; Convertino et al., 1996; Sawka, 1992) will optimize
performance (Sawka and Noakes, 2007). Thus, it would be important to test the effects
of > 2% DEH compared with EUH on prolonged running performance in endurance-

trained male and female athletes.

Dehydration and Basketball Skill Performance

The game of basketball is characterized by intermittent bouts of high-intensity
activity repeated over a prolonged period of time and requires the execution of complex

sport-specific skills. Further, success in skill sports such as basketball requires optimal



concentration and attentional skills. DEH has been implicated in impaired performance
of soccer skills (McGregor et al, 1999) and various aspects of cognitive function, such as
arithmetic ability, short-term memory, visuomotor tracking, response time, and
coordination (Cian et al., 2001; Cian et al., 2000; Gopinathan et al., 1988; Sharma et al.,
1986). However, the impact of DEH on basketball skill performance and measures of
attention in adult players has not been investigated. Further, few investigators have
tested progressive levels of DEH in a dose-response manner to determine whether a
critical level of water deficit exists at which performance is impaired compared to that of

EUH.

Summary

The five separate studies that comprise this dissertation were conducted to 1)
elucidate the role of fluid intake behavior, ABM, sodium consumption, and sweat sodium
loss on fluid and Na" balance in young adult and older men and women during prolonged
exercise in a warm environment (Studies 1, 2, and 3) and 2) to determine the effects of 2
and 4% DEH on prolonged running performance in endurance-trained male and female
athletes (Study 2) and progressive 1 to 4% DEH on basketball skill performance and

measures of attention in male players (Studies 4 and 5).

Specific Aims and Hypotheses

Specific Aim 1: The purpose of the first study, “Sex differences in voluntary fluid intake

by older adults during exercise”, was: (1) to compare the voluntary fluid intake behavior
of older active men and women when provided ample opportunity to drink during rest
periods of a moderate-intensity interval cycling protocol in a hot environment and (2) to
compare the efficacy of a CES and water in maintaining fluid and Na" balance.
Hypothesis 1a: Older adults will not drink enough to maintain fluid balance.
Hypothesis 1b: CES will promote greater voluntary fluid intake than water and

consumption of CES will maintain plasma volume and Spn.+ better than water.



Specific Aim 2: The purpose of the second study, “Quantitative analysis of serum

sodium concentration after prolonged running in the heat”, was 1) to compare measured
Sina+) With that predicted by the Nguyen-Kurtz equation in male and female endurance-
trained athletes after prolonged running in a hot environment, 2) to measure the effects of
beverage [Na'] (0, 18, and 30 mmol/L) and pre-to post-exercise ABM (+2%, 0%, -2%,
and -4% ABM) on measured Sina+j, and 3) to measure the effects of a BM deficit (-2%
and -4% BM) vs. fluid consumption to match sweating rate (0% ABM) on prolonged
running performance in the heat.
Hypothesis 2a: The Nguyen-Kurtz equation would accurately predict the
measured post-exercise SiNa+]-
Hypothesis 2b: Increased beverage [Na'] in a CES would attenuate the decline in
Spna+ compared with a beverage with no Na'.
Hypothesis 2¢: An increase in BM as a result of overdrinking relative to sweat
losses would be associated with a decrease in Synat)-
Hypothesis 2d: A decrease in BM via underdrinking relative to sweat losses
would impair endurance performance compared with maintenance of pre-exercise
BM.
Specific Aim 3: The purpose of the third study, “Change in body mass accurately and

reliably predicts change in body water”, was to determine the relation between the ABM
and the ATBW in male and female endurance-trained athletes after prolonged running.

Hypothesis 3: The ABM would accurately and reliably predict the ATBW.

Specific Aim 4: The purpose of the fourth study, “Progressive dehydration causes a

progressive decline in basketball skill performance”, was (1) to determine the effect of 1
to 4% DEH vs. EUH on performance of basketball-specific shooting and movement drills
during a simulated game in highly skilled 17-to 28-yr-old male players and (2) to
determine whether addition of carbohydrate enhances basketball performance over EUH
with a carbohydrate-free solution.
Hypothesis 4a: One to 4% DEH will progressively impair basketball performance
compared with EUH.



Hypothesis 4b: A CES will improve basketball performance measures compared

with water.

Specific Aim 5: The purpose of the fifth study, “Dehydration impairs vigilance-related

attention in male basketball players, was (1) to determine the effect of 1 to 4% DEH vs.
EUH on attentional vigilance in 17-to 28-yr-old male basketball players at the end of a
simulated game and (2) to compare the effects of a CES vs. a carbohydrate-free placebo
on attentional performance.

Hypothesis 5a: DEH would result in slower response times and increased

omission errors compared with EUH.

Hypothesis 5b: A CES will improve attentional performance measures compared

with water.



Chapter 2

REVIEW OF THE LITERATURE

Aging and Hydration

A body water deficit elicits reflex adjustments, including thirst-induced drinking
and renal water and Na' reabsorption, to restore fluid homeostasis. Older individuals (>
60 yr) have been characterized as being more susceptible to dehydration (DEH) than
younger adults due to a deficient thirst response and an impaired ability of their kidneys
to conserve water and Na” (Miescher and Fortney, 1989; Phillips et al., 1984). The
attenuated renal function in older individuals has been attributed to the progressive
decline in the number of functioning nephrons with age (Rowe et al., 1976). Additional
factors, such as impaired release of, or renal responsiveness to, plasma antidiuretic
hormone (ADH) and reduced renin-angiotensin-aldosterone system activity may also
contribute to the age-related impairment of Na" and water conservation (Rowe et al.,
1976; Weidmann et al., 1975).

DEH induced by sweat loss results in both a decrease in the extracellular
compartment size and an increase in plasma osmolality (Adolph, 1947; Kozlowski and
Saltin, 1964). An increase in plasma osmolality initiates fluid movement from the
cellular compartment into the plasma to maintain osmotic balance. This results in
cellular DEH, i.e., cell shrinkage and hypertonicity. Increases in cellular tonicity
(cellular DEH) are sensed by osmoreceptors in the central nervous system, while
decreases in extracellular fluid volume (extracellular DEH) are sensed by the
cardiopulmonary (low pressure) baroreceptors. Physiological thirst is stimulated
independently by cellular and extracellular DEH and it has been suggested that older
individuals demonstrate reduced thirst relative to young adults in response to both stimuli
(Phillips et al., 1991; Phillips et al., 1993). However, more recent work by Stachenfeld et
al. (1996 and 1997), suggests that the blunted thirst response with aging is due to an
attenuated low pressure baroreceptor sensitivity, while osmoreceptor sensitivity is intact.
In 1996, Stachenfeld infused older and younger adults with hypertonic saline to induce

hyperosmotic hypervolemia and found that both groups voluntarily drank sufficient water



during a 180 min recovery period to restore preinfusion plasma osmolality. In
Stachenfeld et al.’s study (1997), older and younger adults dehydrated by overnight water
restriction and subsequent exercise-heat stress. Subjects then recovered with or without
head-out water immersion (HOI). By forcing blood volume centrally HOI minimizes
hypovolemia. In the younger adults, HOI caused an immediate fall in thirst and
voluntary fluid intake. However, a similar central blood volume expansion had no effect
on thirst in the older adults.

Inadequate fluid intake following dehydration has implications for chronic
adaptation to exercise-heat stress. Increased fluid intake during a heat acclimation
regimen is critical for plasma volume expansion. Takamata et al. (1999) and Zappe et al.
(1996) found that inadequate fluid intake in older men during recovery from 4-6 days of
exercise-heat stress contributed to an inability to expand plasma volume. Meanwhile, the
younger men replaced significantly more of their fluid losses 2 h after exercise (80% vs.
34%; Takamata et al., 1999) and increased their 24-h fluid intake to a greater extent (45
mL/kg BM/day vs. 32 mL/kg BM/day; Zappe et al., 1996) than the older men.
Subsequently, the younger men experienced a ~5-10% increase in plasma volume
following repeated exercise-heat exposure, whereas the older men did not (Takamata et

al., 1999; Zappe et al., 1996).

Role of Sodium Balance in Hydration

The loss of water due to thermoregulatory sweating is accompanied by a
concomitant loss of electrolytes, primarily Na". The average [Na'] of sweat is ~50
mmol/L (Costill, 1977). Highly fit, heat-acclimated athletes may exhibit a sweat [Na'] of
<20 mmol/L. At the other extreme are some athletes who excrete sweat with a [Na'] >
80 mmol/L (Casa et al., 2005; Maughan, 2001; Stofan et al., 2005). Even those athletes
with low or average sweat [Na'], can accrue a substantial Na" deficit by virtue of large
sweat losses due to high sweating rates (> 2 L/h) or extended periods of strenuous
exercise (two-a-day practices or ultraendurance events).

