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ABSTRACT

The prescription of an optimal fluid intake during exercise has been a controversial
subject in sports science over the past decade. Only recently has it evolved from
“blanket” prescriptions to more individualised recommendations. Currently the
American College of Sports Medicine (ACSM) advise that sufficient fluid should be
drunk in order to ensure that body mass (BM) loss does not exceed >2% of starting
BM in order to avoid exercise-associated medical complications. Historically BM
changes have been used as a surrogate for fluid loss during exercise. It would be
helpful to accurately determine fluid shifts in the body in order to provide
physiologically appropriate fluid intake advice. The measurement of total body water
(TBW) via deuterium oxide has been found to be the most accurate measure to
detect changes in body fluid content. Thus the aim of this thesis was to understand
body fluid homeostasis during exercise when drinking according to the dictates of

thirst (ad libitum).

This thesis begins with a review of the literature examining the basis for fluid intake
prescription with the use of BM, the concepts of “voluntary and involuntary
dehydration” and the major routes by which the body is potentially able to gain and

lose fluid during exercise.

We initially found that changes in TBW are more variable than BM at rest, although
technical machine error accounted for a majority of the total error in the TBW
measurement. Interestingly BM remains very stable at rest compared to the dynamic
nature of changes in TBW both daily and weekly. We also found that measurements

of both BM and TBW produce reproducible results at rest.
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Our first finding was that with the adoption of an ad libitum fluid intake during
exercise athletes participating in the study were able to finish races of varying
distances without any medical complication along with a >2% BM loss. Which leads
onto our second and more important finding that we have also demonstrated that
despite a >2% BM loss, all of our subjects finished their respective races whilst
maintaining plasma sodium concentration ([Na‘]) and plasma osmolality (POsm)
within the normal range when drinking ad libitum. This finding demonstrates the
reality of drinking in athletes competing in various types of foot races and that it is
unnecessary to drink to maintain BM in order to successfully complete races of any

distance

Thirdly and most pertinent finding was that associated with this >2% BM loss we
measured TBW changes during these races and found that changes in BM do not
track changes in TBW during real-life competition in athletes when drinking ad
libitum. This finding illustrates that to some extent, sweat losses during exercise are
offset by internal water sources associated with metabolic water formation and water
associated with glycogen storage ensuring the maintenance of body fluid

homeostasis.

It was also noted that athletes performing the best often experience the greatest BM
loss during the 21.1km and we found a similar trend in the 56km race. We have
suggested that this can be explained by both behavioural and physiological reasons.
Lastly all athletes successfully completed their respective races without
encountering any exercise-associated medical complications with the adoption of an

ad libitum fluid intake approach.

The outcomes from this thesis support the prescription of more physiologically

appropriate advice for fluid intake prescription during exercise. We hope that these

12




studies will provide adequate corroboration that during exercise together with an ad
libitum approach, athletes are able to maintain adequate hydration (maintenance of
POsm and plasma [Na']) regardless of significant decreases in BM, which is often

associated with superior performance in some athletes.
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CHAPTER 1

Introduction and Scope of the Thesis:

THE QUANTIFICATION OF BODY FLUID HOMEOSTASIS
DURING EXERCISE
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1.1) General Introduction:

Mindful of complications such as exercise induced heatstroke, those competing in
ultra-endurance events are encouraged to be vigilant regarding their fluid intake.
Athletes are advised to avoid sustaining a decrease in body mass (BM) during
exercise as this “dehydration” is perceived to be detrimental to performance and

even increase the probability that heat related illnesses can occur'®%.

In 1996 the American College of Sports Medicine (ACSM) published a position
stand providing guidelines on exercise and fluid replacement®. Their
recommendations encouraged athletes to ingest fluid equivalent to the amount of
BM lost during exercise®®. A recent review by Beltrami et al (2008) investigating the
recommendations subsequent to the advent of this position stand noted that there
was an increase in the dissemination of advice in the academic literature that
athletes should regulate their drinking in order to maintain BM. This conflicts with the
established physiological principle that plasma osmolality (POsm) is the

physiologically-protected variable which is regulated by the stimulation of thirst'®'%.

Since the adoption of these guidelines there had been a disturbing increase in the
number of cases of exercise associated hyponatremia (EAH) and even death due to
exercise associated hyponatremic encephalopathy (EAHE)®. This troubling rise and
lack of consensus on the cause led to the holding of the 1° International EAH
Consensus Statement, on the aetiology and risk factors for EAH*. EAH is often
described as a life threatening and totally preventable condition, its predominant
aetiology has been hypothesized as a dilutional hyponatremia associated with the
syndrome of inappropriate anti-diuretic hormone secretion (SIADH)*. This

consensus lead to a general understanding and a directed focus in future research
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into the aetiology and management of EAH. Subsequently the ACSM sort to rethink
their recommendations for fluid replacement during exercise replacing the 1996
guidelines with new guidelines published in 2007. These new guidelines include the
advice that athletes should drink to thirst (ad libitum) but should now strive to

prevent a >2% BM loss during exercise'®.

It is evident that recent fluid replacement guidelines have evolved from blanket fluid
replacement® to more individualised prescriptions’®, even though
recommendations are still often disseminated to athletes participating in endurance
events to replace fluids, based on the extent of BM lost'®. These prescriptions are
encouraged because data obtained from tightly controlled laboratory trials have
demonstrated that athletes who ingest fluid according to thirst or who restrict their
fluid intake, do not maintain a constant BM during exercise®'*. This is thought
inappropriate because a decrease in BM is considered to be an indicator that the
thirst mechanism is inadequate to properly replenish the body’s water stores or
return the body to a state of euhydration. It is argued that this apparently dehydrated
state places athletes at risk of heat illness, ill health and impaired athletic

performance®%.

It is commonly assumed and accepted that during any bout of exercise regardless of
duration the amount of fluid loss is exactly equivalent to the BM loss'®. But this
conflicts with the historical findings that athletes regularly lose 5-6% of their BM
during ultra-endurance exercise lasting 5-24 hours, whilst maintaining proper fluid

homeostasis and without developing any medical complications®®.

It should be apparent that fluid regulation is far more complex than can be assessed
purely by gross BM changes before and after endurance exercise, which may very

well overestimate the extent of body fluid losses®™"*'®. Thus it would be most
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beneficial to investigate the physiological markers and the actual state of hydration

in relation to changes in BM during endurance exercise.

1.2) Concepts in Hydration

Defining euhydration is complex because the body’s water content varies as a

37;88.

sinusoidal rhythm. A common definition for euhydration®*": a BM that is relatively
stable (within 0.45kg from day to day) with the maintenance of an adequate fluid
intake to sustain normal urine volume and concentration. To this definition may be
added more physiologically appropriate terms such as: a relatively stable TBW
content alongside the maintenance of plasma sodium concentration ([Na*]) and
POsm, although these measurements are not as easily measured as BM®. A
majority of these variables seem appropriate during daily sedentary activity but

during endurance exercise some of these variables may be altered in order to

maintain the milieu interior?®.

The use of BM as a marker of hydration status during exercise begins perhaps with
Adolph and Dill (1938) who reported that humans walking in the desert heat for
several hours did not drink sufficiently to prevent some degree of BM loss during the
exercise bout®’. As a result of this observation the term “voluntary dehydration” was
coined by researchers to describe a state of BM loss in the presence of an adequate
fluid supply®. This has been hypothesized to occur because of a time delay before
sweat losses are fully replaced causing a temporary reduction in TBW. As a result it
is argued that the thirst mechanism is inadequate to maintain body fluid

homeostasis during exercise®®®.

More recently Greenleaf (1992) used the term “involuntary dehydration” to describe

the failure of the thirst mechanism to maintain baseline BM*'%. Laboratory
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experiments have demonstrated that “voluntary dehydration” (>2% BM loss) is
associated with impaired aerobic exercise performance in temperate conditions'®.
In contrast to these laboratory findings recent research conducted during ultra-
endurance events has found that often the best performing athletes finish apparently

the most “dehydrated” (>6% loss of BM)®1%1%°,

Interestingly a recent statement by Hew-Butler et al (2006) described this model of
understanding as: “to assume the thirst drive would be an ‘inaccurate index’ of fluid
balance during exercise would seem contradictory to the evolution of our species™.
A pertinent statement which refers to the fact that researchers investigating fluid
balance relationships during exercise often forget to consider the complex
integration of the brain (i.e. hypothalamus) and how it governs the body’s milieu
interior (maintenance of POsm and plasma [Na®]) in regards to the body’s ability
(via osmoreceptors in the brain & baroreceptors in the heart) to maintain body fluid
homeostasis via mechanisms developed during our evolution into terrestrial

beings®®. These evolutionary capabilites have liberated us from having to

continually seek water every moment of the day?®.

It seems that fluid-associated BM loss could be defined as a voluntary dehydration
until the level of water loss alters the milieu interior causing the exercising body to
stop exercising as occurs in the more severe stages of dehydration as illustrated by
Adolph in 19472, However whilst severe dehydration should be avoided to prevent a
decrease in exercise performance and to maintain overall health, it is evident that
strictly adhering to replacing all BM loss with fluid intake during exercise will
contribute to a state of body fluid overload resulting in a multitude of problems such
as gastric discomfort, nausea and possibly causing decrements in performance and

more severely EAH®¥'18121
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This life threatening condition has arisen because some researchers have not
questioned critically the use of BM as an absolute indicator of body hydration status
during exercise. This has long been a contentious issue when considering the
inability for BM to account for various factors affecting the body's fluid

homeostasis45;49;108;109;1 18

There are many factors that can influence the body’s hydration status during
exercise and that would contribute to the TBW pool. These include gains in TBW
via routes through eating, drinking, metabolic water formation (water as a product of
fuel metabolism) and glycogen-associated water liberation (water released from the
bonds formed when glycogen is stored in muscle and liver) or factors associated
with the loss of TBW such as respiratory and cutaneous water loss, gastrointestinal
loss and renal water clearance'®°%737587:88:90:93103111 ' A|| need to be considered if the

changes in TBW during exercise are to be understood properly.

1.3) Dynamics of Body Fluid Balance

What is lost?

i) Renal water clearance:

This is the loss of water through the process of filtration in the kidneys which are the
primary controllers of water balance in the body. The kidneys are controlled by
various systems such as the renin-angiotensin-aldosterone system and anti-diuretic
hormones including arginine vasopressin (AVP) and atrial natiuretic peptide
(ANP)?"'?" Through these hormonal actions there would be either an increase or
decrease in the re-uptake of fluid passing through the kidneys tubules resulting in an

increase or decrease in the concentration of urine excreted.
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This wholly depends on the state of hydration of the person, the greater the fluid
intake the greater the fluid volume excreted as urine and vice versa. This is tightly
controlled in order to maintain body fluid homeostasis to prevent either over

hydration or water loss resulting in severe dehydration.

When exercising various mechanisms work to prevent perturbations in fluid
homeostasis. It has been observed that the body is unable to maximally suppress
AVP secretion during exercise so that a state of relative fluid retention occurs during
and sometime after exercise®®. Under these circumstances any relative overdrinking
combined with unsuppressed AVP secretion will greatly influence the probability for

the development of EAH, hence a dilutional hyponatremia®’.

The average urine clearance for normal individuals is 1- 2 litres per day but can
range from 0.5 — 4 litres”>""3, It has been stated that there is little reduction in urine
flow rate during prolonged exercise but in more strenuous exercise a reduction of
20-60% has been reported®®. Thus renal water clearance during prolonged exercise
could be considered to be highly individual but suppressed during prolonged

exercise through elevated AVP secretion.

ii) Respiratory water loss

Respiratory water loss (RWL) is the loss of water associated with respiration. Daily
RWL for individuals at rest in temperate climates are approximately 400ml and can
reach 1500ml/day when performing hard work in dry air’>. Water losses from this
route are a function of respiratory minute volume and the vapour pressure gradient

between ambient air and the lung surface according to the following equation’:
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Me = rate of evaporative water loss [g/min]
VO, = oxygen uptake in [L/min (Standard Temperature and Pressure)]

Pa = water vapour pressure [mmHg]

Mitchell et al (1972) described the rate of water loss through the respiratory tract as
roughly 2-5g/min during exercise exceeding 1.5 L/min (VO,) in a dry environment
with a vapour pressure of 10 mmHg. There is no associated solute (electrolyte) loss
from this means of fluid loss’*"°. This loss is said to roughly equal the release of

metabolic water as a result of substrate breakdown’"%3,

iii) Gastrointestinal water loss

The normal loss of water through faecal excretion is ~100-200 ml a day, excluding
the gross mass of the actual stool. Most fluid ingested is reabsorbed by the small
intestine and the colon®"*'%, Faecal water loss does not usually occur in the
normal “healthy” individual during exercise®”'®®. Thus fluid loss via this route during

prolonged exercise should not account for much.

Interestingly Ladell (1955) first hypothesized a possible fluid reserve of up to 2 litres
in the body that may not require fluid replacement in order to ensure that whole body
fluid homeostasis is maintained®. This has led to the hypothesis of a possible fluid
volume that exists in the gut and can be drawn upon to offset some fluid losses from
the body. This would explain why some BM losses of up to 3% may not carry any

consequence on physiological function or performance during prolonged
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exercise’>""1%_ Consequently this possible fluid store when assimilated at cellular

level will offset a fluid deficit.

iv) Cutaneous water loss

Cutaneous water loss plays a major thermoregulatory role during exercise due its
cooling effect through evaporation but at the cost of fluid loss'™. Sweat is water
secreted through sweat glands as a hypotonic fluid (when compared to plasma); the
rate of sweat loss is affected by various factors and biological variables such as the
exercise intensity and ambient temperature. The secretion of sweat consists mainly
of water, urea and sodium at a concentration that varies depending on the habitual
sodium intake and the rate of urinary sodium loss (since losses in sweat and urine

must balance the sodium intake).

The average person sweats between 0.5- 2.0 L/hr. This is due to a variety of factors,
the most important factors being metabolic rate (includes the size of the person and
their predisposition to sweating), temperature and humidity . Currently theoretical

sweat loss is most appropriately determined through this equation”:

Sweat Loss = (body mass loss) + (ingested fluid) — (substrate oxidation) +

(metabolic water) — (respiratory water loss)

Analysis of sweat rates and collection of sweat is a difficult task due to the function
of sweat as a thermoregulatory control mechanism utilizing evaporative heat loss''*.
Thus in order to collect sweat it is necessary to prevent evaporation of the sweat
collected (thus hampering cooling) and prevent contamination of
sampling®” " Various techniques have been used but none has been shown to be

scientifically sound for measuring whole body sweat rates. Methods that have been
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used include closed-pouch collection*?, sweat patches, whole body wash downs,
whole-body sweat collection in a large plastic frame'™ and more recently collection
via technical absorbent materials that can define regional sweat rates and sweat

electrolyte concentrations®’.

It seems all have their shortcomings but the ability to collect the whole-body sweat
to measure rates is logically the most reproducible because it does not rely on a
specific area to estimate whole body sweat rates since regional sweat rates vary.
New advances in this field have prompted interest in the neuro-humoral control of
sweating’?. Further investigations should be conducted to elucidate the exact
mechanisms which that may be involved in the regulatory factors that would
contribute towards sweat regulation and whole body fluid homeostasis during

exercise.

What is gained?

i) Food and fluid consumption

Maintaining adequate hydration and energy replacement is necessary for optimizing
sporting performance and health during prolonged exercise’®. Specifically for ultra-
endurance exercise athletes should consume enough energy and fluid to maintain

and prevent decrements in performance or increase their risk of heat-illness®.

As mentioned previously the prevention of both extremes (no fluid intake and
overconsumption) should be avoided. The most apparent and preventable
development has been EAH due to overzealous fluid consumption associated with
SIADH*. The most probable explanation for the recent appearance of EAH in ultra-

endurance sporting events has been the promotion of fluid replacement equal to BM

23




loss or to drink to “stay ahead of thirst” or “as much as tolerable” in order to maintain

health and prevent any decrements in performance’.

Monitoring fluid and food consumption in race settings is difficult and cumbersome
due to the nature of competitive races in which subjects are competing and as a
result of psychological and logistical factors that hamper data collection. These
include the difficulty of determining exact quantities of fluid consumed because not
all the fluid in a measured volume may be ingested, but could be used for cooling of
the head and body. A similar difficulty is experienced because of large numbers of
athletes participating. This makes it difficult to identify subjects in an experiment and

to monitor their fluid usage.

It is often easier to use the fluid recall method which involves the recall of the total
amount of fluid ingested post-race’®'%. This is an indirect and subjective report of
fluid consumption and thus not totally reliable but practically useful. It would be most
beneficial to determine the fluid intake habits of athletes during ultra-endurance
competition and especially to establish whether an ad libitum drinking approach is
adequate to prevent the development of serious medical complications, allowing

athletes to complete these events adequately hydrated.