Na' balance is important for muscle and nerve function, but is also involved in the

regulation of body water content and the distribution of water among the intracellular and



extracellular fluid compartments. Therefore, replacement of sweat Na" losses via Na"
ingestion plays several important roles in the maintenance of fluid balance during and
after exercise. For instance, Na" helps maintain the osmotic drive to drink, often
resulting in greater voluntary fluid consumption (Nose et al. 1988; Rivera-Brown et al.,
1999; Wilk and Bar-Or, 1996). Further, Na™ ingestion provides an osmotic impetus for
renal water reabsorption and fluid retention in the vascular space. Thus, the inclusion of
Na' in a fluid replacement beverage helps reduce urine production (Nose et al., 1988;
Vrijens & Rehrer, 1999) and restore plasma volume (Carter and Gisolfi, 1989; Costill and
Sparks, 1973; Shirreffs et al., 2007), stimulating more rapid and complete rehydration vs.
a Na'-free beverage during recovery from exercise-induced DEH (Maughan & Shirreffs,

1998).

Putative Mechanisms of Exercise-Associated Hyponatremia

The two primary factors which would cause a decline in serum Na" concentration
(Spna+y) during exercise are 1) dilution via gross overdrinking of hypotonic fluids and 2)
excessive loss of total body Na' via sweating. When exercise-associated hyponatremia
(EAH) occurs in events lasting <4 h it is likely the result of drinking copious volumes of
hypotonic fluids before, during, and /or after the event (Sawka et al., 2007). In fact, the
mathematical model predicts that the typical magnitude of sweat Na' losses incurred
within 4 h of exercise, even by individuals with high sweat [Na'] (i.e., > 80 mmol/L),
would be insufficient to cause symptomatic EAH by itself (Montain et al., 2006).
Overdrinking is also the main factor involved in EAH cases that develop during longer
duration events, such as the [ronman Triathlon (~11-12 h or longer). However, because
of the longer duration of sweating, it is possible that a sufficient sweat Na" deficit can
accrue to induce EAH in ultraendurance athletes who do not overdrink. In fact, Hiller
(1989) reported that a high percentage (~70%) of athletes treated for clinical EAH at the
Hawaiian Ironman Triathlon actually finish the race DEH.

It has been suggested that the etiology of EAH involves more than simply
overdrinking and/or sweat sodium losses. Instead, some propose that certain athletes

have conditions which exacerbate these effects, rendering them susceptible to more
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dramatic decreases in Spya+1. For example, it has been suggested that a significant number
of athletes who develop EAH carry the heterozygous gene for cystic fibrosis, causing
excessive sweat sodium losses (Montain et al., 2001). Another theory is that EAH is
fundamentally caused by an inability to excrete free water / inappropriate retention of
water following the overconsumption of fluids. Renal damage from non-steriodal anti-
inflammatory drugs (Wharam et al., 2006) and rhabdomyolysis (Siegel, 2006) and
inappropriate secretion of antidiuretic hormone (Armstrong et al., 1993; Noakes et al.,
2005) have all been postulated to play a role. Additionally, Noakes et al. (2005) and Hew
(2005) contend that endogenous water gain (via metabolic water production and water
released from glycogen) contributes to the dilution of Syn,+j, even when athletes have not
gained BM from pre-to post-race. Finally, it has recently been suggested that the
osmotically-inactive, but exchangeable Na stored in bone and cartilage can serve as
reservoir to modulate Syn,+) during exercise. Subsequently, some athletes may
inappropriately osmotically-inactivate Na™ during exercise, contributing to their
development of EAH (Noakes et al., 2005). A myriad of theories exist; however, at this
time there is little to no direct evidence available to support a role for any of these factors

in EAH (Dumke et al., 2007; Nguyen and Kurtz, 2007).

Hydration and Performance

Intermittent High-Intensity Exercise and Skill Sports

Basketball is a sport defined by bursts of high-intensity activity with intermittent
rest periods. Although basketball is played indoors in thermoneutral conditions, the high-
intensity nature of the sport coupled with the large body sizes of these athletes can lead to
heavy sweat losses (Burke, 1997). For instance, sweat losses of > 2 L were reported in
just 21 min of playing time in players of the National Basketball Association (NBA)
during summer league games (Osterberg et al., 2005). A regulation NBA game is 48
minutes in length so it is possible that very large sweat losses may be incurred by
halftime of a regular-season game. In comparison to other stop-and-go sports such as

soccer, the sport of basketball provides more opportunities to drink because of closer
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proximity to fluids and the greater number of breaks. Nevertheless, the mean fluid intake
by players in the NBA field study was less than half of their mean sweat loss, indicating
that even under relatively ideal conditions fluid replacement remains a challenge for
basketball players (Osterberg et al., 2005).

It is often difficult for athletes to replace high volumes of sweat losses between
games or training sessions. In fact, a high percentage (up to 77%) of athletes report to the
locker room in a hypohydrated state (Bergeron et al., 2006; Godek et al., 2005; Stover et
al., 20006), as estimated by urine specific gravity (Casa et al., 2000). The Osterberg et al.
field studies also showed that NBA players were inadequately hydrated prior to pre-
season practices (2004) and summer league games (2005). Specific gravity
measurements of urine samples collected from NBA players prior to competition
indicated that approximately half of the players were > 1% DEH (Casa et al., 2000)
before the practice or game commenced. Further, players accrued an additional 1-3%
DEH because they only replaced about half of their sweat losses throughout the course of
practices and games (Osterberg et al., 2004 and Osterberg et al., 2005). These field study
results suggest that a combination of inadequate pre-game and in-game hydration
practices can lead to up to 4% DEH by the end of competition.

The impact of DEH on performance of various short-duration, high-intensity
activities has been tested previously. University and semi-professional soccer players’
performance in a soccer skill test following intermittent high-intensity shuttle running
was significantly impaired during 2.4% DEH trials compared to ad libitum fluid intake
(which led to 1.4% DEH) trials (McGregor et al., 1999). Conversely, compared to a
control condition (0.6-0.7% DEH), 2.2 and 2.5% DEH were not detrimental to
competitive sprint (50 m, 200 m, and 400 m) or power (vertical jump) performance in
high school and collegiate track athletes (Watson et al., 2005). Interestingly, Viitasalo et
al. (1987) reported improved vertical jump performance following 3.4% and 3.8% DEH
in track and field athletes and volleyball players. Viitasalo et al. (1987) suggested that
the decrease in body weight by DEH allowed a greater rise in the athletes’ center of
gravity and thus the improved vertical jump height. The results of these studies indicate
some inconsistencies among the literature regarding the impact of various levels of DEH

on high-intensity exercise performance.
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Only two studies have tested the effects of DEH on basketball-specific skills.
Dougherty et al. (2006) showed that shooting percentage and on-court sprinting and
lateral movement times within a simulated game context were significantly impaired by
prior 2% DEH relative to placebo EUH in 12-15 yr old male basketball players.
Conversely, Hoffman et al. (1995) found no difference in basketball shooting
performance in 17 yr old boys playing a simulated 2-on-2 full-court basketball game
when fluid was restricted (causing progressive 1.9% DEH) vs. EUH.

Vigilance represents an individual’s ability to sustain a high level of alertness
over an extended period of time. Vigilance is a particularly important skill for athletes,
such as basketball players, whose competitive environments impose strong attentional
demands because of their complexity, dynamic nature, and extended duration.
Continuous performance tests are commonly used to assess vigilance-related attentional
performance (Kindlon, 1998). These tests require participants to respond selectively to
stimuli presented over an extended time period. Two salient stresses in sport
environments that may affect attentional vigilance are fatigue and DEH. Several studies
have evaluated the effect of DEH on perceived fatigue and/or cognitive performance
(Cian et al., 2000; Cian et al., 2001; Gopinathan et al., 1988; Shirreffs et al., 2004;
Sharma et al., 1986; Szinnai et al., 2005); however, no study has tested the effect of DEH

on attentional vigilance in basketball players.