Recent research has found that adopting an ad libitum approach to general food and
fluid consumption adequately maintains day-to-day euhydration in elite Kenyan
athletes with high daily- training demands®. Following this, it will be of great interest
to determine whether the body is indeed in a state of dehydration during athletic

competition when athletes will be eating and drinking ad libitum.
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ii) Metabolic water formation

Metabolic water is an inevitable end-product of the oxidation of fats, carbohydrates
and proteins when broken down to produce the energy needed to perform work.
Metabolic water formation is most commonly calculated using stoichiometric
equations for substrate oxidation such that 1g of carbohydrate oxidised will result in
the 0.6ml water formation™. In regards to fat oxidation 1g of fat will result in the
generation of 1.3ml of water'®’®. An invaluable consideration when working out the
formation of metabolic water is that the rate of substrate oxidation is dependent on
the work intensity and that the preference for fuel for oxidation is individual for each

athlete®.

Pivarnik et al (1984) calculated that the metabolic water formation produced during
endurance exercise would be of minimal help in maintaining the plasma volume®.
However the researchers did not state whether metabolic water formation would
replace the intracellular volume and not directly contribute to extra-cellular fluid re-
hydration™. Although metabolic water production did not provide an adequate
supply to replenish the extra-cellular volume this does not mean that it did not

contribute to the net gain in the TBW pool®.

Additionally a study conducted during a 90km cross-country ski race calculated that
there was a possibility of 2kg of endogenous water liberation, where contributions
were accounted for 1kg from fat and carbohydrate oxidation and 1kg of water
contributed from glycogen store mobilization thus an addition of 2 litres of fluid was
added to the body’s hydration status and further an additional irreversible 2kg loss of

BM in the athletes post-exercise”.
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The 2007 ACSM Guidelines for Exercise and Fluid Replacement state that
metabolic water formation does not produce a net water gain since it merely offsets
RWL'®. It would be incorrect to ignore the contribution these sources contribute to
body fluid homeostasis during competition because environmental and individual
factors change and so will RWL along with the rate of metabolic water

production®>71%°.

iii) Glycogen associated water stores

Widely acknowledged as a stored constituent with glycogen storage, and often
associated with the noticeable increase in BM when a high carbohydrate diet is
ingested, is the water associated with glycogen storage. Still a contentious issue in
the field of physiology is the exact amount of water associated with glycogen

storage in the muscle and the liver.

However it is widely understood and taught that glycogen units are stored in an
osmotically inactive state in the human body'®. The reason for this would be to
prevent great alterations to the body’s cellular solute concentration, in order to
prevent significant changes in cell osmotic pressure. Thus water associated with the
storage of glycogen should not affect the state of fluid homeostasis due to the
“bound” nature of the solute it is joined to until the stored glycogen is broken down.
Thus water released from this breakdown should contribute to offset the fluid lost

from the body.

It was in 1906 that Zuntz and his colleagues proposed the widely acknowledged
ratio of 3g of water associated with each gram of glycogen but they did not directly
measure this. Instead they calculated the relationship from data presented by Pavy

in 1860 who at the time was experimenting on sugar (carbohydrate) formation in the

26




liver®""°_ It would take some years until methods were developed that possessed a

greater degree of precision.

Progressing Gamble et al (1923) studied the chemical changes resulting from a fast
illustrated this trend®. An observation during the early days of fasting was of “a very
striking loss of body water, largely extracellular in origin”. When the fast was broken
by giving carbohydrate, in energy content far below the caloric needs, a gain in BM
was accompanied by retention of water. Similarly Hoelzel (1928) noted on himself
the biochemical phenomenon of an increased mass gain with an increase in

carbohydrate consumption concomitantly with oedema due to water retention®.

But it was researchers studying glycogen storage in the liver, Puckett and Wiley
(1932); McBride et al (1941); Mackay and Bergmann (1932) and Bridge and Bridges
(1931; 1932)'2"1370717435 \who propelled the field forward by performing experiments
that enabled them to determine liver glycogen concentrations and associated water
storage. Puckett and Wiley found that 2.4g of water was stored with 1g of glycogen
in albino rats with varying glycogen contents in their liver and concluded by
postulating that the liver needed be considered a possible site for water retention
when fluid balance is studied®. MacKay and Bergman established in rabbits that
there was a direct proportion in which water is stored with glycogen storage in the
liver. They concluded that although their results did not directly support the 3g of
water to 1g of glycogen theory, their data did not oppose it either’®. Whilst McBride
and colleagues concluded after experimenting on a hundred rats, that during
glycogenesis, as long as there is no change in non-glycogen solids of liver, there is
2.7g of water associated with 1g of glycogen storage’. The association of greater
than 2g of water was confirmed as the breakdown of 1g of glycogen released that

amount of water.
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The only study to investigate this complex relationship in humans was that of Olsson
and Saltin (1970) who found a 2.4kg increase in BM and a 2.2 litre increase in TBW
measured with the use of tritium (*H) labelled water, which was assumed to be the
result of glycogen storage in the muscles and the liver amounting to approximately
500g. They concluded that 3-4g of water would be associated with glycogen storage

in the whole body, particularly in the liver and muscle®’.

This was disputed by Sherman et al (1982) whose data from Sprague-Dawley rats
found an inconsistent ratio between storage of muscle glycogen and water'".
Although they disagreed with the findings of Olsson and Saltin (1970), their study
only investigated muscle glycogen concentrations, utilized different experimental
models and did not investigate TBW changes and whole body glycogen storage in

muscle and liver as had the study of Olsson and Saltin.

1.4) Total body water (TBW):

In the ‘normal’ (70kg) human, 60% of BM (approximately 42L), with a range from 45
to 75% of BM comprises of TBW”*2. TBW is the measure of the body’s entire water
content representing what would be considered the true hydration state at the time
of sampling assuming the subjects have normal blood reference values and are in
good health. Body fluids composed of the largest amount of water are: cerebrospinal
fluid and bone marrow fluid (are composed of 99% water), blood plasma (85%) and

the brain (75%)%.

Body fluid homeostasis is essential for electrolytic, acid—base and thermal balance
and is the medium in which bodily processes take place®®*'"*. Water turnover by

the body ranges from 5-10% (3-5L) of TBW daily. Studies have observed that the

28




level of physical activity will promote a higher rate of water turnover in a healthy
state because well-trained subjects have a higher water turnover as a result of the
habitual exercise®''?. TBW is regulated within + 0.2 to 0.5% of BM at rest’. It has
been stated that no one true absolute value for TBW can be assigned'® although it
has been proposed that a water deficit of greater than 2% of BM falls outside the
“‘normal” TBW fluctuations. This statement might hold true for short exercise
durations (<2 hours) and at rest but there has been little direct research to prove this

statement.

The use of isotopic tracer methodology to measure the body’s total water content
has been the accepted gold standard for measurement of hydration'"*. The use of
the stable isotope deuterium oxide (D.O or ?H,O) has emerged as the most
acceptable tracer for modern use. Other tracers that can be considered include
tritium (°H) or tritiated water (*H,O) which is used less frequently in TBW studies
because of its radioactive nature and a half-life spanning 12 years which could

render it potentially hazardous'.

Initial studies found the optimum tracer equilibration period to be longer than 4-6
hours when sampling from urine®. More recent research has found that tracers are
distributed quite rapidly throughout the body water spaces. Thus an equilibration
time of 2-4 hours has been found to be adequate when sampling with saliva, 2.5-5

hours for urine and 1.5- 6 hours for blood®* %2,

Samples are usually corrected for the exchange with non-aqueous hydrogen®.
Analysis is carried out with the use of a ratio mass spectrometer® for the stable
isotopes and with a scintillation counter when analyzing tritiated samples'®. Colt et

al (1978) utilized *H during exercise and stated that *H might not be the best tracer
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to use because of the increase in *H space as the result of an increase in non-

aqueous hydrogen-exchange in the post -exercise period™.

Precision with the use of D,O tracers used to analyse TBW has found to have the
accuracy of 0.5% according to the method of Halliday and Miller®®. Bartoli et al
(1993) found that TBW measurements are repeatable with a ~4% CV of which 60%

is inherent in the dilution technique’.

Although the use of D,O is possibly the best method by which to assess TBW, the
problem is the ability to attain instantaneous (quick) measurements. Because this
involves the use of an isotope ratio mass spectrometer that determines the tracer’s
mass compared to the rest of the solution it is contained in, which is costly,

cumbersome and inconvenient®.

Previous research by Fusch et al * examined TBW and TBW turnover during a 7-
day trek at a moderate altitude. They found TBW decrease by 2L and then stabilized
over the first few days of the trek this was associated with a decrease of 0.8kg of
BM over the entire trial**. This leads us to further question, are changes in TBW
equivalent to changes in BM during acute or prolonged durations of exercise? By
obtaining TBW and POsm concurrently post-exercise it could be established
whether an athlete’s body fluid homeostasis really does change when drinking ad
libitum and to determine to what extent does TBW have to change in order to alter
POsm. Also whether there is a gram-to-millilitre relationship between changes in BM
and TBW.

| 8 who measured TBW via D,O before

TBW has been investigated by O’Brien et a
and after an eight day, moderately cold-weather (1-3°C), military training exercise.

They observed a significant decrease in TBW over the eight day study which they
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believed was due to a noticeable decrease in lean BM and fat mass. They
concluded that despite high activity levels, significant BM loss and negative energy
balance, body fluid balance was maintained over the eight days. Thus adequate
hydration was possible during such demanding activities. Similar findings were
observed by Knechtle et al (2008) who used bio-electrical impedance to monitor
athletes during a 1200km multi-day stage running race. Alongside a significant loss
in BM there was a noted increase in % TBW, despite a decrease in skeletal muscle
mass and fat mass. The authors further confirmed this finding with a cohort of
female runners during a 100km ultra-endurance run. They found that despite a 2.2%

decrease in BM, TBW content was maintained with an increase in %TBW®'.

Recently Baker et al ° measured TBW utilizing the tracer methodology for pre-
exercise TBW determination and concluded that TBW changes track BM changes
during exercise®. But various issues plagued their methodology for example the
exercise protocol which lasted in total 2 hours but was intermittent and did not
reproduce conditions present during prolonged endurance exercise. Their protocol
also required the subjects to drink to maintain, decrease or increase their BM to
absolute values which is not reflective of normal fluid intake behaviour and could be
construed as BM and TBW manipulation with the use of forced fluid ingestion
regimes for subsequent measurement of TBW. Lastly their TBW calculations initially
calculated TBW with the tracer methodology but post-exercise TBW was not directly
quantified instead they corrected for isotope loss, via sweat sample collection,
breathe vapour, urine and non-aqueous hydrogen exchange. This would prove
somewhat problematic because it would be necessary to assume that the whole
body sweat and breathe D,O concentration is the same and that whole body sweat
loss is purely BM loss and that breathing rate was consistent over the entire
exercise trial. The other errors in their methodology and analysis have been

described®.
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Thus by tracking TBW changes with the diluted isotope method before and after
exercise it would be possible for researchers to establish whether the amount of BM
lost during exercise is exactly equivalent to the amount of fluid lost from TBW during

exercise.

1.5) Body mass (BM) as a marker for fluid balance:

BM change is the most popular proxy for TBW balance because it is non-invasive
and easily to administer®”'%*'"3_ This is based on the assumption that a BM loss of
1g is equivalent to the loss of 1ml of water”. The use of BM changes has been
established because multitudes of studies have determined that a majority of water
loss is achieved through excretory mechanisms such as urination and sweat loss
which the latter being the major source of fluid loss during exercise, in order to

regulate the body’s temperature.

Other clinically applicable reasons are the use of BM in chronic clinical scenarios, in
these conditions it has been found that the use of BM is an accurate and reliable
day-to-day measure. But it seems that these changes in BM are more closely

associated to regulation of fat mass than fluid balance .

Although during acute exercise the differences in BM and TBW are assumed to be
directly proportional. This is not necessarily true during ultra-endurance exercise for
bodily functions such as mass lost due to the use of endogenous fuel sources and
water complexed during glycogen storage are not taken into consideration as

irreversible 73108109118
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Fluid consumed during exercise does not usually equate to the fluid “lost” during
exercise. This “dehydration” is considered to place the athlete at risk of heatstroke®.
But this “loss” is a result of the use of BM changes during exercise on the
assumption that all the BM lost during exercise is a resultant of fluid loss alone. This
may be true for acute and intermittent bouts of exercise but not necessarily for
prolonged exercise. Consequently is often ftranslated into fluid replacement
prescription for endurance exercise resulting in errors in estimation of hydration

status and possibly encouraging overzealous fluid consumption®.

Potential confounding factors that affect the accuracy of these measures is fluid loss
as a result bowel movements, clothing mass, acute BM gain due to carbohydrate
loading and food and fluid consumption could alter the readings in obtaining a
reliable measure of true baseline BM. This could be carried over as an error in
measuring body fluid homeostasis”. Other issues involving the accuracy of the

scale used to measure BM is that the ground must be level and the scale calibrated

Concern should be taken when using BM to explain changes in body fluid balance
especially during prolonged endurance exercise. Physiological cues such as the
thirst mechanism should not be ignored at the ease of utilizing BM changes.
Physiologically the body is unable to determine BM and track changes involved in
acute physical mass loss unlike more appropriate markers such as serum [Na*] and
POsm (influencing the thirst mechanism) which have been established as the main

indicators to body fluid homeostasis****¢'%° .

Often observed in laboratory studies is that a >2% BM loss is associated with
decrements in exercise performance. However BM changes have been tracked over
a 12- and 24- hour marathon in which researchers found that there was a significant

decrease in BM of 2.9% (ranging from 0 to - 6.5%) for the 12-hour race and 5.1%
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(ranging from -0.8 to -11.4%) for the 24-hour race. It was noted that BM fell during
the first 8 hours of exercise and from there on BM fluctuated about a new “baseline”

value®.

That study amongst many others should discourage the concern that BM must be
maintaining during exercise through excessive fluid intake. Further Dill et al
hypothesized in 1933% that human do not defend BM during exercise but rather
protect POsm. It has been observed that BM loss can occur without a decrease in
TBW, thus questioning the maintenance of BM to maintain fluid homeostasis during

endurance exercise?’.

Yet the use of BM changes as an absolute indicator of hydration status is still widely
advocated because it is a practical and convenient measurement that can be used
in the laboratory and field setting®”"*'%*'"3, The question remains whether it should
be used as a justified marker for fluid replacement guidelines to maintain body fluid

homeostasis for athletes during and after exercise.

1.6) Fluid balance controls

Classically the main fluid balance control in the human body is the hormone AVP
alongside hormones aldosterone and ANP. Although recently interleukin-6 and
oxytocin have also been found to potentially play a role in control of fluid balance
during exercise in humans*"*°. AVP predominately affects the fluid reuptake rate by

the kidney'?®

. Whilst aldosterone exerts its effects on the body to either conserve
(increase re-absorption from the body via sodium conservation, concomitant fluid

reuptake) or liberate fluid for excretion (vice versa) in response to changes in blood
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pressure and volume, thus ensuring body fluid homeostasis with the maintenance of

blood biochemical markers of POsm and plasma [Na*]'?.

Hormone collection and analysis is costly. Hence it is practical and inexpensive to
assess body fluid homeostasis according to proxies which these hormones respond.
A variety of blood biochemical measures are often used to assess body fluid
homeostasis such as blood POsm and electrolyte (sodium and potassium)
concentrations. These markers are often measured because their concentrations
reflect the actual state of hydration that the body uses to assess the net flux of fluid
in and out of the circulatory system which allows for the body to remain in optimum

functional state.

Kratz et al have last updated reference values for various haematological and blood
biochemical markers in regards to normal laboratory reference values of these .
For hydration both before and after prolonged exercise they have proposed other
values®. This allows us to understand the deviations from the normal resting values
in which athletes completing a marathon without requiring some sort of medical

assistance would display what could be considered ‘normal’ values.

i) Plasma osmolality (POsm)

POsm defined as the concentration of a specific solution expressed in milliosmoles
of solute particles per kilogram of water (mOsm/kgH,0). In this the case it is the
concentration of solute particles bathed in the blood®. It is most appropriately

calculated as'?:

Plasma Osmolality (mOsm/kgH,0) = 2 x [Na‘] + [BUN] + [glucose]

[Na'] — plasma sodium concentration (mmol/L)
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[BUN] — bread urea nitrogen (mmol/L)

[glucose] — plasma glucose concentration (mmol/L)

Sodium is the main electrolyte constituent in the extra-cellular fluid, thus plasma
[Na'] largely dictates POsm which in turn regulates cell size. Body fluid homeostasis
is achieved through neuro-endocrine regulation in which osmoreceptors located in
the organum vasculosum of the lamina terminalis and the subfornical organ in the
hypothalamus detect changes in POsm (1- 2%)'®. An increase in POsm will
stimulate the posterior pituitary gland secretion of AVP'?’. The macula densa in the
kidney also senses blood osmolality. Renin secretion is adjusted in order to
modulate POsm. Renin is used to convert angiotensinogen (present in the liver) to
angiotensin |, which subsequently is converted into angiotensin Il by angiotensin
converting enzyme (present in the capillaries of the lungs). Angiotensin Il exerts
global affects, triggering aldosterone release from the adrenal cortex, direct
vasoconstriction, and thirst behaviours originating in the hypothalamus. This

complex system regulates overall fluid homeostasis'*'%,

The POsm increases as a curvilinear of exercise intensity and a change in PV
during exercise?"?’. Thus AVP concentrations rise as a linear function of increases
in POsm increasing the stimulus for thirst concomitantly with an increase in renal re-
absorption to maintain in fluid homeostasis. This occurs when the POsm rises above

5-10 mOsm/kgH,O above normal or when TBW decreases by 1.7 — 3.5%

The measurement of POsm is the most valid measures of hydration status
compared to urine osmolality which has a delayed response as a marker of
hydration “*°. Popowski et al (2001)** determined if POsm could accurately identify
euhydration and found it to accurately reflect acute changes in hydration status( via

BM loss) as compared to urine osmolality which lags behind POsm readings when
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measuring hydration status during acute dehydration. It has been established that
the mean reference value for normal people at rest ranges from 280-296
mOsm/kgH,O °®. Reference values for POsm has observed to range from 273-
317mOsm/kgH,0 immediately after endurance exercise after running a marathon®.
POsm should be used in order to scientifically determine the body hydration status

at anytime.

i) Plasma sodium concentration (plasma [Na']):

Since plasma [Na'] is largely responsible for dictating the osmotic pressure of the
body, any significant disturbances during rest and specifically during long distance

endurance events can produce significant illness*6°:82:101:121

. Dysnatremias can be
the result of overdrinking or the excessive intake of consumption of sodium tablets in
response to fears of severe dehydration and decreases in performance. These

dysnatremias are also associated with delayed recovery in runners who collapse

after prolonged exercise*®

Although sodium is lost in urine and sweat (in smaller amounts) it has been
hypothesized that the body is able to activate or inactivate various endogenous

131

stores of sodium in order to maintain homeostasis of plasma [Na']"'. Normal

reference values for plasma [Na'] have been established as 135-145 mmol/L for the

general population *

. Immediately after a marathon or prolonged exercise the
values have been established as ranging from 134-149 mmol/L but much lower

values can occur in EAH%.

Because plasma [Na'] is an easily measurable and important marker of body fluid

homeostasis, certain researchers have insisted that in order to prevent the body’s
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levels of sodium from decreasing during exercise and preventing EAH, that sodium
should be replaced during exercise in order to correct for any sweat and urine
sodium losses'®"'®. But it has been found that significant plasma [Na*] decreases
are due to the increase in fluid consumption resulting in fluid retention of the body
during prolonged exercise and therefore diluting the plasma [Na'] levels.
Consequently it has been found that the use of oral sodium supplementation during
prolonged exercise is unnecessary to maintain the plasma [Na*]*"'*. Rather it is the

importance of preventing the overconsumption of fluid.

Thus it is not the loss of sodium through sweat but the dilution of the body’s sodium
content due to overhydration concomitantly with the inability to maximally suppress
AVP that causes EAH'"2. The use of plasma [Na'] as a marker of the body’s
hydration is a valid indicator due to the measurement ease with the use of portable
analyzers and its close relationship with POsm enabling rapid and accurate

determination of the body’s fluid balance state.
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1.7) Summary:

The safety and efficacy of past and present ACSM Guidelines for Fluid Replacement
have been questioned®'®. After presenting the current understanding of

euhydration®*

, we have proposed a more appropriate definition of euhydration in
relation to physiological variables such as POsm*. Having considered the general
gains and losses of water through the human body we have noted that water may
be released from internal stores during exercise. This would add to the body’s
overall hydration especially from water associated with glycogen storage. Our
previous and continued research has laid the ground to establish a more

physiologically appropriate model of fluid replacement during exercise**"#%,

Two fundamental questions require continued attention. The first is to determine
whether ad libitum fluid consumption during exercise will maintain body fluid
homeostasis. Second is to find out whether BM loss equates to body fluid loss

(TBW) during exercise when drinking to the physiological stimulus of thirst.

Currently evidence found during ultra-distance exercise has proven that it is normal
to lose >2% BM®*"'%%1% |t seems that performance is neither compromised during
competition that the athletes losing the greatest BM tend to perform better than their

counterparts who lose the least or even gain BM during exercise.

Hew-Butler et al (2007) noted that despite a 3.8% loss of BM there was
maintenance of plasma [Na'] and PV from pre-race to post- race during the South
Africa Ironman triathlon. This is indicative of the body’s ability to control fluid
homeostasis even when there is a substantial loss of BM*®. As mentioned before, it
is largely the state of plasma [Na’] which determines POsm thus stimulating the

release of AVP and other fluid regulating hormones to regulate fluid excretion, it is
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not any change in BM that dictates the body’'s response to fluid overload or

49;127;128

dehydration

TBW is considered the most accurate indicator of body fluid homeostasis®. The use
of tracer methodology allows the determination of TBW with accuracy and thus the
measurement of real changes in hydration status. The relationships between direct
changes in BM and TBW have yet to be studied during ultra-endurance exercise.
Studies have noted the changes in BM before and after races and found that the
markers of fluid balance pre- and post-exercise do not usually change as

dramatically as does BM'®.

Nolte et al (2010) and Knechtle et al (2008) found that that BM decreased from pre-
to post-exercise but percentage TBW rose indicating that TBW content remained
relatively stable despite a reduction in BM®. This was speculated to be due to the
release and formation of endogenous water stores from various pools. These
studies therefore provided some evidence suggesting that BM lost during prolonged
exercise is not equivalent to the loss of TBW®'®_ Whilst Baker et al® attempted to
directly quantify changes in BM versus TBW changes and concluded that the
relationship was accurate and precise, but their study appears to be flawed®.
Rogers et al studied the water budgets of athletes during ultra-endurance exercise
and concluded that endogenous water gains may aid in offsetting the total amount of

water loss even in the presence of BM loss'®.

A decade later some researchers have yet to acknowledge that the body might
remain in relative fluid homeostasis before, during and after exercise regardless of
BM fluctuations when consuming food and fluid ad libitum. Therefore further

research should be conducted in fluid balance during exercise in order to establish
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more physiological based guidelines that will allow athletes to complete athletic

competition without medical complications.
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1.8) Hypotheses

1.) When drinking ad libitum, athletes will demonstrate variable fluid intake and will
develop significant loss in BM.

2.) Body fluid homeostasis is unaffected during exercise even when BM a loss >2%
occurs

3.) BM loss does not equal changes in TBW during exercise in those drinking ad libitum

4.) Significant BM loss will not be associated with a decrease in performance.

1.9) Study Objectives

1.) To determine whether ad libitum fluid intake will enable athletes to complete races in
a normal state of hydration regardless of the extent of BM loss

2.) To measure indicators of body fluid homeostasis and their relationship to the extent
of BM loss

3.) Determine whether BM loss exactly equates to change in TBW during exercise

4.) Determine whether BM loss is associated with altered racing performance.
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1.10) Structure of this thesis

This thesis comprises six chapters and focuses on the use of D,O to measure TBW
changes in order to monitor body fluid homeostasis at rest in the laboratory setting
and before and after two races over three distances: the 2007 PUFfeR, an 80km off-
road ultra-marathon foot race and the 2009 Two Oceans Marathon, consisting of a

half-marathon (21.1km) and a 56km ultra-marathon on-road foot race.

Chapter one is titled “Quantification of hydration status during exercise” it is a review
of the current understanding, knowledge and controversies around the prescription
of fluid replacement during exercise. More specifically with the use of BM to
estimate changes in TBW during exercise, the routes of fluid loss and gain in the
human body during exercise and discusses more physiologically appropriate
measurements for quantifying body fluid homeostasis. More specifically it proposes
the need to compare changes in BM and TBW during exercise to determine whether

BM can be used as a proxy for changes in TBW

The second chapter investigates TBW and BM changes at rest and their
relationship to other commonly used blood biochemical measures of body fluid
homeostasis. This study allowed us to monitor the variability associated with the
measurement of TBW and BM in a controlled sedentary environment with a double

dose D,0 protocol under resting conditions.

Chapter three is titled, “Fluid intake and changes in blood biochemistry, running
speed and BM during an 80km mountain trail race”. This manuscript has been
published in Medicina Sportiva (2009) 13: 108-115 and tracks our initial attempt to
quantify TBW over an ultra-endurance mountain trail-race. More importantly we

were successful in tracking individual fluid intakes of athletes over an entire ultra-
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endurance off-road competition thus establishing whether athletes ingest adequate
amounts of fluid to maintain fluid homeostasis when drinking ad libitum under these

conditions.

The final study was conducted during the 2009 Two Oceans Marathon and
comprises two chapters, Chapter 4 examines the “Changes in total body water
content during a race of 21.1km in athletes drinking ad libitum” and Chapter 5 deals
with the “Changes in total body water content during a race of 56km in athletes
drinking ad libitum”. This study was performed to address the main crux of this
thesis which was to determine whether the changes in TBW equal changes in BM
during prolonged exercise. The Two Oceans Marathon provided a unique setting
since we were able to monitor athletes running both a shorter 21.1km (half-
marathon) and more gruelling 56km (ultra-marathon) road running race on the same
day. This allowed us to determine if fluid balance changes are similar during shorter

and more prolonged ultra- endurance exercise.

Finally Chapter 6 represents concluding remarks, a synthesis of the studies and
novel findings added to the body of literature on the physiology of fluid balance
during prolonged exercise. With this advancement in the knowledge of body fluid
homeostasis during exercise we are able to develop the most physiologically
effective fluid replacement guidelines. Further we are able to discuss future
directions in this ongoing challenge of prescribing optimum fluid intake with the aid
of improving athlete performance but whilst avoiding potentially life-threatening

conditions such as EAH and EAHE.
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CHAPTER 2

TOTAL BODY WATER VARIABILITY AT REST MEASURED
WITH A SHORT-DURATION DOUBLE DOSING PROTOCOL OF

DEUTERIUM OXIDE
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2.1) Abstract:

Introduction: To measure changes in body mass (BM), total body water (TBW),
plasma osmolality (POsm), plasma sodium concentrations ([Na*]) at rest and assess
both the daily and weekly variability associated with the measurement of TBW.
Methods: 15 subjects were tested on a morning and afternoon session over three
trials/weeks. BM, TBW, POsm, plasma [Na'], plasma potassium ([K']) and plasma
total protein ([TP]) concentrations were measured.

Results: No significant differences were found with BM and TBW measurements
over the entire study. BM remained stable across the three trials with a 0.86%
coefficient of variation (CV) whilst the TBW had a CV of 5.9% across the three trials.
A significant relationship was found between TBW and BM content (R=0.90,
P<0.0001) as well as between POsm and absolute TBW and BM. Intra-class
correlation coefficients found the measurement were repeatable over the three trials
for both BM and TBW (R=0.84 and R=0.93 respectively).

Conclusion: Both BM and TBW do not differ significantly daily and weekly in
healthy free-living individuals. TBW is more variable at rest than BM which illustrates
that BM does not necessarily track the changes in TBW at rest. We conclude that

both measures can be determined reliably and with accuracy at rest.

Key words: fluid balance, deuterium oxide, hydration status.
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2.2) Introduction:

The 2007 American College of Sports Medicine’s (ACSM) Exercise and Fluid
Replacement Guidelines, advise athletes to avoid a >2% BM loss during exercise to
ensure they maintain their health and optimise their sporting performance '®. The
validity of these guidelines, however, are disputed by the finding that top finishers
participating in ultra-marathons and Ironman triathlons, routinely exhibit greater BM
losses than less competitive athletes. In addition a majority of athletes who lose

>2% BM finish these races with no apparent health consequences %'%%1%9,

Gross BM changes and various other indirect measurements might be inadequate
predictors of overall body fluid balance as metabolic water release from fuel
oxidation and water bound to glycogen during storage is released are not often
taken into account. Nor is the actual irreversible mass lost from substrate oxidation
considered. Thus measurements of changes in BM could possibly lead to an
overestimation of the true extent of fluid loss. These considerations indicate the
necessity of a more direct and scientifically precise measurement’>'"®. In order for
efficient and concise prescription of fluid intake requirements during exercise, it is
necessary to attempt to accurately measure body fluid balance by changes in TBW
rather than to grossly estimate and model fluid loss on the basis of indirect methods
such as changes in BM. In addition it is necessary to include studies of athletes

involved in out of laboratory competitive sport.

The work of Rogers et al (1997)'® calculated the water budget of triathletes by
considering the gross variables determining fluid balance. They calculated that
athletes who ate and drank ad libitum replaced almost 90% of their total water loss

when competing in a multisport ultra-triathlon incurring a net loss of only about 1.9%
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of their initial BM. Interestingly athletes still completed the event in good health and

with a significant BM loss (4.6%).

Maughan et al (2007) supported the analysis of Rogers et al (1997) and also
developed a theoretical analysis of the dynamics of body fluid balance during
exercise. They examine substrate oxidation, respiratory water loss, cutaneous water
loss (sweat), water loss in urine and faeces, food and fluid ingestion, metabolic
water formation and water associated with glycogen storage. Their review exposed
issues associated with these often simplified explanations and stated that a
significant amount of BM loss (1-3%) may occur without any apparent impairment to

body fluid homeostasis "°.

These observations of the body’s ability to lose significant amounts of BM without a
significant change in hydration status, warrants the study of body fluid stores (TBW)
to determine whether BM changes adequately define the dynamics of body fluid

homeostasis.

These data will further confirm our suspicion that fluid intake stimulated by thirst will
allow athletes to safely complete endurance events if they drink according to the
physiologically controlled stimulation of thirst and not “stay ahead of thirst”.
Measuring TBW is commonly achieved with the use of the stable isotope deuterium
oxide (D,0)"¥%3%1%7 D,0 is able to equilibrate freely with the body’s water contents.

28;39;106

It is non-hazardous since it is not radioactive and is an accurate measure of

TBW (+0.5%) using the method of Halliday and Miller (1977)*.

D,O dosing protocols are often used to measure body composition or to measure
body water turnover with the method of single dosages with repeated measures

between extended periods for example one dose every week. The weekly variability
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of this method has been established "°**®. However it would be interesting to
investigate the daily (between morning and afternoon) and weekly variability of TBW
when a double dosing protocol is used. The time between measurements over a
single trial will be reflective of the time in which athletes would complete prolonged

exercise.

Therefore in order for further investigation into the dynamics of TBW changes during
exercise to be accomplished, our aims for this study were to investigate the
precision and the variability (between the trial and session) of fluid balance at rest

measuring TBW with the use of a double D,O dose over a single day.
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2.3) Materials and Methods:

Subjects: Fifteen healthy individuals were recruited and gave their informed
consent and approval for this study was obtained from the Human Research Ethics
Committee of the Faculty of Health Sciences, University of Cape Town and was
performed according to the World Medical Organisation’s Declaration of Helsinki

(Seoul, 2008).

Experimental Procedures: All subjects visited the laboratory on three occasions
and were requested to follow the same routine (e.g. working and exercise habits and
foods consumed) 24-hours prior to each visit. Each trial was separated by a

minimum of seven days.

Trials 1,2 & 3:

On the morning of the trial the subjects reported to the laboratory after eating a
breakfast, kept constant for each trial, at least an hour before the beginning of the
trial. After emptying their bladder, height and BM was measured in minimal attire
without shoes on a calibrated electronic digital scale on a flat level surface (Clover
Scales (Pty) Ltd: TCS-A300) (to the nearest 0.01kg). Height was measured with a

stadiometer.

Pre-dose saliva (2ml) and blood (10ml) samples were then collected. Blood samples
were collected from an antecubital vein within two minutes of the subject being
seated to determine plasma total protein ([TP]), plasma sodium ([Na']) and
potassium ([K']) concentrations and plasma osmolality (POsm). Saliva samples

were collected with a cotton wool swab and subjects were requested not to eat or
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drink for 30 minutes prior to this collection. Subjects then salivated a few times,

rinsed the mouth and swallowed the saliva prior to providing a sample for analysis.

The subjects then orally ingested their first dose of deuterium oxide (D,O) solution
(dosage 0.05g/kg) as determined by their initial BM. When sampling D,O in saliva, a
minimum of two hours is required for complete equilibration of D,O to occur within
subjects were free to perform daily habitual tasks but refrained from any exercise or

activities that would increase the rate of body fluid turnover.

Two hours after the initial D,O dose, a second saliva sample was obtained. The
subjects were then free to consume food and fluid ad libitum for the next 5 hours
and portions/volumes were recorded with the use of food diaries to insure that
similar foods were eaten during all three trials. The subjects were instructed to
maintain the same, consistent behavioural patterns associated with their daily
activities (including food and fluid consumption) on all trial days for a period of seven

hours post-D,0 dosing.

Seven hours after the initial D,O ingestion the subjects returned to the laboratory,
where they repeated the protocol described above. This sequence was repeated

two more times (trials 2 and 3).