Dehydration Threshold

There is some debate regarding the critical level of DEH at which exercise/sport
performance becomes significantly impaired compared to that of EUH. For instance,
some investigators suggest that performance is impaired when the level of DEH is equal
to 2% (Murray, 2007); while others believe that performance becomes impaired only
when DEH exceeds 2% (Cheuvront et al., 2007). Further, Noakes contends that it is not a
body water deficit per se, but the development of thirst that impairs performance — as part
of an anticipatory control. Noakes speculates that a level of DEH even up to 11% might
not impair exercise performance, provided the athlete is not thirsty (Sawka and Noakes,

2007; Sharwood et al., 2002; Sharwood et al., 2004).
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A few investigators have tested progressive DEH to determine the critical level of
body water deficit at which performance is impaired compared to that of EUH. In 1988,
Pichan et al. tested 1%, 2%, and 3% DEH and found that all three levels of DEH
significantly impaired physical work capacity in men. In a field study with baseball
players, Yoshida et al. (2002) induced DEH levels of approximately 1% to 4% and found
that the threshold for impaired performance of aerobic (step test) and anaerobic (10 s
maximal cycling) exercise after a regular practice session was 2% and 4%, respectively.
McConell et al. (1997) tested the effects of 2% and 3% DEH vs. EUH on cycling
performance in well-trained men and found that only 3% DEH caused a significant
reduction in cycling time to exhaustion compared with that of EUH. One study has tested
the DEH threshold for impaired cognitive function. Gopinathan et al. (1988) induced
1%, 2%, 3%, and 4% DEH (in separate trials) in soldiers by combined water restriction
and exercise-heat stress and found a significant deterioration in arithmetic ability, short-
term memory, and visuomotor tracking at > 2% DEH. All four of the aforementioned
studies’ authors noted a progressive deterioration in performance as % DEH increased.
However, the critical level of DEH for significantly impaired performance varies among

the different tasks and ranges from 1% to 4% DEH.

Physiological Consequences of Dehydration

Another matter of debate is the physiological mechanism(s) by which a body
water deficit would impair endurance and intermittent high-intensity performance. DEH
could contribute to fatigue by impairing cardiovascular and/or thermoregulatory
responses to exercise-heat stress. Exercise- and/or heat-induced DEH will elicit a state of
hyperosmotic (increase in plasma solute concentration because eccrine sweat is hypotonic
relative to plasma; Kirby and Convertino, 1986) hypovolemia (overall reduction in blood
plasma volume). The primary driving factor in impaired physiological function during
DEH is a reduction in plasma volume. Several studies have confirmed that hypovolemia
mediates a decline in venous return, cardiac filling pressure, stroke volume, cardiac
output, and a compensatory augmentation in heart rate compared to EUH (Montain and

Coyle, 1992; Nadel, 1981; Nadel et al., 1980; Sawka et al., 1979). Additionally,
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Gonzalez-Alonso et al. (1998) found that blood flow to exercising muscles becomes
significantly reduced when cardiac output and systemic vascular conductance decline
with DEH during prolonged exercise in the heat.

DEH augments exercise-induced hyperthermia by impairing evaporative and
convective cooling capacity. In a series of studies conducted by Fortney et al., the
authors observed that the DEH-induced attenuation of sweating rate and skin blood flow
is mediated by both hypovolemia and hyperosmolality. In 1981, Fortney et al. found that
hypovolemia per se (via diuretic administration) increased the esophageal temperature
(Tes) threshold for cutaneous vascular conductance by 0.4°C and reduced the slope of the
relation between sweating rate and Tes. In 1984, Fortney et al. found that
hyperosmolality per se elevated the T¢s thresholds for both cutaneous vasodilation and
sweating. The magnitude of hyperthermia induced by DEH depends on ambient
conditions and exercise intensity, but the range is 0.1 to 0.4 °C (above that of EUH) per
1% DEH (Sawka, 1992). DEH also increases muscle temperature and exacerbates the
sympathoadrenal response during exercise (Hargreaves et al., 1996; Gonzalez-Alonso et
al., 1997). Further, DEH causes a shift in metabolism; such that muscle glycogen
oxidation and blood lactate accumulation occur at a faster rate compared with that of
EUH (Hargreaves et al., 1996; Gonzalez-Alonso et al., 1997). Therefore, DEH could
contribute to impaired performance via its role in decreasing intramuscular carbohydrate
stores (Febbraio, 1999).

Any of these factors could contribute to the early onset of fatigue during exercise;
however, the most important may be central nervous system changes that occur as a
result of hyperthermia. According to the critical internal temperature hypothesis,
individuals exercising in the heat consistently reach the point of exhaustion at the same
threshold body core temperature (~40°C) (Cheung and Sleivert, 2004; Gonzalez-Alonso
et al., 1999). The concept underlying the critical core temperature hypothesis is that an
increased body core and brain temperature is associated with a reduction in cerebral
blood flow and altered brain metabolism which decreases the central drive to exercise.
The diminished drive to exercise is associated with an increased rating of perceived

exertion and reduced motor unit recruitment and firing rate to the exercising muscle,
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ultimately resulting in an attenuation of muscular force generation (Nielsen and Nybo,

2003; Nybo et al., 2002; Nybo and Nielsen, 2001).
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Chapter 3

SEX DIFFERENCES IN VOLUNTARY FLUID INTAKE BY OLDER ADULTS
DURING EXERCISE

Introduction

During exercise in the heat, body water is lost (dehydration) as a consequence of
sweating. Fluid replacement is critical to ameliorate the deterioration in physiological
function and performance that accompanies dehydration (Convertino et al., 1996).
However, over-consumption of fluids (especially sodium-free fluids such as water) in
excess of sweat loss can lead to electrolyte imbalances (Armstrong et al., 1993).

Older adults are at an increased risk for fluid and electrolyte imbalances due to
impaired thirst sensitivity (Kenney and Chiu, 2001; Nadel et al., 1980; Stachenfeld et al.,
1997) and renal sodium- and water-conserving ability (Mack et al., 1994; Phillips et al.,
1991; Phillips et al., 1984). In addition, anecdotal evidence suggests that hyponatremia
(low blood sodium), which usually occurs due to over-consumption of water, most
commonly occurs in women (Ayus et al., 2000; Backer et al., 2003; Davis et al., 2001;
Speedy et al., 1999); however, little data exists on the actual sex-related differences in
voluntary fluid intake behavior of older adults during exercise-heat stress.

Numerous studies looking at fluid replacement in young adults have shown that,
due primarily to the presence of sodium, carbohydrate-electrolyte solutions (CES) are
more effective than water in stimulating voluntary fluid intake (Convertino et al., 1996;
Murray, 1998, Nose et al., 1988), restoring plasma volume (Carter and Gisolfi, 1989;
Costill and Sparks, 1973; Gonzalez-Alonso et al., 1992), maintaining fluid/electrolyte
balance (Costill et al., 1970), and attenuating increases in core temperature (Costill et al.,
1970) during exercise-heat stress. In addition, Bar-Or and Wilk have shown that ad
libitum consumption of water leads to voluntary dehydration in children; however, the
addition of flavor, carbohydrates and sodium chloride to water prevents dehydration
when children are allowed to drink ad libitum (Bar-Or and Wilk, 1996). For these

reasons, CES is the recommended fluid replacement beverage for children and young
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adults during prolonged activity (Bar-Or and Wilk, 1996; Convertino et al., 1996). The
efficacy of CES as a fluid replacement beverage for older active men and women during
or after exercise-heat stress has not been previously studied.

The purpose of the present study was to compare the voluntary fluid intake
behavior of older (defined here as 54-70 years of age) active men and women when
provided ample opportunity to drink during rest periods of a moderate intensity interval
cycling protocol in the heat. A second goal was to compare the efficacy of two
replacement fluids, CES and water, in maintaining fluid/electrolyte balance, restoring
plasma volume, and minimizing thermoregulatory strain associated with exercise-heat

stress in older men and women.

Methods

Subjects. Twenty-seven healthy older recreational exercisers (13 men, 14
women, 54-70 yrs) volunteered to participate in this study. Participants were informed of
the experimental procedures and associated risks prior to providing written informed
consent. This study was approved by the Institutional Review Board for the Protection of
Human Subjects of The Pennsylvania State University. Preliminary screening included a
resting 12-lead electrocardiogram, skin fold measurements to determine adiposity, blood
analysis (CHEM-24), a graded exercise test on a cycle ergometer to determine peak
oxygen uptake (VOqpeax), and a physical exam by a physician. Criteria for exclusion
included an abnormal resting or exercise electrocardiogram, smoking, diabetes, coronary
artery disease, inactive lifestyle, elite athlete, or the taking of medications that may
influence thermoregulatory or cardiovascular variables of interest. Volunteers with
medical conditions or on medications not mentioned in the exclusion criteria and that did
not pose a safety risk were included in the study. Subject characteristics are presented in
Table 3.1.

Experimental Procedure. All subjects completed 2 experimental trials in which
they consumed either a commercially available CES (6% carbohydrate and 18.0 mmol/L

NaCl), or distilled water. During an additional trial 14 subjects repeated 1 of the 2 fluids
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in order to determine the reproducibility of fluid intake. Experimental trials were
scheduled at least one week apart and trials were assigned in random order.

Subjects reported to the laboratory on the morning of test days after having fasted
overnight. Immediately upon arrival they were asked to complete Survey 1, a visual-
analog rating scale with questions pertaining to subjective feelings of physical and
psychological well-being (described later). After collecting a urine sample, emptying
their bladder, and being weighed, the subjects had an 18-gauge Teflon catheter placed in
an antecubital vein in one arm. Next, the subject inserted a rectal thermistor 8 cm past
the anal sphincter, and then entered an environmental chamber set at 30°C and 50%
relative humidity. The subject, wearing shorts and a t-shirt, then mounted a cycle
ergometer (Monark Ergomedic 818E) and relaxed in a seated position for approximately
15 min while being instrumented with four skin thermocouples (chest, upper arm, thigh,
calf), a Polar® heart rate monitor, and blood pressure cuff. A modification was made to
the bike seat which included a back rest and retractable padded seat that slid under the
subject for the rest periods and then pulled out of the way during the exercise periods.
This padded seat allowed for improved comfort during the baseline, rest, and recovery
periods without having to change body posture by getting off the bike to sit on a chair.

After instrumentation, the subject sat at rest for a 15 min baseline period. Next,
the subject cycled at an intensity of 65 + 1% of VOypeak for 15 min, followed by 15 min
of rest during which subjects were allowed to drink ad libitum. This interval cycling
protocol continued until the subject completed four 15-min bouts of cycling, separated by
15-min rest periods. After completing the fourth exercise bout the subject remained in a
seated position on the bike and was permitted to drink ad /ibitum during a 30 min
recovery period. The subject was asked to complete Survey 2 (which included questions
about beverage satisfaction and feelings of physical well-being) at the end of the second
rest period (min 70) and then again during the recovery period (min 130).

At the end of the 2.5 h interval cycling protocol the subject exited the chamber,
and a post-experiment body mass (BM) and then urine sample were obtained. Finally,
the subject was asked to again complete the first survey before leaving the laboratory. A

schematic of the study protocol is diagrammed in Figure 3.1.
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Ad Libitum Fluid Intake. During the rest periods and recovery, a bottle
containing 700 mL of 15°C fluid (CES or water) randomly assigned to that given trial
was provided to the subjects while they sat quietly at rest. Subjects were not encouraged
to drink, but were told that more fluid was readily available if needed. Volume of fluid
intake was measured to the nearest mL after rest periods 1-3 and recovery. The subjects
were unaware that their fluid consumption was being measured.

Measurements. Rectal and skin temperature (T,. and Ty, respectively) were
measured continuously throughout the protocol and recorded as one-minute averages.
HR was measured using a Polar® heart rate monitor and blood pressure was measured by
brachial auscultation (sphygmomanometry). Ratings of perceived exertion (RPE) were
assessed using the Borg scale (Borg, 1973). Oxygen uptake was measured (ParvoMedics
TrueOne 2400 Metabolic Measurement System) 5 min into the second exercise bout to
verify that the subject was exercising at the target workload of 65% of VOypeax. Pre- and
post-experiment BM was measured to the nearest 0.1 kg on a Toledo scale.

Blood and Urine Analysis. Venous blood samples (11 mL each) were drawn
without stasis. A 2.5 mL aliquot was transferred into an EDTA-treated test tube and
immediately analyzed for hematocrit (Hct) and hemoglobin (Hb) in duplicate using a
Beckman Coulter Microdiff 16. The remaining 8.5 mL aliquot was transferred into a
serum separator tube, allowed 30-60 minutes to clot, and then centrifuged at 4°C for 15
min. Serum was analyzed for glucose concentration (Spgij; hexokinase UV method,
Olympus Model AU5200), sodium concentration (Sina+); i0n specific electrode method,
Olympus Model AU5200), total protein concentration (Sppror; biuret method, Olympus
Model AU5200), and osmolality (Sesmor; freezing point depression, Advanced DigiMatic
Osmometer Model 3D2) in duplicate. Pre- and post-experiment urine osmolality (Ugsmor)
and specific gravity (Usg; Refractometer, Atago A300CL) were also determined in
duplicate.

Calculations. T was calculated as the weighted sum of 4 sites, chest (Tcn),
upper arm (T,), thigh (Ty), and calf (Te.) using the following equation (Ramanathan,
1964):

Te=0.3Teh + 0.2T, + 0.3°Ty + 0.2¢T)ee
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Mean arterial pressure (MAP) was calculated as MAP = 5 Pulse Pressure + Diastolic BP.
Total body sweat loss was calculated from the net ABM corrected for fluid consumed and
urine excreted. The percent change in plasma volume from the baseline period (APV)
was calculated from Het and Hb (Dill and Costill, 1974):

APV(%) = 100 X (Hbpre/Hbpost) X {[1-(Hctpos/100)] / [1-(Hetye/100)]} -100

Subjective Ratings. Survey 1 was administered to the subject before and after
the experiment. Subjective feelings of physical and psychological well-being were
assessed by visual analog rating scales. Subjects responded to the following questions,
“how alert do you feel?”, “how sad do you feel?”, “how tense do you feel?”, how much
of an effort is it to do anything?”, “how happy do you feel?”, “how weary do you feel?”,
“how calm do you feel?”, and “how sleepy do you feel?”” on 100-point scales with
responses ranging from “very little”(0) to “very much”(100).

Survey 2 was completed at min 70 and min 130 to determine the subjects overall
perception of the beverage consumed during the trial. The subject was instructed to mark
an “X” in the box which best described their “overall acceptance” of the beverage and
their opinion of its “flavor” and “aftertaste”. The questions were on a 9-point scale in
which possible responses ranged from “dislike extremely”(#1) to “like extremely”’(#9).
This questionnaire also included visual analog scales which measured perceived
intensities of overall flavor (“weak overall flavor” to “strong overall flavor”), sweetness
(“not at all sweet” to “very sweet”), saltiness (“not at all salty” to “very salty”), off-flavor
(“no off-flavor” to “strong off-flavor”), aftertaste (“weak aftertaste” to “strong
aftertaste”), and whether the beverage was thirst quenching (“not thirst quenching” to
“very thirst quenching”). In addition, Survey 2 included visual analogue scales which
rated feelings of hunger (“not hungry” to “very hungry”), hotness (“not feeling
hot/overheated” to “feeling very hot/overheated”), muscle fatigue (“no muscle fatigue” to
“severe muscle fatigue”), difficulty of exercise (“exercise very easy” to “exercise very
difficult”), burping (“no burping” to “severe burping”), stomach fullness (“no stomach
fullness” to “severe stomach fullness”), and stomach upset (“no stomach upset” to
“severe stomach upset”). The subject answered these questions by placing a mark on a

100-point scale between the extreme answers at the opposite ends of the line.
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Statistical Analysis. An intraclass correlation coefficient was used to test the
reproducibility of fluid intake (Shoukri and Pause, 1999). A Student’s #-test was used to
determine any significant differences between sexes in the subjects’ physical
characteristics. Variables which were measured through time (e.g. T, T, HR, BP, RPE,
blood variables, and responses to subjective questionnaires) were analyzed using two-
way analysis of variance (ANOVA) (fluid vs. time) with repeated measures. A one-way
ANOVA was used to compare variables measured once per test (e.g. total fluid intake,
ABM, AUysmo1, AUg,). To detect any association of a subject’s sex with the physiological
and subjective variables measured throughout the protocol a two-way (fluid vs. sex)
ANOVA or three-way (fluid vs. time vs. sex) repeated measures ANOVA was performed
where appropriate. The Tukey post-hoc test was performed when main effects were
found. The significance level for all statistical tests were set to alpha = 0.05. All data are

presented as means + SE.

Results

Physical characteristics of the participants are shown in Table 3.1. The men had a
significantly greater body mass, height, and VOjpcac than the women, while women had a
significantly higher adiposity than the men.

In the subjective evaluation of the fluids (Figure 3.2) men rated the “overall
acceptance” and “flavor” of CES higher than water. By contrast, women rated the
“overall acceptance”, “flavor”, and ““aftertaste” of water higher than that of CES. CES
was rated higher by the men than women for “overall acceptance” and “flavor” whereas
the “flavor” of water was rated higher by the women compared to the men. Also, women
gave higher ratings than the men for “thirst quenching” when consuming water. The men
felt significantly more “hot/overheated” and perceived “exercise difficulty” to be
significantly higher than did the women during the water trials.

Across all trials, the reproducibility of total fluid intake was very good (intraclass
correlation coefficient = 0.75) (Shoukri and Pause, 1999). Figure 3.3 presents the total
fluid intake, sweat loss, and net fluid balance during the CES and water trials for men,

women, and all subjects. Total fluid intake was significantly higher during the CES trials
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(all subjects). Men drank significantly more CES than water, whereas total intake did not
differ significantly between the 2 fluids in women. Women were in positive fluid
balance (increased BM from baseline) during both the CES (P<0.05) and water trials,
while men were only in positive fluid balance with CES. When total fluid intake was
expressed relative to BM women drank significantly more water than the men.