Blood Biochemical Analyses: 10 ml venous blood samples were collected from the
antecubital vein on the occasions previously described, into lithium- heparin
Vacutainer (Becton Dickinson, Rutherford, NJ) tubes. Blood samples were
centrifuged at 3000g for 10 minutes at 4°C. Plasma was extracted and then stored at

-20°C until analysed for: plasma [Na'] and [K'] (EasyLyte PLUS Na/K/Cl analyzer,
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Medica Corporation); POsm (Osmomat 030 Cryoscopic osmometer, Gonotec) (CV-

2.86%); and plasma [TP] (Roche P-Module, Biuret) (CV- 2.1%).

Measurement of Total Body Water (TBW): TBW was calculated with the diluted
isotope method using D,0*. A ~1.5ml saliva sample was collected for use to
calculate pre-dose deuterium abundance (as well as increased D,O abundance due
to prior doses) and after a 2-hour equilibration period to determine TBW on two
separate occasions (morning and afternoon) over each of the three ftrials. Saliva was
collected by placing a sterile cotton wool swab into each subject’'s mouth with sterile
tweezers. Each subject was then asked to moisten the cotton swab with saliva by
rolling the swab around the mouth until the swab was fully saturated. The cotton
swab was then removed with tweezers and immediately placed into the barrel of a
10ml sterile syringe. All saliva was then extracted by compressing the cotton swab
against the head of the syringe this allowed all collected fluid to flow directly into a
cryotube. Samples were immediately sealed and frozen (-80°C). The samples were
prepared before analysis by filtration through sterile, single-use syringe filters into

glass 1ml vials which were then sealed and sent for analysis.

The dose of D,O used for TBW measurement was administered as individualized
doses immediately following baseline saliva sampling. Each D,O dose was
dispensed from a 4% weight-to-weight stock solution that was created by mixing
required amounts of 99% D,O (Cambridge Isotope Laboratories Inc., MA.) and
distiled water. The pre-mixed D,O stock solution was poured into an airtight
container and sealed with duct tape to prevent fractionation during storage. Each
participant received a dose of approximately 0.05 g/kg BM with each dosage pre-
weighed to the nearest 0.001g. After each dosage had been consumed, the dose
bottle was immediately re-weighed to quantify the exact amount that had been

ingested.
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Food and fluid consumption was prohibited during the 2-hour equilibration. A 2-hour
equilibration period following D,O administration has shown to be

14:18,23,24:29,54:58:69.106:112117:134 Al urine produced during this equilibration

appropriate
period was collected and analysed to account for any isotope loss. The D,O
enrichment and volume of these urine samples were accounted for in subsequent

TBW calculations.

TBW determination was obtained through measurement of D,O enrichment in saliva
samples, measured by the Stable Light Isotope Laboratory (Department of
Archaeology, University of Cape Town, South Africa) by pyrolysis in a Thermo
Finnigan TC/EA (Thermo Fisher Scientific Inc. Waltham, MA, USA) with a
SpectraSYSTEM® AS3000 Autosampler (Thermo Fisher Scientific Inc. Waltham,
MA, USA), coupled via a Thermo Conflo Il (Thermo Fisher Scientific Inc. Waltham,
MA, USA) to a Thermo Delta XP stable light isotope mass spectrometer (Thermo
Fisher Scientific Inc. Waltham, MA, USA). Samples were run against internal
laboratory standards and were measured at intervals throughout the run to ensure
consistency. The results were normalised against and reported relative to the
international standards (relative standard deviation <2%). TBW was calculated
utilizing the Halliday and Miller method * with a modified correction factor for non-

aqueous hydrogen exchange at 1.04 (4%)*%.
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Calculations:

Equation 1: The Davies method was used to calculate the total body water (TBW) in

kilograms (kg)%:

Whereas: A = amount of dose solution drunk (g); a = amount of dose solution diluted
in T (g); T = amount of tap water 'a' was diluted in (g); Ea = enrichment of diluted
dose; Et = enrichment of tap water used to dilute the dose; Ep = enrichment of
baseline sample; Es = enrichment of post dose sample; 1.04 = correction factor for

over estimation of TBW by the use of D,O *.

Equation 2: Total body water (kg) was attained and percentages of total body water

(TBW) were calculated as:

Statistical Analysis: Data were analysed and reported using means * standard
deviations. To determine the variability of the measures in question, repeated
measures ANOVAs were used (time x trial). Intra-class correlation co-efficients
(ICC) and co-efficients of variations (CV) were also calculated. All statistical tests
were analysed using the Statistica 8 Software Programme™ (Tulsa, OK) and
correlations with the use of Prism 3 (GraphPad Software Inc., La Jolla, CA).

Statistical significance is accepted when p < 0.05.
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2.4) Results:

Fifteen subjects volunteered to participate in this study (10 males and 5 females)
(Table 2.1).The mean age of the cohort was 25 + 4 years (range: 20-34). Average
BM over the entire trial was calculated to be 69.9 £ 11.8kg (range: 50.2-92.4) with
an average TBW content of 42.8 £ 8.2 kg or L (range: 29.9 — 60.2) and percentage
TBW content of 60.5 + 3.6% (range: 54.0 — 67.2). Body mass index (BMI) was
calculated to be 23 (normal range: 20-25) which reveals that subject group were of a

normal healthy phenotype.

Table 2.1: General characteristics of the sample population

Mean % SD (%) Min Max
Sample Number 15 - -
Females 5 (33) - -
Males 10 (67) - -
Age (years) 25+ 4 20 34
Body mass (kg) 699+11.8 50.2 92.4
Height (cm) 173.5+ 9.1 155 191
BMI (kg/m?) 23.1+25 18.7 26.6
Total body water (kg) 42.8+8.2 29.9 60.2

BMI- Body mass index

There were no significant differences between BM, TBW and percentage TBW
between the study’s three trials (P=0.72, P=0.47 and P=0.43 respectively) (Table
2.2). Further no other significant differences were found between the blood
biochemical markers of hydration over the entire trial (POsm, P=0.06 and plasma

[Na*], P=0.17) (Table 2.3).
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Table 2.2: Body mass and absolute (kg) and percentage (%) total body water over

the three trials in the morning and afternoon

Trial 1 Trial 2 Trial 3
n Morning Afternoon n Morning Afternoon n Morning Afternoon
BM (ko) 15 70.1+121 700%+121 15 69.8+11.7 698+11.8 14 695+121 69.5+12.0
TBW (kg) 15 41.919.0 426+96 15 426+75 42776 14 417177 425+86
TBW (%) 15 594145 605+51 15 61.0+44 615263 14 601154 61.1+5.1

BM- Body mass; TBW- Total body water

Within subject CVs were calculated for BM over the entire trial and for the morning

and afternoon measurements over the three trials (0.86%, 0.94% and 0.85%

respectively). Similarly within subject CVs were calculated for TBW over the period

mentioned previously (5.9%, 5.5% and 6.3% respectively). ICCs for both BM and

TBW over the entire trial were both found to be reliable (R=0.84 and R=0.93

respectively). When ICCs were calculated to assess the morning and afternoon BM

over the three trials (R=0.97 and R=0.90 respectively) and TBW (R=0.95 and

R=0.74) measures were found to be reliable except the afternoon TBW measure fell

short of being highly reliable®.

Table 2.3: Blood biochemistry and indicators of hydration status over the three

trials in the morning and afternoon sessions

Trial 1 Trial 2 Trial 3
n Morning Afternoon n Morning Afternoon n Morning Afternoon
Plasma [K'] 14 42+0.8 3.8+0.3 15 4004 3.7+0.2 13 42+0.7 3.8+03
Plasma [Na'] 14  139.2+24 139.7+24 15 139.0+26 139.3+40 13 137.7+29 139.8+238
POsm 14 291.7+6.1 290.1+47 15 2889+58 2885+49 13 290.0+58 291.4t5.1
Plasma [TP] 14 80.8+5.0 77.3+184 15 81.0+6.3 80.7+5.6 13 81.1+52 80.3+5.5

[K™]- Plasma potassium concentration (mmol/L); [Na'] - Plasma sodium concentration (mmol/L); POsm- Plasma osmolality

(mOsm/kgH0); [TP]- Plasma total protein concentration (g/L).
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Figure 2.1 The significant relationship between total body water (TBW) and body

mass (BM) of all subjects over the two time periods and three trials (n = 88)

A significant relationship was found between TBW and BM (P<0.0001) (Figure 2.1).
Likewise a correlation between POsm and both TBW and BM was found to be
significant (P<0.001 and P<0.0001 respectively) (Figure 2.2). No significant
relationship was found between plasma [Na*] and both BM and TBW. The dotted
lines represent the normal ranges for both markers (POsm: 280-296mOsm/kgH,O
and plasma [Na*]: 135-145mmol/L)%. Eight POsm values fell marginally out of the
normal range whereas four plasma [Na'] measurements fell below the normal

range.

Individual changes over the three trials between TBW and BM are presented in
Figure 2.3. A mean decrease was calculated in BM (-0.031kg) and slight increase in
TBW (0.58kg). The correlation between the change in BM and TBW over all three

trials was found to be not significant.
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Figure 2.2 Significant correlations with plasma osmolality (POsm) but not plasma

sodium concentrations ([Na']) with total body water (TBW) or body mass (BM)

(n=71)
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Figure 2.3 Individual values for changes (A) in body mass (BM) plotted against the

changes in total body water (TBW). Each symbol represents the different trials.

58




2.5) Discussion:

Our main finding from this study was that neither TBW nor BM changed significantly
during the entire study when measured in the morning or afternoon sessions (Table
2.2). We found greater variability associated with the measure of TBW (5.9%) than
of BM (0.95%) over the three trial periods (total of six measurements). This TBW
finding was slightly out of agreement with the findings of Bartoli et al (1993) who
measured TBW over four separate occasions together with BM and underwater
weighing’. The CV for BM (0.7%) had remarkable agreement with our data.

Whereas the CV value for TBW in that study was only 4%.

It has been stated that TBW measurements are of dubious repeatability with error of
measurement for a single sample having a CV value of 3%. This illustrates the
inherent variability associated with machine error rather than with biological
variability. In view of this it appears that our results for TBW are acceptable together

with acceptable ICCs for BM and TBW (R=0.84 and R=0.93 respectively).

TBW variability associated with both morning and afternoon sessions did not differ
significantly (P=0.86) but the associated CV was found to be different between the
two sessions (5.5% and 6.3% respectively). It is apparent that the morning session
produced a smaller CV for the TBW measurement than the afternoon session. This
may have been associated with the inability to control for the subject’'s movement
between each testing session (morning and afternoon sessions) and also between
each trial. Other explanations could be a tracer accumulation effecting the
measurement from morning to afternoon®. With regards to methodological error the
process of collection of “baseline” samples of saliva prior to the ingestion of the D,0O
dose would correct for any unnecessary tracer miscalculation since background

“baseline” content is known.
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This finding illustrates the difficulty in using TBW values to define a specific value for
euhydration. Rather the most physiologically appropriate measure to establish
adequate hydration would be the measurement of plasma [Na*] and/or POsm in

order to accurately quantify adequate hydration****%*,

Our second finding was that no significant differences occurred in the biochemical
markers of hydration status over the entire trial illustrating that adequate hydration
was maintained during the testing period (Figure 2.2, Table 2.3) despite some
variability in the TBW measurement. This suggests that the body fluid homeostasis

was maintained even though there was some variation in the TBW measurement.

Lastly previous research involving repeated measures of TBW have found both
positive and negative relationships between TBW and BM"'#'%_ To date only five
studies have investigated repeated measures of TBW with the use of
D,Q"1432:106:107 “ Al studies except that of Faller et al (1955) found that the changes
of TBW and BM were positively correlated. We did not find a significant relationship
between the daily changes (differences between afternoon and morning
measurements) of TBW over the trial period (P=0.09). Despite this we did find a
positive trend between changes in BM and TBW (Figure 2.3) and a significant
relationship between the TBW content and BM (Figure 2.1). The latter illustrates the

phenomenon that 60% of the human body is water®.

The objective of this thesis is to utilize the measure of TBW to provide us with an
understanding of the current state of fluid balance during exercise and compare this
to BM, the often used proxy for body fluid homeostasis. The theoretical basis behind
the use of BM to assess hydration status is because BM comprises primarily (60%)

of TBW and any acute change in BM would be assumed to be due to fluid shifts
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since TBW is one of the most dynamic component in physiological systems. Often
BM may be a valid proxy measure for TBW over prolonged periods especially at
rest®*. But this does not mean it is also valid during exercise with consideration of
changes in substrate loss and glycogen bound water release’. Thus it would be
advantageous to observe whether the changes in BM would track changes in TBW

during exercise (Figure 2.2).

Thus the aim of this study was to assess the daily and weekly variability of BM and
TBW. A greater understanding of the dynamics of fluid balance at rest might provide
explanations with regards to the more complex dynamics occurring during exercise.
Along with other measures of hydration status TBW was assessed twice with the
use of two doses of D,O tracer per trial. We chose to mimic the protocol similar to
that which we would use in the other studies reported in this thesis in order to

determine the accuracy of the method.

Strengths and weaknesses of the study: The strengths of this study include the
use of D,O to quantify changes in TBW at rest. Furthermore, our ability to trace
TBW twice on the same day provided us with insight about the accuracy of
measurement of acute changes in TBW over the three week trial period. The
weaknesses of this study include the inability to control for what our subjects drank
and ate over the entire trial period and even between morning and afternoon testing
sessions, although we requested that they maintain the similar dietary requirements
during testing sessions. Thus we were unable to appropriately deduce what specific
changes in TBW and BM were produced by variations in diet. It would have been
interesting to monitor changes in body composition to further provide insight into the
origins of these changes in BM and TBW. Nevertheless When using the stable
isotope DO 60% of the TBW variation is inherent in technical machine error and a

smaller proportion to biological and sampling error.
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2.6) Conclusion:

In summary this study has found that BM and TBW do not significantly change when
measured daily (morning and afternoon) and weekly (three trials). It was found that
BM remains clearly more stable than TBW at rest (CV values of 0.8% and 5.9%
respectively). Regardless of the dynamic nature of TBW it is evident that POsm and
plasma [Na'] remained within the normal range for the duration of the study. Thus
the body’s fluid homeostasis was maintained even though there was some apparent
change in TBW. We conclude that the measurement of TBW is reproducible under
these conditions but is subject to a variation of ~6%. Most of this variation is

inherent in the technical machine error with the measurement of the D,O method.

Therefore further studies should investigate whether the relationships found at rest
are evident during exercise. Other studies that might provide further insight of
physiological measurement would be to monitor body fluid homeostasis during
exercise with change in BM and TBW. Additionally the collection of body
composition and nutritive data will add to elucidate the dynamics of changes in body
fluid homeostasis produced during exercise and further interrogate these

controversial guidelines for fluid intake during exercise.
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CHAPTER 3

FLUID INTAKE AND CHANGES IN BLOOD BIOCHEMISTRY,
RUNNING SPEED, TOTAL BODY WATER AND BODY MASS

DURING AN 80KM MOUNTAIN TRAIL RACE

Edited from the version published as:

Tam N, Hew-Butler T, Papadopoulou E, Nolte H, Noakes TD. Fluid intake and
changes in blood biochemistry, running speed and body mass during an 80km

mountain trail race. Medicina Sportiva 2009; 13: 108-115.
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3.1) Abstract:

Introduction: To measure changes in body mass (BM), total body water (TBW),
running performance, fluid intake and blood biochemical variables in an ultra-
marathon mountain race.

Methods: Nine subjects (44.0 £ 9.2 years; 72.2 + 9.0kg) were measured 2-days
before the race, immediately pre-race and post-race for BM, TBW, plasma
osmolality (POsm), plasma sodium ([Na']), plasma potassium ([K']) and plasma
total protein ([TP]) concentrations. Fluid intake and rating of perceived exertion
(RPE) were also measured over the entire race.

Results: Significant BM loss occurred from 2-days pre-race to post-race (-3.1 +
1.2kg; p<0.05) and from pre-race to post-race (-3.7 £ 2.7kg; p<0.01). Whereas TBW
decreased on average by -2.5 + 0.9 kg (range: -1.5 - -3.6kg) between both 2-days
pre-race to post-race and pre-race and post-race. A positive linear relationship was
found between fluid intake and changes in BM during the race (r =0.7; p<0.05).
Rates of fluid intake (321- 628ml/hr) and total body mass loss varied substantially
between individuals. POsm and plasma [Na’] were well regulated and did not
change significantly. There was a non- significant correlation between changes in
body mass and race performance.

Conclusion: We conclude that drinking rates vary substantially in athletes drinking
ad libitum during an 80 km mountain race whereas POsm and [Na’] concentrations
are well regulated despite large changes in BM. The limited data of TBW showed
that this measure did not significantly change. Therefore, drinking ad libitum during
prolonged endurance running seems to be an appropriate method to maintain fluid

homeostasis during ultra-marathon mountain races.