Figure 3.4 illustrates changes in APV (panel A), Spro (panel B), and Syna+ (panel
C) during the CES and water trials for men, women, and all subjects. During the CES
trials plasma volume (PV) was at or above baseline from the third rest period to the end
of recovery (all subjects). However, during the water trials PV was significantly below
baseline at this time (all subjects). PV decreased significantly less in the women
compared to the men near the end of the protocol in both fluid trials (panel A). During
the second half of the protocol Siyr Was significantly greater during the water trials vs.
the CES trials for all subjects (panel B). Sina+ was significantly below baseline near the
end of the protocol in both fluid trials (women and all subjects). Women had a
significantly lower Sina+) than the men during the final exercise bout of the CES trials and
from the final exercise bout to the end of the recovery period of the water trials (panel C).

Fluid intake per kg BM, Ty, Tk, Sigiuc), Sosmot, BP, HR, and RPE are presented in
Table 3.2. Subjects (all) consumed significantly more CES than water during the first,
second, and third rest periods, but not during recovery. Women drank significantly more
water than the men during the 1* and 2" rest periods. There were no differences between
fluids in the T, responses; however, during the water trial the women had a significantly
lower T, than the men from the second exercise period to the end of recovery. Siguc) Was
significantly higher during the CES trials from the second bout of exercise to the end of
recovery (all subjects). There were no significant differences between fluids or sexes in
Tsk, Sosmot, BP, HR, RPE, Ugsmot (CESpre = 655£38, CESpost = 608136, waterye = 604445,
waterpost = 546+38 mosmol/kg), or Ugg (CESye = 1.018+0.001, CESpos = 1.018+0.001,
waterpe = 1.017+0.001, wateryost = 1.016+0.001 UG) throughout the experiment. Sosmol,
Uosmol, and Ugg did not change from baseline in men, women, or all subjects.

Figure 3.5 presents the Syna+) of one woman (65 yrs, 45.7 kg) who became
hyponatremic (Sina+) = 126 mmol/L) with symptoms (e.g. headache, extreme fatigue, and

gastrointestinal distress) during the water trial. Her Spna+; was 126 mmol/L after
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consuming 2.8 L of water, but she did not experience symptomatic hyponatremia during

the CES trial (Spna+; = 131 mmol/L) in which she drank 2.7 L of CES.

Discussion

The major findings from this study were (1) when cool palatable fluids were
readily available, active adults aged 54-70 yrs drank enough to match sweating rates and
maintain their body weight, (2) their fluid intake behavior was repeatable, (3) CES
promoted greater voluntary fluid intake and restored PV losses faster than water, and (4)
there were sex differences in the fluid intake behavior of older active adults, with women
drinking more water per kg BM than men.

Combined Data from All Subjects. The present investigation indicates that
older adults drink enough fluid to replace sweat losses incurred during moderate intensity
interval exercise in the heat. Furthermore, this drinking behavior was repeatable. The
subjects did not experience voluntary dehydration most likely because they had a cool
palatable fluid readily available and had ample opportunity to drink between exercise
bouts. The lack of voluntary dehydration might also be explained by the low average
sweat rate (370 g/h over the entire protocol). In 1947, Rothstein et al. reported that when
sweat losses are low (defined as <400 g/h) young men working in the heat have little
difficulty consuming sufficient fluid to replace periodic losses (Rothstein et al., 1947).
The current study suggests that older men and women also drink enough fluid to match
sweat losses when sweat rate is <400 g/h. Although subjects drank enough to maintain
BM during both fluid trials CES was more effective at stimulating voluntary fluid intake
than water, especially in men. As a result of the significantly greater consumption of
CES, PV losses were restored faster during the CES trials compared to the water trials.

In addition, Spyro Was lower in the CES vs. the water trials during the second half of the
protocol. This indicates a greater hemodilution when CES was consumed which supports
the conclusion that CES more effectively restored extracellular fluid volume. These data
are consistent with other studies showing that CES is more effective than plain water in
promoting fluid intake and restoring PV losses in younger exercising subjects (Carter and

Gisolfi, 1989; Gonzalez-Alonso et al., 1992; Nose et al., 1988).
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Sex Differences. Both men and women consumed more CES than water (but not
significantly more by the women). However, significant sex-related differences were
detected for the fluids’ subjective values. Men rated CES higher than water for “overall
acceptance” and “flavor. Conversely, women rated water higher than CES for these
categories. In addition, women perceived water to be more “thirst quenching” compared
to the men. These differences in the subjective evaluation of the fluids explain why
women consumed more water per kg BM compared to the men. The greater fluid intake
by the women resulted in a lower T, than that of men during the final 90 min of the water
trials. The sex difference in T, corresponded with a sex difference in the ratings of how
“hot/overheated” the subjects felt and their perception of “exercise difficulty”, i.e. the
women’s ratings were lower than that of the men’s in both categories during the water
trials.

During the water trials the Sina+) of the women was lower than that of the men
during the final 30 min of the protocol because the women drank significantly more water
relative to BM compared to the men. However, the average Sina+) of the women at the
end of recovery (138 + 1 mmol/L) was still within the normal range of 135-145 mmol/L.
Hyponatremia is defined as Syna+) less than 135 mmol/L and can be categorized as
asymptomatic (usually 130-134 mmol/L) and symptomatic (usually < 130 mmol/L)
hyponatremia (Speedy et al., 1999). Common symptoms include headache, light-
headedness, confusion, fatigue, gastrointestinal distress, nausea, and malaise (Speedy et
al., 2001). In the present study one woman became clinically hyponatremic (Spna+) = 126
mmol/L) with symptoms by the end of the protocol during the water trial. This subject
(65 yrs, 45.7 kg) drank 2.8 L of water and gained 2.4 kg of weight during that
experiment. She complained of a headache and extreme tiredness near the end of the
water trial. In addition, at the end of the recovery period she rated the following
assessments of physical well-being much higher during the water trial in comparison to
the CES trial: “how much of an effort is it to do anything?” (51.7 vs. 11.7), “how weary
do you feel?” (81.4 vs. 14.5), and “how sleepy do you feel?” (73.1 vs. 15.2). She also
rated her degree of “stomach upset” (22.4 vs. 4.2), “stomach fullness” (45.5 vs. 6.3), and
“burping” (25.2 vs. 6.3) higher during the water trial, which indicates that she may have

experienced gastrointestinal distress at this time.

25



Anecdotal evidence suggests that hyponatremia most commonly occurs in
women, especially those with low body weight and who drink large volumes of sodium
free fluids (i.e. water) before, during, and after physical activity (Ayus et al., 2000;
Backer et al., 1993; Davis et al., 2001; Speedy et al., 1999). A retrospective analysis of
symptomatic hyponatremia in marathon runners by Davis et al. (2001) showed that this
condition develops in older as well as younger women. Six out of 23 hyponatremic
female marathon runners in the analysis were 50 yrs or older. The present study provides
supporting evidence that the over-consumption of water may be a health concern among
smaller women in this age range. Furthermore, this woman’s data support the notion that
a CES is superior to water in limiting reductions in Spya+] during exercise-heat stress.
During the CES trial this female subject consumed 2.7 L and had a final Syna+; of 131
mmol/L. Therefore, although she consumed similar amounts of CES and water, Sina+
was maintained above that of symptomatic hyponatremia during the CES trial.

Fluid intake differences between men and women are most likely due to
differences in behavior and not in thirst perception. There is no evidence to suggest the
existence of a physiological mechanism by which thirst perception differs between older
men and women; therefore, it may be that women are more health and safety conscious
than men and thus make a greater effort to drink, and in some cases over-drink, the fluid
that is available.

Summary. In summary, voluntary dehydration does not occur in older adults
when cool palatable fluid (either CES or water) is readily available between repeated
bouts of moderate intensity exercise in the heat. In addition, CES promotes greater
voluntary fluid intake and restores PV losses faster than water during interval cycling
suggesting that CES is the more effective fluid replacement beverage for older active
adults. Furthermore, older women drink more CES and water than is lost through
sweating. Over-consumption of water may put smaller women at an increased risk for

developing hyponatremia.
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Table 3.1: Subject characteristics. Values are means £ SE. BMI, body mass index;

HRpeak, peak heart rate attained during graded exercise test; VOapear, peak oxygen
consumption. * P <0.05, men vs. women.

Age Weight  Height BMI Adiposity HRpeax VOopea
(yr) (kg) (cm) (kg/m?) (%) (bpm) (ml/kg/min)
Men (N=13) 63x1 84=4 176=x2 27+1 24+1 159 +4 31+£2
Women (N=14) 6l=1 66=3*% 1577% 24=1 30 £ 2% 168 £4 24 = 1%
All Subjects (N=27) 62x1 753 167=+4 261 27+1 164+3 27+1
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Y

Fluid

]

Time (min) 0 1 30 45

TSI

h

Survey 1 10min 25 min 40 min
Us BPHR BP HR BP.HR
BW BS RPE. BS

BS

Figure 3.1: Schematic of study protocol for each trial.
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During exercise periods 1-4,
subjects cycled at 65% VOpcak. Subjects sat upright on the bike seat for baseline, rest 1-
3, and recovery. Base, baseline; BP, blood pressure; BS, blood sample; BW, body
weight; Exer, exercise; HR, heart rate; RPE, rating of perceived exertion; US, urine
sample; VO,, oxygen consumption.
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Figure 3.2
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Figure 3.2: Responses to subjective questionnaires on 9-point (fop panel) and 100-point

(bottom panel) scales. * P <0.05, CES vs. water; ¥ P <0.05, men vs. women.
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Figure 3.3
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Figure 3.3: Fluid intake, net fluid balance, and sweat loss expressed in absolute units
(Panels A-C) and relative to body mass (Panels D-F). * P <0.05, CES vs. water; T P <
0.05, vs. baseline; I P <0.05, men vs. women.
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Figure 3.4
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Figure 3.4: Hematological variables in men, women, and all subjects. A) percent change
in plasma volume from baseline (APV), B) serum protein concentration (Syr,t), and C)
serum sodium concentration (Sn,). * P <0.05, CES vs. water; ¥ P <0.05, vs. baseline; §
P <0.05, men vs. women. Pre, pre-experiment (supine, thermoneutral); Base, baseline
(sitting upright, 30°C, 50% RH); Ex, exercise; Rec, recovery.
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Figure 3.5

145
= —@— CES(2.7L)
E —(O— Water (2.81L)
£ 140 1
5 .
-g 135 - ~ S "--—--.C‘\I
: oo
S R \
O —
IR = )
: -0
2 X
»n 125 4 O
=
o
(M)
“ 120 . . — , . | | o |
< (%] A X £ x_ < X ¢ N .
Q & <<,+‘3' Q-Qf" & Q_Q.‘b ¥ Q_@% {(/_@ Q_@C’O Q_@@

Figure 3.5: Serum sodium concentration in 65 yr old, 45.7 kg woman during the CES
and water trials. She was hyponatremic (Sina+) = 126 mmol/L) with symptoms by the end
of the water trial but maintained Syna+) (131 mmol/L) above symptomatic hyponatremia
when consuming CES. The dashed line at 130 mmol/L represents the upper limit for
clinical hyponatremia. Volume of total fluid intake for each trial is shown in the legend.
Pre, pre-experiment (supine, thermoneutral); Base, baseline (sitting upright, 30°C, 50%
RH); Exer, exercise; Recov, recovery.
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Chapter 4

QUANTITATIVE ANALYSIS OF SERUM SODIUM CONCENTRATION AFTER
PROLONGED RUNNING IN THE HEAT

Introduction

Exercise-associated hyponatremia (EAH) is defined as a serum sodium
concentration (Spna+7) less than 135 mmol/L and occurs primarily in endurance events
such as marathons, ultramarathons, and triathlons (Montain et al., 2001). Although the
condition is rare, severe EAH (typically Sina)< 125 mmol/L) can result in
cerebral/pulmonary edema, coma, and death (Backer et al., 1999; Montain et al., 2001;
Sawka et al., 2007). Therefore, research regarding the mechanisms and prevention of
EAH has been of utmost importance since it was first described in 1985 (Noakes et al.,
1985). Montain et al. (2006) and Weschler (2005) have completed detailed theoretical
quantitative analyses on sodium balance and, by extension, the etiology of EAH, using a
prediction equation developed by Kurtz and Nguyen (2003) to calculate post-exercise
Sina+] based on changes in the mass balance of water, Na’, and K" (Montain et al., 2006;
Weschler, 2005).

The mathematical model predicts that Syna+) is most sensitive to changes in total
body water and thus the primary cause of EAH is an increase in body mass (BM). That
is, the dilution of Sina+) and the symptoms associated with EAH are mediated by the
consumption of fluid at a rate that grossly exceeds sweating rate. The model also predicts
that Spna+ is moderately sensitive to changes in the mass electrolyte balance of Na” and
K" (AE), such that the consumption of a carbohydrate-electrolyte solution (CES) will
attenuate the decline in Spya+j compared to the consumption of water alone (Montain et
al., 2006; Weschler, 2005). This theoretical model provides a practical means for athletes
to predict Spna+) and to decrease their risk of EAH. However, its predictions have not
been directly compared to empirical data of post-exercise Sina+] in athletes with known
pre-exercise Syna+j, BM, sweating rates, sweat [Na'] and [K'], fluid intake, and Na" and

K" intake in a controlled laboratory setting.
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Therefore, the purpose of the present study was to compare measured Spna+] With
that predicted by the Nguyen-Kurtz equation in endurance-trained athletes after
prolonged running in the heat to assess the equation’s accuracy. A second goal of the
study was to measure the effects of beverage [Na'] (0, 18, and 30 mmol/L) and pre-to
post-exercise ABM (+2%, 0%, -2%, and -4%) on measured Sina+]. Further, we aimed to
measure the effects of a BM deficit (-2% and -4%) vs. fluid consumption to match
sweating rate (i.e., 0% ABM) on prolonged running performance in the heat. We
hypothesized that 1) the Nguyen-Kurtz equation would accurately predict the measured
post-exercise Spna+], 2) increased [Na'] in a CES would attenuate the decline in Spna
compared to a beverage with no Na", 3) an increase in BM as a result of overdrinking
relative to sweat losses (+2% ABM) would be associated with a decrease in Sina+j, and 4)
a decrease in BM via underdrinking relative to sweat losses (-2% and -4% ABM) would

impair endurance performance compared to maintenance of pre-exercise BM (0% ABM).

Materials and Methods

Subjects. Eight endurance-trained runners (4 men, 4 women; 22-36 yr)
volunteered to participate in this study. Subjects were informed of the experimental
procedures and associated risks before providing written informed consent. This study
was approved by the Institutional Review Board for the Protection of Human Subjects at
the Pennsylvania State University. Preliminary screening included a physical exam and a
graded-exercise test on a treadmill to determine maximal oxygen uptake (VOamax).
Criteria for the subjects’ inclusion were VOapax > 50 rnL~kg'1-rnin'1 for men and > 45
mL-kg"‘min™' for women, running > 32 km per week, and not currently taking
medications or oral supplements that could interfere with study results. All women were
euhmenorrheic with regular cycles (natural, N = 2; oral contraceptive users, N = 2) and
were tested during the follicular phase of their cycle (within 7 days after the onset of
menstruation). No subjects reported having experienced EAH previously. Subject
characteristics are presented in Table 4.1.

Pre-experiment control. All subjects had been engaged in > 12 weeks of regular

running before participation in the study and maintained a consistent training schedule

36



until completion of all experimental trials. Subjects were instructed to eat their typical
pre-race diet the evening before and to abstain from heavy exercise, alcohol, and caffeine
at least 24 h before each trial. Diet logs were kept by the subjects to facilitate consistent
food and fluid consumption for 24 h before each trial. Subjects reported to the laboratory
at 0700 on the morning of test days after an overnight fast. Immediately upon arrival, a
blood sample was obtained to confirm normal baseline hydration and Na" status.
Subjects were considered euhydrated when serum osmolality was <290 mOsmol/L
(Sawka et al., 2007) and eunatremic when Spna+; was 135-145 mmol/L.

Experimental procedure. There were 12 experimental trials (3 beverages at 4
different % ABM). Subjects drank fluid or no fluid to 1) maintain BM (0%), 2) increase
BM by 2%, 3) decrease BM by 2%, or 4) decrease BM by 4% in separate trials. The
beverages were 1) a 6% carbohydrate solution without Na" (Na'0), 2) a 6% carbohydrate
solution with 18 mmol/L Na" (Na'18), and 3) 6% carbohydrate solution with 30 mmol/L
Na"(Na'30). Five of the 8 subjects did not have sweating rates high enough to reach -4%
ABM. Because these 5 subjects did not consume any fluid during this trial, they only
completed one -4% ABM trial. Thus, a total of 86 trials were completed. Experimental
trials were scheduled at least one week apart and were assigned in random order. Both
the subject and investigator were blinded to the beverage consumed during the trials.