Key words: fluid balance, plasma sodium, plasma osmolality, exercise.
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3.2) Introduction:

Current fluid replacement guidelines advise athletes to consume enough fluid in
order to prevent a >2% decrease in BM during exercise '®. These guidelines are
usually applied to athletes participating in events such as road running, triathlons,
tennis, soccer and American football. There is less information about rates of fluid
intake and BM losses in ultra-distance events like the Ironman triathlon or ultra-
marathon races, in which some successful athletes can incur BM losses >6-8%

without apparent detriment to their health or performance® %1%

. It is usually difficult
to measure fluid intakes in these races since competitors cover large geographical
distances and the events last for prolonged periods making careful observation

impractical.

A local 80km trail race provided an opportunity to carefully monitor rates of fluid
intake in athletes during exercise. At the same time we were able to measure
changes in BM, running speed, rate of perceived exertion and various blood

biochemical measures.

We hypothesized that rates of fluid intake amongst the competitors would vary as
would the extent to which they lost BM during the race. In contrast blood electrolyte
measures especially plasma [Na'] and POsm would vary less since these are the
biological variables that are homeostatically regulated during exercise*®. Finally we
sought to evaluate the observation that athletes losing the most BM during the race
will exhibit the best performance whilst drinking and eating ad libitum during an

80km off-road running race.
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3.3) Materials and Methods:

Subjects: All entrants of the 2007 Peninsula Ultra Fun Run (PUFfeR) 80km trail race
were invited to participate in this study. Approval for this study was obtained from the
Human Research Ethics Committee of the Faculty of Health Sciences, University of
Cape Town and was carried out according to the Declaration of Helsinki (Seoul,
2008). Ten athletes (Table 1) gave written informed consent to participate in this
project from a field limited to 125 runners (8% of the entire field). All food and fluid

were consumed ad libitum during the race.

Setting: The PUFfeR is an 80km trail race starting at Cape Point (Cape Town, South
Africa) which traverses the Cape Peninsula for 80km (highest elevation of 1080m)
over the Table Mountain National Park with 13 checkpoints dotted at intervals of 6
km (Figure 2). Ambient temperature (dry bulb) fluctuated between 8 - 20°C on race

day (South African National Weather Bureau) on a clear and calm day.

Measurement of Body Mass (BM): Subjects were weighed in racing attire without
shoes on an electronic digital scale (Beurer GS32) (to the nearest 0.1kg) on three
occasions: 1) race briefing (2-days pre-race), 2) 60 minutes prior to race start (pre-
race) and 3) immediately upon completion of the race (post-race) after each had

emptied their bladder.

Blood Biochemical Analyses: 10ml venous blood samples were collected on the
three occasions described, into lithium- heparin Vacutainer (Becton Dickinson,
Rutherford, NJ) tubes. During the blood drawing subjects were seated following
measurements of their BM. Samples were stored on ice until centrifugation. Blood
samples were centrifuged at 3000g for 10 minutes at 4°C. Plasma was extracted and

stored at -20°C until analysed for: plasma sodium ([Na‘]) and potassium ([K'])
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(EasyLyte PLUS Na/K/Cl analyzer, Medica Corporation) concentrations; plasma
osmolality (POsm) (Osmomat 030 Cryoscopic osmometer, Gonotec) (CV- 2.86%);

and plasma protein concentrations (Roche P-Module, Biuret) (CV- 2.1%) (Table 2).

Fluid Intake: Fluid intakes were measured and recorded by researchers stationed at
13 mandatory checkpoints throughout the 80 km route. Researchers recorded the
number and size of cups (175ml or 350ml) consumed by the athletes at the
checkpoints. They also questioned each athlete about the volume of fluid consumed
between checkpoints with a fluid recall method. As a result subjects needed to recall
only the additional volumes of fluid consumed during the previous ~6km. The data
from the 13 checkpoints was then summed to calculate the total volume (L) and rates

of fluid intake (ml/hr) for the individual athletes (Table 3).

The exploratory measurement of TBW took place 2-days before; immediately before

and after the race with the use of D,O dosage.

Measurement of Total Body Water (TBW): TBW was calculated with the diluted
isotope method using D,O. A ~1.5ml saliva sample was used to calculate natural
D,0O abundance (as well as increased D,O abundance due to prior doses) and after a
2-hour equilibration period to determine TBW on three separate occasions: 1) race
briefing (2-days pre-race), race morning (pre-race) and immediately after race
completion (post-race). Saliva was collected by placing a sterile cotton wool swab
into each subject’'s mouth with sterile tweezers. Each subject then was asked to
moisten the cotton swab with saliva by rolling the swab around the mouth until the
swab was fully saturated. The cotton swab was then removed with tweezers and
immediately placed into the barrel of a 10ml sterile syringe. All saliva was then
extracted by compressing the cotton swab against the head of the syringe and which

allowed all collected fluid to flow directly into a cryotube. Samples were immediately
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sealed and frozen (-20°C) until further analysis could be performed. Food and fluids
consumption was prohibited during the 2-hour equilibration. During the post-race
setting fluid ingestion was restricted. However some subjects required to drink. In
which case the volume ingested was measured (to the nearest 0.001g) and corrected
for during the first hour of equilibration. No further ingestion was allowed during the
final hour during the 2-hour equilibration period which followed baseline saliva
sampling. A 2-hour equilibration period following D,O administration has been seen

to be appropriate14;18;23;24;29;54;58;69;106;112;117;134- All

urine produced during this
equilibration period was collected to account for any isotope loss. The D,O
enrichment and volume of these urine samples were accounted for in subsequent

TBW calculations.

The dose of D,O used for TBW measurement was administered as individualized
doses immediately following baseline saliva sampling. Each D,O dose was
dispensed from a 4% weight-to-weight stock solution that was created by mixing
required amounts of 99% D,O (Cambridge Isotope Laboratories Inc., MA.) and
distilled water. The pre-mixed D,O stock solution was poured into an airtight
container and sealed with duct tape to prevent fractionation during storage. Each
participant received a dose of approximately 0.05g/kg body mass with each dosage
pre-weighed to the nearest 0.001g. After each dosage had been consumed, the dose
bottle was immediately re-weighed to quantify the exact amount that had been
ingested. TBW determination was obtained through measurement of D,O enrichment
in saliva samples, as measured by continuous flow isotope ratio mass spectrometry
(Europa Scientific ANCA-GSL and Geo 20-20 IRMS, Iso-Analytical Inc, UK)(relative
standard deviation <2%). TBW was calculated utilizing the Halliday and Miller
method * with a modified correction factor for non-aqueous hydrogen exchange at

1.04 (4%)>*,
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Calculations:

Equation 1: The Davies method was used to calculate the total body water (TBW) in

kilograms (kg)%:

Whereas: A = amount of dose solution drunk (g); a = amount of dose solution diluted
in T (g); T = amount of tap water 'a' was diluted in; Ea = enrichment of diluted dose;
Et = enrichment of tap water used to dilute the dose; Ep = enrichment of baseline
sample; Es = enrichment of post dose sample; 1.04 = correction factor for over

estimation of TBW by the use of D,O .

Equation 2: TBW (kg) was attained and percentages of total body water (%ATBW)

were calculated as:

Equation 3: Percent of BM (%A BM) lost or gained during the race was calculated as
the difference between the starting weight (either 2-day pre-race or pre-race) and the

finishing weight (post-race) divided by the start weight and multiplied by 100.

Equation 4: Performance Analysis: Running speed (km/hr) was calculated as an

average over the entire race and over each leg between twelve checkpoints:
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Rating of Perceived Exertion (RPE): RPE was noted using the Borg (6-20)
category ratio scale’’. RPE was noted at each checkpoint, it was mandatory for

subjects to stop and check in.

Statistical analysis: Data were analyzed using the STATISTICA version 8 (StatSoft
Tulsa, OK) statistical program using correlations, repeated measures ANOVAs and
post-hoc analysis with Tukeys HSD. Pearson’s correlations were calculated in Prism
3 (GraphPad Software, Inc., La Jolla, CA). Where applicable, all data are presented
as means t standard deviations (SD) including the range of values. Statistical

significance was accepted when p< 0.05.
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3.4) Results:

Eight of the runners (seven males and one female) successfully completed the 80 km
mountain race with a mean finishing time of 691.4 + 51.8 minutes (range: 583.5 —
769.2) (Table 3.1). One female runner withdrew prior to race start and all her
baseline data collected were excluded entirely from the subsequent analysis. One
male runner dropped out at ~60km, but completed BM measurements after being
transported to the finish line. Thus his data were included in the study since he did
complete ultra-distance. The mean age of the cohort was 44.0 + 9.2 years (range:
33 - 61) with a mean baseline BM (2-days pre-race) of 72.2 + 9.0kg (range: 61.3 -

88.6) (Table 3.1).

The individual data for BM measurements including the relative and absolute
changes during the course of the experiment are detailed in Table 3.1. BM increased
~1.05kg (£1.99) from 2-days pre-race to immediately pre-race but decreased ~4kg

(x2.55) (5% BM) during the course of the race (P<0.05).

Table 3.1: Body mass changes in runners participating in an 80km ultra endurance

trail race.
. RT BM (kg) A BM (kg) %A BM (kg)
Subject S
ubjee X (hrs) A B C A-B AC B-C A-B AC B-C
1 M 1220 750 764 T71.4 14 -36 -5.0 19 -48 -65
2 M 1282 613 607 599 06 -14 -08 10 23 -13
3 M 1098 781 807 74.1 26 -40 -6.6 33 -51 -82
4 M 972 745 748 T72.1 03 -24 27 04 -32 -36
5 M 1092 702 672 67.4 30 -28 02 43 -40 0.3
6 M 1220 886 899 836 13 -50 -6.3 15 56 -7.0
7 M 11.77 - 742 733 - - 0.9 - - 1.2
8 M - 68.7 717 654 30 -33 -6.3 44 48 -88
9 F 1157 613 647 594 34 -19 53 55 31 -82
mean 115 722 734 69.6%"% 1.1 -31 -37 15 -41°% -50°
+SD 1.0 9.0 88 7.6 21 12 27 31 12 3.5

RT- Race Time; BM- Body mass; %A- Percentage change; A- 2 Days Pre-race; B- Pre-race; C- Post-race. *P<0.05
when compared to A; #P<0.001 when compared to B; *P<0.05 when compared to A-B; (-) - Unavailable data.
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Plasma potassium (K*), sodium (Na®) and protein concentrations did not change

significantly during the race, nor did the POsm (Table 3.2). Furthermore, no

significant correlations existed between percent change in BM with either post-race

plasma [Na'] or POsm (Figure 3.1). The dotted lines indicate the normal range of

POsm (280 — 296 mOsm/kgH,O) while the solid lines denote the normal range of

plasma [Na'] (135 — 145 mmol/L)?*. Only one plasma [Na*] concentration fell outside

the normal range whereas three plasma osmolalities were above the normal range.

Table 3.2: Blood biochemical measures of runners participating in an 80km ultra

endurance trail race (mean + SD)

2-Days Pre-race Pre-race Post-race
Plasma [K"] (mmol/L) 5.0+ 0.5 (n=8) 49106 (n=9) 5.1+0.7 (n=8)
Plasma [Na'] (mmol/L) 140 £ 2.0 (n=8) 137.3+2.2(n=9) 138.5+4.3 (n=8)

Plasma Osmolality (mOsm/kgH,O) 286.1+9.7 (n=8) 298.2+7.4(n=9)

Plasma Protein (g/L) 71+ 3.3 (n=8) 73+2.8 (n=8)

292.9 + 8.5 (n= 8)

75+ 5.1 (n=8)

[Na'] — sodium concentration; [K*] — potassium concentration
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Figure 3.1 Percentage change (%A) in body mass (BM) in relation to post-race

plasma osmolality (POsm) and sodium concentrations ([Na®])

Table 3.3 provides a breakdown of the fluid intakes of the subjects denoted as water
intake and the intake of 3 different carbohydrate containing drinks (CHO A, B and C).
The column noted as “other” is the sum of different fluid types other than those
already described. Total volumes of fluid ingested during the race varied from 2.11 —
6.11 litres (mean 4.50 litres). The rates of fluid intake varied from 327 to 628 ml/ hr

(mean 422 ml/hr).
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Table 3.3: Fluid intake of runners participating in an 80km ultra endurance trail race

Subject Fluid Intake (ml)

Rate
(ml/hr)
Water CHOA CHOB Cola CHO C Other Total (L)

1 965 690 350 1980 - - 3.99 327
2 1050 2500 1025 300 - 170 5.05 394
3 800 200 175 2160 - 200 3.54 322
4 2720 1800 700 885 - - 6.11 628
5 2290 1050 850 875 - 200 5.27 482
6 2610 375 1025 835 - 300 5.15 422
7 2500 650 1400 - 500 385 5.44 462

8 910 125 175 350 - 550 2.11 -
9 1430 125 450 1325 - 575 3.91 338
mean 1697 835 683 1089 500 340 4.50 422
+SD 816 823 427 688 169 1.23 103

Subject 8 = did not complete the race, retired at 60 km. L — Litre; CHO A contains 7g/100ml carbohydrates &
30mg/100ml sodium; CHO B contains 7.5g/100ml carbohydrate & 21mg/100ml sodium; CHO C contains
20g/100ml carbohydrates & 47.5mg/100ml sodium

The data obtained resulted in only two complete sets of data for all three TBW
measurements (Table 3.4). However we did acquire 3 data sets of changes in the
period between 2-days pre-race to immediately pre-race (A-B); 5 data sets of
changes from 2-days pre-race to post-race (A-C) and 4 data sets from immediately

pre-race to post-race (B-C).
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Table 3.4: Total body water changes of participants in an 80km ultra-endurance trail

race

Subject TBW (kg) A TBW (kg) % TBWErj/Ilatlve to %AT?(\)NBr&Iatlve
A B C A-B A-C B-C A B C A-B A-C B-C

1 44.3 - - - - - 59.1 - - - - -
2 377 378 351 -01 -26 -27 615 62.3 58.6 14 47 6.0
3 - 406 375 - - -3.2 - 504 50.6 - - 0.4

4 43.6 - 419 - -1.6 - 58.5 - 58.2 - -0.6 -

5 401 394 - -0.7 - - 57.1 58.6 - 2.6 - -
6 53.8 515 50.2 23 -36 -14 60.7 57.3 60.0 56 -1.2 47
7 - 48.6 45.8 - - -2.8 - 65.5 62.5 - - -4.7

8 40.7 - 37.6 - -3.0 - 59.2 - 57.6 - -2.8 -

9 39.7 - 38.2 - -1.5 - 64.7 - 64.3 - -0.7 -
mean 42.8 43.6 40.9 -1.0 -25 -25 60.1 58.8 58.8 -06 -20 -14
+SD 535 6.09 5.40 1.11 0.91 0.80 248 572 4.37 444 176 4.92

TBW:- Total body water; A- 2 Days Pre-race; B- Pre-race; C- Post-race; A-change; (-) — data unavailable

Figure 3.2 illustrates the race profile and elevation (altitude- metres); average running

speed (km/hr) of the group between checkpoints; average RPE and average fluid

intake (ml/leg) of the group at each checkpoint with bars indicating standard

deviation.
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Figure 3.3 Changes (A) in body mass (B-C) (BM) in relation to total fluid intake
(litres).

There was a significant correlation between percentage change in BM and fluid
intake so that those athletes who ingested the most fluid had the smallest reductions

in BM during the race and vice versa (Figure 3.3).

There was also no correlation between performance and change in BM from 2-days

pre-race to post-race and immediately pre-race to post-race (Figure 3.4).
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Figure 3.4 Non-significant correlation between change in body mass (ABM) and
performance (race time) (hours) for both 2-days pre-race minus post-race (A-C) and

immediately pre-race minus post-race (B-C) (n = 8)
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3.5) Discussion:

The most pertinent finding of this study is that with an ad libitum drinking approach,
rates of fluid intake were relatively similar between subjects and were at the lower
range of the current ACSM'® and USA Track and Field/ IMMDA®. These data
therefore confirm that moderate drinking according to the dictates of thirst
appropriately protects athletes from encountering fluid associated medical
problems®®. Importantly no athlete drank to excess, thereby avoiding a significant
gain in BM and developing EAHE as can occur when athletes are encouraged to
drink to “stay ahead of thirst” or “as much as tolerable” and demonstrates that ad

libitum drinking appropriately protects athletes against EAH®?.

All finishers were asymptomatic despite BM losses >2% in six subjects and >6% in
five subjects. This again confirms our previous findings that athletes may complete
ultra-distance races with a BM loss >6%, yet be completely asymptomatic®'%%%,

This conflicts with the theory that any BM loss >2% is inevitably injurious to health or

performance during exercise'®.

Interestingly overdrinking may be associated with the more inexperienced runner
since any athlete entering this race needs to demonstrate some pedigree in both
ultra-distance running on both trail and the road (and could only run if he or she had
completed an ultra-distance race within the past year and to have some sort of trail
running experience). Hence it seems these seasoned athletes indeed are in touch
with their bodily needs in regards to both fluid and nutrition and thus have consumed

enough fluids to finish in good health without over-consuming.