The night before each experiment, subjects swallowed an ingestible temperature
sensor for the measurement of body core temperature (T.). On test days, subjects had an
18-gauge Teflon catheter placed in an antecubital vein, voided their bladder, and then
entered an environmental chamber set at 30° C and 40% rh. Next, the subject was asked
to sit quietly for 30 min before the baseline heart rate (HR), blood pressure (BP), T, and
blood sample were obtained. Next, the subject’s initial BM was measured to the nearest
0.05 kg. All BM measurements during the experiment were taken with the subject
wearing lightweight running shorts, sport bra (women), thin socks, and running shoes.
Next, the subject ran for seven 15-min bouts (70% VOamax) separated by 2 min of rest (2
h of interval running total). Twelve min into each running bout, HR, BP, T, rating of
perceived exertion (RPE), and a blood sample were obtained. Urine samples were
collected during rest periods as needed. The criterion for terminating a trial before the

planned 2 h was a Spya+] < 132 mmol/L.
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Drink protocol. During each rest period, the subjects were toweled off and then
had their BM measured. During the 0% ABM trials, subjects drank fluid (either Na'0,
Na'18, or Na"30) volumes during the rest periods to maintain their initial BM. During
the -2% and -4% ABM trials, fluid was restricted until the subjects reached their target
BM. If the subjects’ BM fell below their target BM, they ingested enough fluid (either
Na'0,Na'18, or Na'30) to maintain the desired % ABM. During the +2% ABM trials,
subjects drank the necessary fluid (either Na'0, Na"18, or Na'30) volumes to gain 2% of
their BM by the end of the 2-h of interval running. The 2% gain in BM was titrated over
the 2 h interval running protocol so that BM gain was achieved gradually (to maximize
fluid retention and minimize gastrointestinal discomfort).

Performance run. At the end of the 2-h interval running protocol, subjects
voided, and then had their BM measured. Next, subjects drank the appropriate volume of
Na+0, Na+18, or Na+30 or drank no fluid to maintain the desired % ABM. Next,
subjects ran at a speed corresponding to 85% VO,max until exhaustion. Subjects were
instructed to run until volitional fatigue and received a monetary incentive. No fluid was
consumed and no verbal encouragement or feedback on run time or distance was given to
subjects during the performance run. Time to exhaustion was recorded to the nearest
second. Seven subjects repeated one trial to determine the repeatability of the
performance test. The beverage and % ABM of repeat trials were selected at random and
the subjects were blinded as to which trial they were repeating.

Recovery. During the first 10 min of recovery, subjects walked at 2.5 mph for a
gradual cool down. Next, subjects sat quietly for a 50-min recovery period to allow fluid
compartments to stabilize and capillary filtration pressure to return to resting values.
This was important because the Nguyen-Kurtz equation was derived from measurements
made at rest. The subjects’ BM was measured at the beginning, 30 min, and end of the
recovery period. Subjects drank fluid (either Na'0,Na"18, or Na"30) or no fluid during
recovery to maintain the desired % ABM. Urine samples were collected at the beginning
(as needed) and at the end of the 50-min recovery period. During exercise and recovery,
fans were placed around the subject to promote evaporation of sweat and minimize the

amount of sweat trapped in their clothing and shoes.
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Sweat collection. Sterile sweat patches (PharmChem, Inc.) were placed on the
forehead, forearm, scapula, upper chest, and anterior thigh of subjects during the 2™ rest
period. The subjects’ skin was cleaned with an alcohol swab and dried before the sweat
patches were applied. The patches were removed when an adequate sample was
obtained. The patches were then placed in air-tight plastic tubes (Sarstedt Salivette,
Germany) and then centrifuged at 4°C for 15 min. The sweat samples were aliquoted
into cryovials and refrigerated until analysis.

Blood, urine, and sweat analysis. Venous blood samples (9 mL each) were
drawn without stasis. A 2-mL aliquot was transferred into an EDTA-treated test tube and
immediately analyzed for hematocrit (microhematocrit centrifugation) and hemoglobin
(Hemacue Hb 2017). The remaining 7-mL aliquot was transferred into a serum separator
tube, allowed 30-60 min to clot, and then centrifuged at 4°C for 15 min. All of the
following measurements were made in triplicate. Serum was analyzed for Na"
concentration, K concentration (Sik+7), and osmolality (Sesm; freezing point depression,
Advanced DigiMatic Osmometer Model 3D2). Urine samples were analyzed for volume
(Uyol), Na' concentration (UNat)), and K" concentration (Uk+))- Sweat was analyzed for
Na' concentration (Swna+), and K* concentration (Swyk.+). Serum [Na'] and [K'] were
measured using the ion specific electrode method (Diamond Diagnostics, Ciba Corning
614), while urine and sweat [Na'] and [K'] were measured via flame photometry
(Instrumentation Laboratory Model 1L.943). The two methods for [Na'] and [K '] analysis
were compared in a subset of serum samples and the coefficient of variation between
methods was 0.8% and 2.5% for [Na'] and [K ], respectively.

Measurements. HR was measured using a Polar® monitor, and BP was
measured by brachial auscultation (sphygmomanometry). RPE was assessed using the
Borg scale (Borg, 1970). BM was measured to the nearest 0.05 kg using a Seca 770
scale. A CorTemp™ Disposable Temperature Sensor (COR-100) and CorTemp™
Recorder (CT-2000) were used to measure T..

Calculations. Mean arterial pressure (MAP) was calculated as MAP = [1/3]
pulse pressure + diastolic BP. The percent change in plasma volume from baseline
(APV) was calculated from hematocrit and hemoglobin (Dill, 1974). Volume of sweat

loss (Swye1) was calculated from ABM corrected for fluid consumed and urine excreted.
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Total sweat Na” and K" loss were calculated from Swynas and Swik.j and Swy. Total
urine Na" and K loss were calculated from Upna+ and Upgs and Uyor. The net change in
total Na" and K (AE) was calculated as:
[Na"+ K" intake] — [(Na" and K" sweat loss) + (Na" and K" urine loss)].

Predicted post-experiment Syn,+) Was calculated according to Kurtz and Nguyen (2003):

SiNat] = {[Spvatji T 23.8) TBW; + 1.03 AE]/ (TBW; + ATBW)} - 23.8
where Sina+ji Was initial serum Na' concentration, TBW; was initial total body water
(assume = 0.73 of fat free mass, Pace and Rathbun, 1945), and ATBW was the pre- to
post-experiment change in TBW (assume = ABM).

Sweat [Na'] and [K'] were measured in samples collected from all 5 sites.
However, the [Na'] and [K '] reported and used for all calculations in the present study
were from the forearm and chest respectively, as these regional sites have been reported
to be the most highly correlated with whole body sweat [Na'] and [K '] (Patterson et al.,
2000).

Subjective ratings. The survey was administered immediately after the 2-h
interval running period and at the end of recovery. The survey consisted of 100-point
visual analog rating scales (ranging from “none” (0) to “very” or “severe” (100)), which
assessed lightheadedness, windedness, stomach bloating, sloshing of stomach contents,
stomach upset, side stitch/ache, total body fatigue, and muscle cramping.

Statistical analysis. Fluid and sodium balance data, physiological variables, time
to exhaustion, and subjective ratings were analyzed using two-way analysis of variance
(beverage vs. % ABM) with repeated measures. The Tukey post hoc test was performed
when main effects were found. An intraclass correlation coefficient was used to test the
reliability of performance between repeated trials and the reliability between predicted
and measured post-experiment Sina+] (Shoukri and Pause, 1999). The slope and intercept
of the regression line and line of identity of the scatter plot for predicted vs. measured
Sinat] Were compared to determine the accuracy of the Nguyen-Kurtz equation in
predicting post-experiment Sina+). A paired t-test was also used to determine whether
there was a significant difference between predicted and measured post-experiment Syna+].
The significance level for all statistical tests was set to alpha = 0.05. All data are

presented as means + SE.
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Results

Fluid and sodium balance. The net % ABM and net AE for each trial are
presented in Table 4.2. Fluid, Na', K', and carbohydrate intake during each trial are
presented in Table 4.3. As predicted, subjects consumed significantly more fluid and
carbohydrate during +2% vs. 0% vs. -2% vs. -4% ABM, respectively. Na' intake was
significantly higher during Na"30 vs. Na'18 during the +2% and 0% ABM trials.

Fluid, Na', and K" loss during each trial are presented in Table 4.4. There were
no significant differences among beverages within each % ABM. U, was significantly
higher during +2% vs. 0%, -2%, and -4% ABM trials. There were no differences in urine
Na" loss, sweat volume, or sweat Na' loss among trials. No subject became
hyponatremic during the trials (the lowest measured Sina+) was 136 mmol/L).

Predicted vs. measured Sina+. The relation between predicted and measured
post-experiment Syn,+) are presented in Figure 4.1. When +2%, 0%, -2%, and -4% ABM
were all included in the analysis (left panel), the slope (0.71) of the regression line was
significantly different from one and the intercept (42) was significantly different from
zero. Additionally, the paired t-test results showed a significant difference between
predicted and measured Syna+] (P = 0.00) when all trials were included in the analysis.
However, when the +2% ABM trials were excluded from the analysis (right panel), the
slope (0.84) and intercept (23) of the regression line were not significantly different from
one and zero, respectively (additionally, paired t-test P = 0.42). Furthermore, the
intraclass correlation coefficient between predicted and measured Syna+) was 0.90. The
mean difference between predicted and measured post-experiment Sina+) was -0.8 £ 0.2
for all trials and -0.2 £+ 0.2 when the +2% ABM trials were excluded.

Physiological data. Figure 4.2 presents the relation between the ABM and the
post-experiment Syna+) for each beverage. The ABM was significantly correlated with
post-experiment Syn,+ for Na’0 (r = 0.82), Na'18 (r = 0.84), and Na"30 (r = 0.76). The
regression equations were Sina+] = -1.73 ABM + 141, Spnat) =-1.49 ABM + 142, and
Smnar] = -1.24 ABM + 143 for Na'0, Na'18, and Na'30, respectively.

There were no differences in baseline Syna+) and Sosm among trials. The mean
Sina+] and Seem at baseline were 142.4 + 0.2 and 285.5 + 0.3, respectively. The A Sa+i,

ASosm, and % APV from pre- to post-experiment are presented in Figure 4.3. During the
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+2% ABM trials, the decrease in Sysm was significantly smaller with Na“18 and Na 30 vs.
Na'0.

Table 4.5 presents T, HR, MAP, and RPE results at the end of 2-h interval
running and recovery for each trial. There were no significant differences among trials at
baseline. Pre-experiment resting T, HR, and MAP were 37.09 £ 0.03, 58 £ 1, and 84 +
1, respectively. RPE was 8.9 & 0.2 at the end of the first running bout. Significant main
effects of % ABM at the end of exercise and recovery are shown in Table 4.5. There
were no significant differences in T, HR, MAP, or RPE among beverages at the end of
exercise or recovery.

Performance. Time to exhaustion and repeatability of the performance run are
presented in Figure 4.4. There were no significant differences among beverages (i.e., no
effect of beverage [Na']) so the average performance times of Na'0, Na'18, and Na"30
were calculated and presented. Time to exhaustion was significantly shorter during -4%
and -2% vs. 0% and +2% ABM trials. There was no performance difference between -
2% and -4% ABM or between 0% and +2% ABM trials. The intraclass correlation
coefficient between repeated trials was 0.96 and the coefficient of variation (CV)
between repeated trials was 10 = 2%.

Subjective ratings. At the end of the 2-h interval running period, subjects felt
significantly more lightheaded, winded, and total body fatigue during the -2% and -4%
ABM trials vs. the +2% and 0% ABM trials. There was also a significant difference
between the -2% and -4% ABM trials for ratings of lightheadedness and windedness.
Additionally, subjects rated their muscle cramping higher during the -4% vs. the +2%,
and 0% ABM trials. At the end of recovery, subjects felt significantly more lightheaded
and total body fatigue during the -4% vs. the 0% and +2% ABM trials. After 2-h of
interval running, subjects rated their lightheadedness 10 +4, 8 + 3,27+ 5, 50 + §,
windedness 14 £ 4, 12 + 3,27 + 6, 60 + §, total body fatigue 23 + 5,25+ 4,38 £ 6,53 +
7, and muscle cramping 6 =2, 6 + 3, 12 + 3, 26 = 5 during the +2%, 0%, -2%, and -4%
ABM trials, respectively. At the end of recovery, subjects rated their lightheadedness 8 +
3,8+3,16+4,26=+7, and total body fatigue 27 £ 5,26 £4,32 £ 5, 42 + 6 during the
+2%, 0%, -2%, and -4% ABM trials, respectively.
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At the end of the 2-h interval running and recovery period, subjects rated their
level of stomach bloating and sloshing of stomach contents higher during the +2% ABM
vs. the 0%, -2%, and -4%, ABM trials. Subjective ratings at the end of interval running
were: stomach bloating 57 + 6, 12 + 4, 8 £ 3, 5 = 1 and sloshing of stomach contents 33 +
7,11 £3,7+ 3,4 + 2 during the +2%, 0%, -2%, and -4% ABM trials, respectively. At
the end of recovery, subjects rated their stomach bloating 38 +7,8 £2,4+2,4 + 2 and
sloshing of stomach contents 12+ 5,3 £ 1,4 £2, 3 £ 1, during the +2%, 0%, -2%, and -
4% ABM trials, respectively.

There were no statistically significant differences among beverages (i.e., no effect
of beverage [Na']) within % ABM levels for any of the subjective ratings at the end of 2-

h interval running or recovery.

Discussion

The main findings from this study were 1) the Nguyen-Kurtz equation accurately
predicted the measured post-experiment Syn,+; during the 0%, -2%, and -4% ABM trials,
but not the +2% ABM trials, 3) Na' consumption attenuated the decline in Syng+ from pre-
to post-experiment during the 0% and +2% ABM trials, but the differences among
beverages Na 0, Na'18, and Na"30 were not statistically significant, and 4) prolonged
running performance was impaired when subjects incurred a 2 and 4% BM deficit due to

fluid restriction.

Predicted vs. Measured Sina+. The results confirm the predictions of the
Nguyen-Kurtz equation (2003) when subjects drink to match sweating rate (0% ABM) or
restrict fluid consumption and lose BM (-2% or -4%) during endurance exercise. These
results support the notion that changes in Sina+j can be predicted by changes in the net
mass balance of fluid, Na", and K from pre- to post-exercise. As indicated in Fig. 4.2
and 4.3, the pre- to post-exercise AS|na+ in the present study was most sensitive to the
ABM (i.e., fluid balance). As predicted, drinking any of the fluids in the current study at
a rate greater than sweating rate (+2% ABM trials) leads to dilution of Sina+jand

restricting fluid intake (a decrease in BM) leads to an increase in Syna+. Moreover, Na©
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consumption influences the relation between ABM and the ASin,+). As indicated by the
slopes of the regression lines of Na'0, Na'18, and Na 30 in Fig. 4.2, Na’ consumption
(i.e., 0% and +2% ABM trials) attenuated the decline in Syn,+;, and the higher the [Na'] in
the beverage, the greater the attenuation. Fig. 4.2 also shows that beverage [Na'] has no
effect on Synar) Wwhen subjects lose BM; however, it is important to note that little or no
fluid was consumed during the -2% and -4% BM trials.

Because the accuracy of the Nguyen-Kurtz equation was confirmed in the present
study, it is logical to conclude that the assumption made in calculating predicted Sina+},
i.e., that ATBW = ABM, is a valid one. However, Noakes et al. (2005) contend that, due
to 0.7 kg loss from fuel oxidation, 0.4 kg gain from metabolic water production, and 1.5
kg gain from water released with glycogen utilization, 70-kg endurance athletes can lose
> 3% of their BM over the course of a marathon without experiencing a change in TBW.
If this assessment was correct, then using ABM as a surrogate for ATBW in the Nguyen-
Kurtz equation would cause the measured decrease in Spna+jto be larger (more negative)
than that predicted for the 0%, -2% and -4% ABM trials. Noakes et al.’s theory was not
supported in the current study, as there was no significant difference between predicted
and measured Spna+] during the 0%, -2% and -4% ABM trials. While it is possible that
pre- to post-exercise ABM overestimates sweat losses to some extent (due to endogenous
water production and/or weight loss from the oxidation of glycogen and fatty acids), it is
apparently not enough to affect sodium balance. Similar to Noakes et al.’s view, Hew
(2005) suggested that runners who finished a marathon in a 3 kg BM deficit were in a
state of euhydration, not dehydration (deficit in body water). Hew came to this
conclusion after conducting a retrospective analysis of pre- and post-race measurements
of BM and Sina+) in runners who participated in the Houston Marathon. In Hew’s
analysis, a scatter plot of ABM vs. ASna+jillustrates that a 3 kg loss in BM corresponded
to a 0 ASna+) from pre-to post-race and that a 0 kg ABM corresponded to a 6 mmol/L
decrease in Sy, Hew interpreted these data as evidence that 3 kg of endogenous water
production caused the 6 mmol/L decrease in Syna+] despite a 0 ABM. However, Hew did
not consider the impact of Na" intake and loss on post-race Spa+1. In the present study, a
0% ABM also corresponded to a decrease in Sina+] (-2 mmol/L); however, the decrease in

Sinat is clearly due to a Na™ deficit (AE = -140 mmol/L, Table 4.2) as runners consumed
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a Na'-free beverage to replace sweat losses. It is possible that the runners in Hew’s
analysis also incurred a Na" deficit durin