The second important finding was that plasma [Na‘] and POsm were regulated

within the adjusted normal range established by Kratz et al (2002)** even in subjects
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who lost >2% of BM during the race (Figure 3.1; Table 3.2). As previously shown by
us® these variables are homeostatically regulated within the normal range despite
quite large differences in %BM loss**°. This suggests that athletes are able to
regulate their POsm even when they lose >2% of their BM during prolonged

exercise*®.

The third finding from limited data obtained from TBW measurement by D,O analysis
revealed a small but highly variable (range 1.5-3.6L) decrease in TBW content from
2-days pre-race to post-race (Table 3.4). This is interesting to note because a
majority of the athletes finished appropriately hydrated (as indicated by their normal
POsm) and without, any clinical signs or symptoms suggesting ill-health. The same
could be noted with the data set obtained from immediately pre-race to post-race (B-

C).

These findings on a limited number of subjects encourages us to further assess the
relationship between BM and TBW loss during ultra-endurance exercise and exercise
of a short duration (<3 hours). This brief data set was not in agreement with findings
of Baker et al (2009)° who ran subjects intermittently for a period of 2 hours for each
running session. Although it could be argued that 2 hours of intermittent exercise is
sufficiently long to observe such findings as were found with some our subjects, the
data of Baker et al® maybe more comparable to exercise of a short duration (e.g.
half- marathon, football matches etc.). The methods and conclusions of Baker et al

have recently been questioned®.

While changes in BM may be useful to predict fluid homeostasis in certain clinical
scenarios at rest and over short episodes of exercise (<2 hours)'?, during exercise

the protection of POsm and the plasma [Na’] may in some cases require a
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concomitant decrease in body water content and hence in BM without causing any

apparent disruption of bodily function or athletic performance.

This is the opposite of the expected outcome if a BM loss >2% causes a progressive
impairment in running performance'®. In contrast we found no such relationship
although we noted that subjects were able to complete the race without
experiencing any symptoms even though their BM loss exceeded 2% of starting BM.
However the 2 fastest runners lost between 2-3% of their BM which again exceeds
the recommended optimum weight loss according to currently accepted drinking
guidelines (Figure 3.4). The recent study of Kao et al (2008)*° reported that athletes
completing 12- and 24-hour ultra-marathons can finish without adverse effects to
their health even when the BM loss of some exceeded 7%. More importantly in that
study there was a significant relationship between percentage BM loss and
performance so that athletes who lost the greatest mass completed the greatest

distance in the 24-hour race.

Strengths and weaknesses of the study: The strengths of this study include the
use of D,O to quantify changes in TBW. Furthermore, our ability to accurately
measure and quantify fluid intake is an improvement over the commonly utilised —
but less exact - fluid recall method. The weaknesses of this study include our very
limited small sample size (8% participation out of the entire field) with further loss of
D,0O data due to methodological difficulties pre-race. Furthermore, only one woman
finished the study which may have biased our limited results, since sex-hormones
may influence fluid balance parameters particularly during the luteal phase of the
menstrual cycle. However, the numbers of individuals — male or female - who are
capable of finishing gruelling mountain ultra-endurance races provide a very limited
subject pool to draw upon. In addition subjects are not keen to participate in

research studies during competitive events.
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Future directions: A larger cohort of ultra-endurance athletes should be
investigated, to make these preliminary findings more robust. Furthermore, to better
understand fluid balance despite BM loss in athletes participating in ultra-endurance
exercise, fluid regulatory hormones such as arginine vasopressin, aldosterone and
natiuretic peptides should be evaluated along with measurement of TBW using the
D,0 dilution method. Hopefully with a larger cohort, it may be possible to document
associations between changes in TBW versus the maintenance of POsm and
plasma [Na’] in sporting events where there are a larger number of entrants in order

to increase the likelihood of voluntary participation.
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3.6) Conclusion:

In summary, this study found that ad libitum drinking rates between 300 — 650 mi/hr
were associated with protection of POsm and plasma electrolyte homeostasis
despite a range of BM losses in athletes competing in an 80km mountain trail race.
The maintenance of water and solute homeostasis was likely regulated by fluid
regulatory hormones arginine vasopressin and aldosterone although these hormones
were not measured in this study. This data set also reveals the “reality” of drinking
behaviour in the field rather than the unrealistic forced drinking and eventual skewed
data from laboratory studies on which many fluid intake guidelines are set. The mean
change in BM loss during the race was 5%. Despite changes in BM exceeding 2%,
no subject developed medical complications such as heatstroke. Indeed no subject
complained of any symptoms after the race. Finally these data support the adoption
of ad libitum drinking guidelines during exercise since performance was not

apparently negatively affected by BM loss >2%.
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CHAPTER 4

CHANGES IN TOTAL BODY WATER CONTENT DURING A
RUNNING RACE OF 21.1KM IN ATHLETES DRINKING

AD LIBITUM
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4.1) Abstract:

Objective: To measure changes in body mass, total body water and blood
biochemical variables in athletes drinking ad libitum during a 21.1km foot race.
Setting: Two Oceans Marathon 21.1km foot race.

Main Outcome Measurements: 21 participants were measured for body mass
(BM), total body water (TBW), plasma osmolality (POsm), plasma sodium ([Na®]),
plasma potassium ([K']) and plasma total protein ([TP]) concentrations immediately
before and after these races. Fluid intake was recorded from recall after the race.
Subjects were advised to drink according to the dictates of thirst, that is, ad libitum.
Results: Significant BM loss occurred during the race (-1.4 + 0.6kg; P<0.000). TBW
was reduced by -0.06 + 2.0kg during the race. All biochemical measures remained
within the normal range during the race. There was a significant positive correlation
between performance time and BM loss (R=0.528, P=0.014).

Conclusion: Although TBW fell in both races the reduction was less than the fall in
BM suggesting that all the BM loss is not the result purely of a drop in TBW. Despite
significant reductions in both BM and TBW, plasma [Na®'] and POsm was maintained
in both races. These findings support the interpretation that the body primarily
defends plasma [Na'] and POsm and not BM during exercise and that a reduction in

BM can occur without an equivalent reduction in TBW during prolonged exercise.

Key words: fluid balance, body mass loss, exercise, deuterium oxide
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4.2) Introduction:

Recently the American College of Sports Medicine (ACSM) has revised its drinking
guidelines from advice that athletes should drink “as much as tolerable during
exercise” advising that athletes should now drink according to the dictates of thirst
provided any body mass (BM) loss during exercise does not exceed 2% of the
starting BM*'%_ In contrast the drinking guidelines of the International Marathon
Medical Directors Association (IMMDA) propose that athletes should drink to thirst
regardless of the extent of BM loss but should not drink more than 800ml/hr in order

to reduce the risk that exercise- associated hyponatremia (EAH) will develop®.

Presently the sole basis for the difference in these guidelines is the position of the
ACSM that a BM loss in excess of 2% is associated with an impaired exercise
capacity®®. Whilst the evidence to support this interpretation comes principally from
laboratory-based studies, a number of field studies of competitive endurance events
have failed to show that the best athletes always finish with BM loss less than 2%.
Rather, the evidence might be interpreted as proof for an opposite theory, namely
that some BM loss during exercise may enhance performance especially in weight-
bearing activities, particularly long distance running'®'%%'%_Whilst the resolution of
this debate requires additional studies, especially large numbers of competitors in
out-of-laboratory exercise, a more direct question requiring an answer is the exact
origin of the mass that is lost during exercise. For if most of this loss comes from
sources that do not require replacement during exercise, then some degree of BM
loss during exercise will occur without a change in TBW.

For example, already in 1978 Shephard et al'™®

proposed that BM loss might
conceivably occur without any measurable reduction in TBW. This is because of

irreversible substrate oxidation and the theoretical release of water complexed to
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glycogen (~2kg) as the glycogen is metabolized during exercise. More recently
Pastene et al (1996), Maughan et al (2007) and King et al (2008) have presented

arguments to support this interpretation®*’.

In contrast, Montain (2008) and Baker et al (2009) have concluded the opposite®”®.
Baker et al believe they have already established that all the BM lost during exercise
can be explained by an equivalent gram-for-millilitre reduction in TBW. But we have
raised questions about their methodologies and statistical techniques and have

argued that their data presented so far do not support their conclusion®.

This debate has important practical implications for competitive athletes. For if all
the mass lost during exercise is due to a reduction in TBW alone and if a reduction
in TBW impairs exercise performance, then drinking to thirst alone cannot be the
optimal strategy. This is because subjects who drink according to the dictates of
thirst always lose BM during exercise, developing so called “voluntary dehydration”.
In contrast if drinking to thirst prevents or minimizes any reduction in TBW as some
evidence suggests'?, then this drinking approach might be considered appropriate.
In which case the presence of thirst, not of a reduced BM, might explain the
impaired exercise performance in those who are forced to restrict their fluid intake

during prolonged exercise'®.

Indeed there is no evidence to support the concept that during prolonged exercise
BM is a physiologically regulated parameter. BM regulation occurs chronically over
months and years and is related to the regulation of fat and protein mass rather than

to acute changes in fluid balance™*°.

The use of the stable isotope deuterium oxide allows the most accurate

quantification of changes in TBW during exercise®. This allows the more accurate
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determination of whether or not all the BM lost during exercise is due to a reduction

in TBw73;87;90;1 06;133-

We have recently shown that the BM loss during exercise exceeded the reduction in
TBW content in soldiers performing a 16km route march in warm dry condition (-1kg
in BM and -0.5kg in TBW)®. Additionally we found in Chapter 3 in a smaller group of
athletes during an 80km mountain trail race a similar trend (a decrease of ~2.5kg in
TBW and ~3.5kg in BM). To extend these analyses we now report the findings of
subjects competing in 21.1km and 56km races (see Chapter 5), lasting from 1.5 -7
hours. We hypothesise that BM loss would be greater in the 56km than in the
21.1km race but that in neither race would the change in BM accurately predict the
change in TBW because of associated changes in reversible substrate oxidation

and release of glycogen-bound water.

These findings have relevance to the theory that when drinking according to the
dictates of thirst athletes drink less than their physiological requirement producing
voluntary dehydration. We were also interested to determine whether change in BM

is related in to performance during either race.
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4.3) Materials and Methods:

Subjects: Media releases prior to the race invited entrants in the 2009 Two Oceans
half- (21.1km) and ultra-marathon (56km) to participate in this study which had been
approved by the Human Research Ethics Committee of the Faculty of Health
Sciences, University of Cape Town. The study was conducted according to the
Declaration of Helsinki (Seoul, 2008). Twenty-one athletes gave written informed
consent to participate in this project. All the athletes were free to consume food and

fluids ad libitum during the race.

Setting: The Two Oceans Marathon is a 56km ultra-distance road running race
around the Western Cape Peninsula; the 21.1km race is run on a part of the 56km
route. The event took place on a warm day with the dry bulb temperatures ranging
from 18 — 24°C with 50-70% humidity. There was some cloud cover with a wind of

0.5 — 2 m/s. Official cut-off time was three hours for the 21.1km race.

Fluid Intake: Fluid intake was estimated from a food and fluid recall questionnaire
administered by the researchers after the race. The recall consisted of enquiring
about the amount of fluids (contained in sachets, cups and bottles of known volume)
consumed at each station during either race. Fluids were available to the runners

every 3km on the 21.1km route (8 aid stations).

Measurement of Body Mass (BM): Subjects were weighed to the nearest 0.01kg in
racing attire without shoes on a calibrated electronic digital scale (Clover Scales (Pty)
Ltd: TCS-A300) that had been placed on a flat, solid, stable surface after each
athlete had emptied their bladder. Weighing took place 60 minutes prior to the race
start (pre-race) and immediately upon completion of the race (post-race). Subjects

were immediately dried with a towel prior to the post-race re-weighing.
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Urine Osmolality (UOsm): Urine samples were collected prior to BM measurement
when subjects were requested to void their bladder on the occasions described
above. UOsm was measured in triplicate with the use of a portable refractometer

(Osmocheck, Vitech Scientific, West Sussex, UK).

Blood Biochemical Analyses: 10ml venous blood samples were collected from the
antecubital vein into lithium- heparin Vacuette (Greiner Bio-one International AG,
Kremsmuenster, Austria) containers after the subjects were weighed before and after
the race. During the blood drawing, subjects were seated. Blood samples were
centrifuged at 3000G for 10 minutes at 4°C. Plasma was extracted and placed in
eppendorf tubes, placed on ice then stored at -20°C until analysis for plasma total
protein ([TP]) (Roche P-Module, Biuret) (CV- <2 %), sodium ([Na‘]) and potassium
([K']) (EasyLyte PLUS Na/K/Cl analyzer, Medica Corporation) concentrations and
plasma osmolality (POsm) (Osmomat 030 Cryoscopic osmometer, Gonotec) (CV-

2.86%).

Measurement of Total Body Water (TBW): TBW was measured with the diluted
isotope method using d D,O*. An initial ~1.5ml saliva sample was collected for use
to calculate natural D,O abundance (as well as increased D,O abundance due to
prior doses) and repeated after 2-hour equilibration periods to determine TBW on two
separate occasions: race morning (pre-race) and immediately after race completion
(post-race). Saliva was collected by placing a sterile cotton wool swab into each
subject’s mouth with the use of sterile tweezers. Each subject was then asked to
moisten the cotton swab with saliva by rolling the swab around the mouth until the
swab was fully saturated. The cotton swab was then removed with tweezers and
immediately placed into the barrel of a 10 ml sterile syringe. All saliva was then
extracted by compressing the cotton swab against the head of the syringe; this

allowed all the collected fluid to flow directly into a cryotube. Samples were
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immediately sealed and frozen (-80°C). Before analysis samples were prepared by
filtration through sterile, single-use syringe filters into 1ml glass vials then sealed and

sent for analysis.

The doses of D,O used for TBW measurement were administered as individualized
doses immediately following baseline saliva sampling. Each D,O dose was
dispensed from a 4% weight-to-weight stock solution that was prepared by mixing
appropriate amounts of 99% D,O (Cambridge Isotope Laboratories Inc., MA., USA)
and distilled water. The pre-mixed D,O stock solution was decanted into an airtight
container and sealed with duct tape to prevent fractionation during storage. Each
participant received a dose of approximately 0.05g/kg BM with each dosage was pre-
weighed to the nearest 0.001g. After each dose had been consumed, the dose bottle

was immediately re-weighed to quantify the precise amount that had been ingested.

Food consumption was prohibited during the 2-hour equilibration period. For the first
two hours after the race fluid ingestion was also restricted. A 2-hour equilibration
period following D,O administration is known to be

14:18,23,24,29;54;58:69.106:112117.134 ~ AIl urine excreted during this equilibration

appropriate
period was collected and analysed to account for any isotope loss. The D,O
enrichment and volume of these urine samples were accounted for in subsequent

TBW calculations.

TBW determination was obtained through measurement of D,O enrichment in the
saliva samples, as measured by the Stable Light Isotope Laboratory (Department of
Archaeology, University of Cape Town, South Africa) by pyrolysis in a Thermo
Finnigan TC/EA (Thermo Fisher Scientific Inc. Waltham, MA., USA) with a
SpectraSYSTEM® AS3000 Autosampler (Thermo Fisher Scientific Inc. Waltham,

MA., USA), coupled via a Thermo Conflo Ill (Thermo Fisher Scientific Inc. Waltham,
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MA., USA) to a Thermo Delta XP stable light isotope mass spectrometer (Thermo
Fisher Scientific Inc. Waltham, MA., USA). Samples were run against internal
laboratory standards and were measured at intervals throughout the run to ensure
consistency. The results were normalised against and reported relative to the
international standards (VSMOW) (relative standard deviation <2%). TBW was then
calculated utilizing the Halliday and Miller method * with a modified correction factor

for non-aqueous hydrogen exchange at 1.04 (4%)*%.

Calculations:

Equation 1: Percentage change (%A) of body mass (BM) lost or gained during the

race was calculated as:

Equation 2: Change in plasma volume (PV) was calculated '*:

Equation 3: Performance was measured as finishing times and running speed

(km/hr). Running speed was calculated as an average over the entire race:
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Equation 4: The Davies method was used to calculate the total body water (TBW) in

kilograms (kg)*:

Whereas: A = amount of dose solution drunk (g); a = amount of dose solution diluted
in T (g); T = amount of tap water in which 'a' was diluted (g); Ea = enrichment of
diluted dose; Et = enrichment of tap water used to dilute the dose; Ep = enrichment
of baseline sample; Es = enrichment of post dose sample; 1.04 = correction factor for

over estimation of TBW by the use of D,O %.

Equation 5: TBW (kg) was attained and %ATBW was calculated as:

Statistical analysis: Data were analyzed using the STATISTICA version 8 (StatSoft
Tulsa, OK) statistical program and Prism 3 (GraphPad Software Inc., La Jolla, CA)
using Pearson’s correlations, students T-test. Where applicable, all data are
presented as means * standard deviations (SD) alongside the range of values.

Statistical significance was accepted when p< 0.05.
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4.4) Results:

All 21 runners (12 females and 9 males successfully completed the race with a mean
finishing time of 2.2 + 0.4 hours (range: 1.5 — 3 hours) (Table 4.1). The mean age of
these runners was 31.7 £ 11.0 years (range: 20 — 56) (Table 4.1) with a mean body
fat percentage of ~18.1 £ 4.2% (range: 11.4 — 25.6) (Table 4.1). With an ad libitum
drinking approach the runners mean fluid consumption over the entire 21.1km was
689.29 + 365.60 ml (range: 150 — 1400ml). The athletes displayed a continuum in
drinking behaviour with a mean drinking rate of 326.3 + 180.0ml/hr (range: 87.4 —

791.6).

Table 4.1: General characteristics of runners participating in the 21.1km road race

(n=21)
21.1km

Variable Mean + SD Min Max
Age (years) 31.7+11.0 20 56
Pre-race body mass (kg) 70.0+8.2 571 89.4
Body Fat (%) 18.1+4.2 11.4 25.6
Predicted race time (hrs) 2104 1.5 2.8
Actual Race time (hrs) 22+04 1.5 3.0
Fluid intake (ml) 689.3 + 365.6 150 1400
Drinking Rate (ml/hr) 326.3 £ 180.0 87.4 791.6

Pre- and post-race blood biochemistry measures are detailed in Table 4.2. Only
twenty blood samples were collected post-race (as one subject developed post-race
hypotension and we were unable to acquire adequate blood through venipuncture).
POsm, Plasma [K"] and [Na®] did not change significantly during the race, but plasma
[TP] and percentage change in PV (as calculated from the change in [TP]) increased

significantly (P<0.0001) (Figure 4.2) .
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Table 4.2: Changes in measured parameters of the runners participating in the

21.1km road race

21.1km
Variable n Pre-race n Post-race A P - value
(mean £ SD) (mean + SD) (mean + SD)

Plasma [K"] (mmol/L) 21 41+0.3 20 45104 0.3+05 NS
Plasma [Na'] (mmol/L) 21 137.7+3.5 20 139.7+2.5 19145 NS
POsm (mOsm/kgH,0) 21 289.7+6.7 20 287.7+54 -1.8+5.3 NS
Plasma [TP] (g/L) 21 73934 20 78.0+3.8 44+35 < 0.0001
UOsm (mOsm/kgH,0) 21 614.8+287.2 21 568.0+2255 -46.7 +352.4 NS
Body mass (kg) 21 70.0+8.2 21 68.62+7.9 -1.36 £ 0.6 < 0.0001
Body mass (%) 21 100.0 21 98.05+0.8 -1.93+0.7 < 0.0001
Total Body Water (kg) 21 40672 21 40.55+7.0 -0.06 £ 2.0 NS
Total Body Water (%) 21 579+6.8 21 59.0+ 6.8 1.11+£ 3.0 NS

[K*] — Plasma potassium concentration; [Na'] — Plasma sodium concentration; POsm- Plasma osmolality; [TP]- Plasma

total protein concentration; UOsm- Urine osmolality; A — Change (post- minus pre-race); NS — Not significant.

(kg or %)

Ain BM and TBW

%A

# p<0.0000 compared with post- minus pre-race

Figure 4.1 Changes (A) in both absolute (kg) and percentage (%) in body mass (BM)

and total body water (TBW) during a 21.1km foot race.
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Both absolute and %ABM significantly decreased ~1.36kg (+ 0.6) and ~1.93% (£ 0.7)
respectively (P<0.0000). Whereas absolute TBW did not decrease significantly (-0.43
1 2.6L) nor was the increase in %A TBW significant (0.39 £ 4.0%) (Table 4.2) (Figure
4.2). There was no association when comparing absolute changes in TBW with
changes in BM (r?=0.003, p=0.828) or between percentage change in TBW and BM

(r*=0.03, p=0.485) during this race (Figure 4.3).

10—_

-§ % I Plasma [K*] (mmol/L)
o GE) IO Plasma [Na*] (mmol/L)
c g Wmm Plasma Total Protein (g/L)
<= ] = POsm (mOsm/kgH,0)
6] Plasma Volume (%)
-10- * p<0.0001 when comparing post- minus pre-race

Figure 4.2 Changes in blood biochemistry in athletes participating in a 21.1km road

race
5.0 o
a : L]
4 i 000
_ 257 o T
(@) ] . -
X ] °Tee *
> p o RS *  Ar=0.051 p=0.828
> 0.07 —7 e - ° %4 r=0.161 p=0.485
I
< -2.5 .
] v
-5.0- °
771 "+~ 1 1T
5.0 2.5 0.0 25 5.0

A BM (% or kg)

Figure 4.3 The non-significant relationship between both absolute (kg) and
percentage (%) change in body mass (BM) and total body water (TBW) in athletes

during a 21.1km foot race
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When comparing the values obtained from plasma [Na*] and POsm values for both
the pre- and post-race condition a significant relationship was found in the post-race

measure (P<0.05) but not in the pre-race measurements (Figure 4.4).
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Plasma Osmolality
(mOsm/kgH20)
N
~
T

----- -° Pre-race r=0.220 p=0.337

250- * Post-race r=0.509 p=0.022

I
130 135 140 145 150

Plasma [Na'] (mmol/L)

Figure 4.4 The correlations between plasma sodium concentration ([Na‘]) and

plasma osmolality (POsm) either pre-race or post-race.

No significant correlations existed between the %ATBW and %ABM when compared
to either post-race plasma [Na*] or POsm (Figure 4.5). The dotted lines indicate the
normal range of POsm (280 — 296 mOsm/kgH,O) while the solid lines denote the
normal range of plasma [Na'] (135 — 145 mmoI/L)63. One plasma [Na’] marginally fell

outside the normal range and one POsm was above the normal range (Figure 4.5).
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Figure 4.5 Post-race plasma osmolality (POsm) and sodium ([Na‘]) compared to
changes in either absolute (kg) or percentage (%) body mass (BM) and total body

water (TBW).

When comparing the change in BM (kg) and race performance (hours) a significant
correlation was found (P<0.05), so that athletes who completed the race in the

fastest time lost the most BM.
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Figure 4.6 The significant association between the change in body mass (BM) and

race time/performance.
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4.5) Discussion:

The first relevant finding was that the athletes demonstrated a variable total fluid
intake and rate of fluid intake (Table 4.1) illustrating individualistic requirements for
fluid intake during exercise. But on average their fluid intakes fell into the lower
range of recommended volumes’®'%. All the athletes in this cohort completed the
race within in the time period required (3 hour cut-off) and without any serious

medical complications (i.e. exercise induced heatstroke or post-exercise collapse).

These data are essentially the same as in Chapter 3 confirming our preliminary
conclusion that fluid intake according to the dictates of thirst will ensure the
maintenance of body fluid homeostasis during exercise (Table 4.2). Thus together
with the support of findings from Chapter 3, we would further suggest that the
athletes participating in races of this or shorter distance may find an ad libitum
approach to fluid intake an appropriate strategy for safe and successful race

completion.

We again found that all the athletes completed the race with plasma [Na*] and POsm
well within the normal laboratory reference ranges despite significant BM loss (Figure
4.5)%. This further emphasises the body’s innate regulation of plasma electrolyte
concentration and POsm in order to maintain fluid homeostasis and again we show
that BM is not homeostatically-regulated during exercise but rather changes in order
to insure that plasma [Na*] and POsm are regulated within a safe range. Interestingly
it seems that moderate drinking to thirst seems to be appropriate to maintain the
recommendations set by the 2007 ACSM position stand over this 21.1km foot

race'®.
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The third and perhaps most pertinent find in this study was that a ~1.4kg significant
loss in BM occurred over the half-marathon (Figure 4.1). This was associated with a
non-significant loss in TBW of ~0.06kg and non-significant changes in plasma [Na'],
[K'] and POsm but with a significant increase in plasma [TP] (Figure 4.2). UOsm
also decreased during the race (Table 4.2). This decrease in BM would be
accounted for by both the loss of some TBW (Figure 4.3) and irreversible fuel
oxidation. The post-race blood biochemical markers of fluid homeostasis remained

within the normal accepted clinical ranges®.

These data extend our findings from Chapter 3 that BM loss does not equate to TBW
loss, during 2-3 hours of exercise. This is confirmed with the maintenance of plasma
[Na*] and [K'], POsm and a mild decrease in UOsm. The small decrease in UOsm
pre- to post-race possibly indicated that this race was not of sufficient duration to
induce a maximal suppression of renal free water excretion suggesting that fluid
balance was not significantly compromised by the -1.9kg change in BM and the
insignificant change in TBW®. Had there been a significant reduction in TBW then it
would be expected that urine free water clearance would be reduced and urine
osmolality would rise. But this did not happen indicating that urine free water
clearance was not maximally suppressed during exercise suggesting that body fluid
homeostasis was not seriously threatened a race of this distance whilst drinking to

thirst.

Other researchers including Nolte et al (2010) and Colt et al (1978) have also found a
decrease in BM associated with a minimal change in TBW in athletes running 10
miles'®*. Although Colt and colleagues concluded that their use of tritum to
determine TBW undermined the certainty of their findings, however jointly these
observations support the hypothesis that significant BM can occur with a non-

significant loss in TBW during an acute bout of exercise in which plasma [Na’] and
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POsm is maintained but BM is lost(Table 4.2) (Figure 4.1). This suggests that body
fluid homeostasis during exercise is appropriately regulated in those who drink

according to thirst during exercise but that this regulation is highly individualized.

The half-marathon is of a shorter distance and duration to its longer counterparts
(races above >42.2km races). In addition the intensity at which these athletes run
and demographic of the population participating is varied which may explain some
variances seen in this cohort. The variance is further increased by with inherent

variability associated with the technique itself as discussed in Chapter 2.

Curiously no significant relationship was found when comparing both the absolute
and percentage changes in TBW and BM (r’=0.003, p=0.828; r’=0.026, p=0.485
respectively) (Figure 4.3). Interestingly our data disagree with the findings of the
laboratory study of Baker et al (2009) who concluded that BM changes linearly
tracked the changes in TBW over exercise®. This would probably be a comparable
field study trial since on average this study’s exercise bout lasted on average 2.15
hours (Table 4.1) and Baker et al (2009) consisted of a 2 hour trial of intermittent

running resulting in only 105 minutes of actual exercise.

Elsewhere we have argued that their data do not support their conclusions®.
Rather we have concluded that their data found no relationship between changes in
TBW and BM during the 105 minutes of interval running. Indeed their data for each
of the BM losses that they studied were remarkably similar to those we report for the
21km race. Just as we found here, they also showed a wide scatter for changes in

TBW for any BM loss (Figure 2 in Nolte and Noakes (2009))%°.

Our last relevant finding was that a greater loss of BM was correlated with a faster

performance over the half-marathon (Figure 4.6; r’=0.278, p=0.01). Although not
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entirely novel this finding has not been previously described to our knowledge over a
shorter exercise duration and distance and supports previous studies that have
established this relationship over both Ironman triathlons and ultra-endurance

running races”>%%1%9,

It would seem apparent that athletic performance is associated with a greater
decrease in BM during competition which conflicts with the current ACSM position
stand that athletes should be encouraged to prevent a >2% decrease in BM during
exercise in order to maintain performance. This could be a result of many reasons for
example behavioural actions such as the fastest athletes don’t have time to consume
as much fluid as slower athletes, therefore lose more BM and physiological actions
such as the maintenance of body fluid homeostasis, thus a conservative fluid intake
despite significant BM loss. Rather our current and previous findings have shown that
this is not the case and have raised the possibility that it is the presence of thirst
rather than of a specific degree of BM loss that causes an impaired exercise

performance’®"%°.
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4.6) Conclusion:

This study has shown that BM lost does not equate to a loss in TBW in athletes
completing a half-marathon. But despite BM loss there was the maintenance of
plasma [Na'] and POsm. Further our data illustrates that better performance time is
associated with a greater loss in BM which disputes one of the ACSM’s logical
reasons for their conclusion that athletes drinking should be sufficient to prevent a

>2% BM loss during exercise.

Interestingly we have found that our data for ad libitum fluid intake fell into the ACSM
recommendations to prevent >2% BM loss. Ad libitum fluid intakes were in the lower
range of those guidelines. These findings reveal the accuracy of the human body’s
intrinsic ability to maintain fluid homeostasis whilst being able to perform work

optimally when drinking according to the dictates of thirst.
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CHAPTER 5

CHANGES IN TOTAL BODY WATER COTENT OVER A 56KM

RUNNING RACE IN ATHLETES DRINKING AD LIBITUM
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5.1) Abstract:

Objective: To measure changes in body mass, total body water and blood
biochemical variables in athletes drinking ad libitum during a 56km foot race.
Setting: 2009 Two Oceans 56km Ultra-marathon.

Main Outcome Measurements: 12 participants were measured for body mass
(BM), total body water (TBW), plasma osmolality (POsm), plasma sodium ([Na®]),
plasma potassium ([K']) and plasma total protein ([TP]) concentrations immediately
before and after these races. Fluid intake was recorded from recall after the race.
Subjects were advised to drink according to the dictates of thirst (ad libitum).
Results: Significant BM loss occurred during the race (-2.5 + 1.1kg; P<0.000). TBW
was reduced significantly during the race (-1.4 = 1.1kg, P<0.001). A negative linear
relationship was found between percentage change in (%A) TBW and BM in these
athletes (r* = 0.4; P<0.01). POsm and plasma [TP] increased significantly during the
race (6.8 £ 8.2mOsm/kgH,0; P<0.05 and 5.4 + 4.4g/L; P<0.01 respectively) but all
other biochemical measures were within the normal range. There were significant
correlations between post-race plasma [Na*] and %A BM (r?=0.4; P<0.05) and A BM
(r*=0.5; P<0.05) in these athletes.

Conclusion: Despite a significant reduction in BM, the reduction in TBW was less
during the race denoting that not all BM loss was due to a reduction in TBW. The
maintenance of plasma [Na‘’] and POsm was observed with an ad libitum fluid
intake. Collectively these findings support the hypothesis that the body preserves
plasma [Na’] and POsm and not BM during exercise. A reduction in BM is not

associated with an equivalent reduction in TBW during prolonged exercise.

Key words: fluid balance, ultra-endurance exercise, deuterium oxide.
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5.2) Introduction:

The introduction supporting the rationale of this study during the 2009 Two Oceans

56km ultra-marathon can be found in Chapter 4.1.

5.3) Material and Methods:

The exact protocol was carried out as previously described in Chapter 4.3 except

with a group of 56km athletes.

Subjects: Media releases prior to the race invited entrants in the 2009 Two Oceans
ultra-marathon (56km) to participate in this study which had been approved by the
Human Research Ethics Committee of the Faculty of Health Sciences, University of
Cape Town. The study was conducted according to the Declaration of Helsinki
(Seoul, 2008). Thirteen athletes gave written informed consent to participate in this
study. All the athletes were encouraged to consume food and fluids ad libitum during

the race.

Setting: The Two Oceans Marathon is a 56km ultra-distance road running race
around the Western Cape Peninsula. The event took place on a warm day with the
dry bulb temperatures ranging from 18 — 24°C with 50-70% humidity (South African
Weather Bureau). There was some cloud cover with a wind of 0.5 — 2 m.s™. Official

cut-off time was seven hours for the 56km race.

Fluid Intake: Fluid intake was estimated from a food and fluid recall questionnaire

administered by the researchers after the race. The recall consisted of enquiring

about the amount of fluids (contained in sachets, cups and bottles of known volume)

105




consumed at each station during either race. Fluids were available to the runners

every ~2km on the 56km route (32 aid stations).

Urine Osmolality (UOsm): Urine samples were collected prior to BM measurement
when subjects were requested to empty their bladder on the occasions described
above. UOsm was acquired in triplicate with the use of a portable refractometer

(Osmocheck, Vitech Scientific, West Sussex, UK).

Measurement of Body Mass (BM): Subjects were weighed to the nearest 0.01 kg in
racing attire without shoes on a calibrated electronic digital scale (Clover Scales (Pty)
Ltd: TCS-A300) that had been placed on a flat, solid, stable surface after each had
emptied their bladder. Weighing took place 60 minutes prior to race start (pre-race)
and immediately upon completion of the race (post-race). Subjects were dried with a

towel prior to the post-race re-weighing.

Blood Biochemical Analyses: 10ml venous blood samples were collected from the
antecubital vein into lithium- heparin Vacuette (Greiner Bio-one International AG,
Kremsmuenster, Austria) containers after the subjects were weighed before and after
the race. During the blood drawing, subjects were seated. Blood samples were
centrifuged at 3000G for 10 minutes at 4°C. Plasma was extracted and placed in
eppendorf tubes, placed on ice then stored at -20°C until analysis for plasma total
protein ([TP]) (Roche P-Module, Biuret) (CV- <2%), sodium ([Na']), potassium ([K™])
(EasyLyte PLUS Na/K/Cl analyzer, Medica Corporation) concentrations and plasma

osmolality (POsm) (Osmomat 030 Cryoscopic osmometer, Gonotec) (CV- 2.86%).

Measurement of Total Body Water (TBW): TBW was calculated with the diluted
isotope method using D,O>*. An initial ~1.5ml saliva sample was collected for use to

calculate natural D,O abundance (as well as increased D,O abundance due to prior
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doses) and repeated after 2-hour equilibration periods to determine TBW on two
separate occasions: race morning (pre-race) and immediately after race completion
(post-race). Saliva was collected by placing a sterile cotton wool swab into each
subject’s mouth with the use of sterile tweezers. Each subject was then asked to
moisten the cotton swab with saliva by rolling the swab around the mouth until the
swab was fully saturated. The cotton swab was then removed with tweezers and
immediately placed into the barrel of a 10ml sterile syringe. All saliva was then
extracted by compressing the cotton swab against the head of the syringe; this
allowed all the collected fluid to flow directly into a cryotube. Samples were
immediately sealed and frozen (-80°C). Before analysis samples were prepared by
filtration through sterile, single-use syringe filters into 1ml glass vials then sealed and

sent for analysis.

The doses of D,O used for TBW measurement were administered as individualized
doses immediately following baseline saliva sampling. Each D,O dose was
dispensed from a 4% weight-to-weight stock solution that was prepared by mixing
appropriate amounts of 99% D,O (Cambridge Isotope Laboratories Inc., MA.) and
distiled water. The pre-mixed D,O stock solution was decanted into an airtight
container and sealed with duct tape to prevent fractionation during storage. Each
participant received a dose of approximately 0.05g/kg BM with each dosage was pre-
weighed to the nearest 0.001g. After each dose had been consumed, the dose bottle
was immediately re-weighed to quantify the precise amount that had been ingested.
Food consumption was prohibited during the 2-hour equilibration period. For the first
two hours after the race fluid ingestion was restricted. However some subjects
required to drink. In which case the volume ingested was measured (to the nearest
0.001g) and corrected for during the first hour of equilibration. No further ingestion
was allowed during the final hour during the 2-hour equilibration period which

followed baseline saliva sampling. A 2-hour equilibration period following D,O
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14;18;23;24,29;54,58,69;106,112;117;134 All urine

administration is known to be appropriate
excreted during this equilibration period was collected and analysed to account for
any isotope loss. The D,O enrichment and volume of these urine samples were

accounted for in subsequent TBW calculations.

TBW determination was obtained through measurement of D,O enrichment in the
saliva samples, as measured by the Stable Light Isotope Laboratory (Department of
Archaeology, University of Cape Town, South Africa) by pyrolysis in a Thermo
Finnigan TC/EA (Thermo Fisher Scientific Inc. Waltham, MA, USA) with a
SpectraSYSTEM® AS3000 Autosampler (Thermo Fisher Scientific Inc. Waltham,
MA, USA), coupled via a Thermo Conflo Il (Thermo Fisher Scientific Inc. Waltham,
MA, USA) to a Thermo Delta XP stable light isotope mass spectrometer (Thermo
Fisher Scientific Inc. Waltham, MA, USA). Samples were run against internal
laboratory standards and were measured at intervals throughout the run to ensure
consistency. The results were normalised against and reported relative to the
international standards (VSMOW) (relative standard deviation <2%). TBW was then
calculated utilizing the Halliday and Miller method * with a modified correction factor

for non-aqueous hydrogen exchange at 1.04 (4%)*>%.

Calculations:

Equation 1: Percentage change (%A) of body mass (BM) lost or gained during the

race was calculated as:

108



http://www.thermo.com/com/cda/product/detail/1,,10808,00.html

Equation 2: Change in plasma volume (PV) was calculated :

Equation 3: Performance was measured as finishing times and running speed

(km/hr). Running speed was calculated as an average over the entire race:

Equation 4: The Davies method was used to calculate the total body water (TBW) in

kilograms (kg)%:

Whereas: A = amount of dose solution drunk (g); a = amount of dose solution diluted
in T (g); T = amount of tap water 'a' was diluted (g); Ea = enrichment of diluted dose;
Et = enrichment of tap water used to dilute the dose; Ep = enrichment of baseline
sample; Es = enrichment of post dose sample; 1.04 = correction factor for over

estimation of TBW by the use of D,O .

Equation 5: TBW (kg) was attained and %ATBW was calculated as:
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Statistical analysis: Data were analyzed using the STATISTICA version 8 (StatSoft
Tulsa, OK) statistical program and Prism 3 (GraphPad Software Inc., La Jolla, CA)
using Pearson’s correlations, students T-test. Where applicable, all data were
presented as means * standard deviations (SD) including the range of values.

Statistical significance was accepted when p< 0.05.
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5.4) Results:

Twelve of the thirteen runners (3 females and 9 males) successfully completed the
56km ultra-marathon without requiring any medical attention. The runners completed
the race with a mean finishing time of 5.65 + 1.05 hours (range: 4.06 — 6.90) (Table
5.1). One male runner failed to finish the 56km race in the allotted time and was
withdrawn from the study. Thus the mean age of the resultant 56km cohort was 40.6
*+ 10.6 years (range: 28 -54) (Table 5.1). The subjects ingested a total of 3.19 + 2.25L
with total volumes ranging from 0.4 — 7.7L. The rates of the runners’ fluid intake

varied from 99 — 1216ml/hr (mean of 538 £ 354ml/hr) (Table 5.1).

Table 5.1: General characteristics of subjects participating in the 2009 Two Oceans

56km foot race (n=12)

56km

Variable Mean + SD Min Max
Age (years) 416 +10.6 28.0 54.0
Pre-race body mass (kg) 69.9+8.6 58.4 83.7
Body Fat (%) 15.3+4.6 8.2 244
Predicted race time (hrs) 53+0.9 3.8 6.3
Actual Race time (hrs) 57+1.1 4.1 6.9
Fluid intake (ml) 3186 + 2254 400 7700
Drinking Rate (ml/hr) 538 + 354 98 1215

Plasma [K'] and [Na'] did not change significantly during the race but POsm and
plasma [TP] increased significantly (P<0.05 & P<0.01 respectively) (Table 5.2)
(Figure 5.2). Pre-race and post-race TBW and BM values are displayed in Table 5.2.
A change in BM from pre- to post-race of -2.45kg (+1.2) (-3.6%) was experienced by
the athletes (Figure 5.1) (p<0.0000) alongside an absolute decrease in TBW of

~1.44kg (+1.1) (P<0.01) (Figure 5.1).
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Table 5.2: Body mass, total body water and markers of hydration

participating in the 2009 Two Oceans 56km foot race.

status of runners

56km

Variable n (mpergr-]ricgo) (nfg:rtl-riageD) (meanA +gp)y  Prvalue
Plasma [K"] (mmol/L) 12 4.0+0.5 11 47+19 0.7+£20 NS
Plasma [Na'] (mmol/L) 12 138.6 £ 2.2 11 141.1 £3.3 2.3+3.0 NS
POsm (mOsm/kgH,0) 12 2846 £55 11 291.1+£9.9 6.8+£8.2 <0.05
Plasma [TP] (g/L) 12 75.8 2.0 11 81.5+4.4 5.4+4.4 <0.01
UOsm (mOsm/kgH,0) 12 620.0£301.2 12 721.7+£ 3229 101.7 £ 325.0 NS
Body mass (kg) 12 69.9 + 8.6 12 67.4+8.7 25+1.1 < 0.0000
Body mass (%) 12 100 12 96.5 1.6 -3.6+1.6 < 0.0000
Total Body Water (kg) 12 432174 12 416+7.3 144 +11 <0.001
Total Body Water (%) 12 61.7+£5.7 12 61.5+£6.5 012+2.2 NS

[K™] = Plasma potassium concentration; [Na'] — Plasma sodium concentration; POsm- Plasma osmolality; [TP]- Plasma total
protein concentration; UOsm — Urine osmolality; A: comparing post-to pre-race
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Figure 5.1 Both absolute change (A) and percentage change (%A) in body mass

(BM) and total body water (TBW) in the 56km runners pre- to post-race.
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Figure 5.2 Changes in blood biochemical measures of hydration status in the

runners participating in the 56km foot race
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Figure 5.3 Non-significant correlation between absolute change (A) in body mass

(BM) and total body water (TBW). A significant correlation was found between

percentage change (%A) in BM and TBW (P<0.05).

Figure 5.3 illustrates the correlation between either absolute and %ATBW and BM.
There was a significant correlation between %A in BM and %ATBW so that the 56km
runners showed a decrease in %BM with a subsequent increase in %TBW (Figure

5.3; p<0.05).
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The significant physiological relationship between POsm and plasma [Na'] was
evident in this cohort for their post-races measures (Figure 5.4; P<0.05). No

significant relationships were found for their pre-race measures (Figure 5.4).
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Figure 5.5 The relationship between percentage change (%A) and absolute change
(A) in body mass (BM) and total body water (TBW) in relation to post-race plasma

osmolality (POsm) and plasma sodium concentrations ([Na*])
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Moreover, no significant correlations were found between both absolute and %ATBW
and BM when compared to post-race POsm and plasma [Na']. Except with the
absolute and %ABM and post-race plasma [Na'] (p<0.05) a significant inverse
relationship was found (Figure 5.5). The dotted lines indicate the normal range of
POsm (280 — 296 mOsm/kgH.O) while the solid lines denote the normal range of
plasma [Na*] (135 — 145 mmol/L)®®. Only one runner’s plasma [Na®] fell marginally
outside the normal range whereas only three POsm measurements were above the

normal range (Figure 5.5).

There was no significant association found between performance time and change in

BM (Figure 5.6).
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Figure 5.6 The relationship between absolute change in body mass (BM) and

athlete performance measured as race time (hrs) in the 56km runners.
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5.6) Discussion:

The first major finding of this study was that when subjects drank ad libitum during
the race they maintained their plasma [Na'], [K'] and POsm within the normal
accepted clinical range. This agrees with findings observed in both Chapter 3 and 4,
which advances the established finding that abnormalities in fluid balance and not
excessive losses of sodium chloride in sweat and urine explain variations beyond

the normal range in blood [Na'] during exercise**®?.

Ad libitum drinking was however associated with a significant reduction in BM. This
condition was termed “voluntary dehydration” by Adolph in 19477 on the assumption
that this BM loss is due to water losses that cause a reduction in TBW. But the
authors did not actually measure changes in TBW in their study subjects, yet the
term has been retained in the literature?*"® despite few attempts actually to
measure concurrently exercise induced changes in BM and TBW. This is necessary
to determine whether the condition of voluntary dehydration does indeed exist or

whether it is another example of “christening by conjecture”""1>1,

Accordingly the second important finding of this study was that the changes in BM in
all races exceeded the smaller changes in TBW indicating that water losses alone
did not explain all the BM lost during exercise in these subjects. This finding is in
keeping with the classic interpretations”*'"°. Our findings disagree with those of
Baker et al (2009) who concluded that changes in TBW and BM tracked each other
in a linear fashion, a conclusion we have questioned®® and previously discussed in
Chapter 3 and 4 it has been shown that the authors data do not support their

conclusions®.
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Thus an important conclusion is that changes in BM during exercise are not due
purely to changes in TBW so that all the BM loss during exercise is not due solely to
water loss. Our other recent studies support this interpretation as indeed do the data

of Baker et al (2009) when analysed appropriately®”.

Interestingly we found that although mean %BM decreased ~3.5% (~-2.4kg) during
the 56km race; mean %TBW actually increased ~0.12% (~-1.6kg). This finding is in
agreement with those of Knechtle et al (2008) who found an increase in %TBW over
the course of a 1200km multi-stage ultra-endurance race despite a loss of ~3kg in
BM®. This finding can be explained if the decrease in BM results from a loss of
skeletal and fat mass with an increase in the water content of the remaining tissues

at the end of exercise.

The origin of this added water might be the water originally bound to glycogen which
is released as the glycogen is metabolized during exercise or possibly from fluid
stored in the intestine’*®”. Thus the findings of this study, combined with those of
other recent studies support the emerging viewpoint that changes in BM during

exercise may not adequately reflect exact changes in hydration status*>"°.

Furthermore, these results raise concern of the validity of fluid intake guidelines
which recommend that athletes must not incur a BM loss >2% of starting BM during
exercise %1% While changes in BM may be useful to predict fluid homeostasis in
certain clinical scenarios at rest '®. During exercise the homeostatic controls that
protect POsm may be associated with a decrease in BM without any negative
physiological consequences?®'. The failure of humans to replace 100% of their BM
losses when they ingest fluid ad libitum during exercise has lead to recommendation
that athletes must drink beyond the sensations of thirst in order to prevent “voluntary

dehydration”®*®. However, the data presented here and in this thesis confirm our
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other findings that ad libitum drinking will maintain %TBW with an insignificant
decrease in absolute TBW even when there is a significant loss of BM. These data
support out contention that BM is not the important physiologically-regulated
variable during exercise’®®. Strong evidence supporting the physiological regulation
of BM had indeed been found in animals and humans in chronic conditions over
months and years but this relates more to the regulation of fat and protein mass

other than to acute changes in fluid balance "*°.

We are not the first to report dissociation between BM loss and TBW, Colt et al
reported a 2.4% BM loss associated with a 2.4% increase in TBW in ten well-trained
males running 16km. These results agree directly with the results of our 21.1km
runners who showed a ~1.9% BM loss with a 1.1% increase in TBW. Similarly this
trend is shown when comparing the changes of both absolute and %ABM and TBW
in both groups of our runners (Figure 5.2 & 5.3). Additionally Nolte et al (2010)** and
Knechtle et al (2010)®' observed similar changes in BM and TBW over a 16km

route-march and 100km ultra-endurance run in their cohort of athletes respectively.

It is perhaps counter-intuitive that there can be a reduction in BM with a maintained
or even increased absolute or percentage TBW in subjects who drink less than they
sweat during exercise and hence, in theory at least, must develop a reduction in
TBW reserves. But this excludes the possibility that there may be an internal water
source for example free fluid in the gastrointestinal tract or water previously bound
with the storage of glycogen that can be liberated during exercise and which would
explain unchanged blood biochemical parameters in association with a significant

absolute BM loss %2997,

The only study which has critically assessed changes in BM, muscle glycogen

content and TBW was performed by Olsson and Saltin in 1970. They demonstrated
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that 3—4 grams of water may be complexed with each per gram of glycogen is
stored in muscle (and liver) ¥. Thus subjects eating a high carbohydrate diet for 4
days showed an increase in BM concomitantly with an increase in TBW. A number
of studies have recorded an increase in BM as a result of “carbohydrate loading” 2-3
days prior to exercise "%, Since the magnitude of this weight gain exceeds the
body’s storage capacity for glycogen, it most likely includes some mass gain

resulting also from water storage.

Although the POsm did rise significantly and certain values were above the “normal”

range, none of the runners required medical assistance at the end of the race*>*°.

This supports our hypothesis that athletes are able to regulate their plasma [Na’]
and POsm despite the loss of some TBW and a greater than 2% loss of their BM

during prolonged exercise®*°.

119




Strengths and weaknesses of the study: This study provided a larger data set of
TBW measurements and over a different distance compared to Chapter 3. Finally it
is important to acknowledge that the post-race TBW measurement might be prone
to a slight overestimation of the TBW pool compared to the pre-race measurement.
Increased turnover of body water could result in possible isotope loss during the
equilibration period °. The isotope loss during the post-race equilibration period
might be slightly higher compared to the pre-race equilibration period due to
increased metabolic rates after exercise. This could result in isotope loss through
sweat, respiratory water loss (RWL) as well as dilution of the isotope due to
increased metabolic water production. Corrections for these variables remain
approximates due to individual differences in RWL, metabolic rates and sweat rates
as well as the influence of ambient weather conditions on RWL. However, isotope
loss as a result of these mechanisms is likely to be minimal considering the duration
of the equilibration period and is therefore unlikely to differ significantly from that

occurring during the pre-race measurements.
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5.5) Conclusion

In conclusion this study has demonstrated that the significant decrease of ~2.5kg in
BM occurs in endurance athletes who drink to the dictates of thirst during prolonged
exercise but that changes in TBW were associated with a less significant decrease
of ~1.4kg in TBW in runners during a 56km foot race. Adequate body fluid
homeostasis was further confirmed with the maintenance of the blood biochemical

markers POsm and plasma [Na'].

Therefore, the present study confirms our previous findings that the change in TBW
during prolonged endurance exercise was substantially less than the significant
~3.5% BM loss measured in these runners. This finding further supports the
conclusion that the body primarily defends POsm and plasma [Na’] — and not BM —

during prolonged endurance exercise (56km).
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CHAPTER 6

SUMMARY AND CONCLUSIONS
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The prescription of fluid intake during exercise has been a contentious issue for the
past decade. What is known is that it is helpful to consume fluids for both
performance and health protection during exercise especially during exercise lasting
longer than 2 hours. The addition to this suggestion is that fluid containing
carbohydrates and electrolytes have been encouraged to improve performance,

slow the onset of fatigue and prevent dehydration'®.

But it is not the prescription of fluid itself that has been the main crux of the issue
rather it is the question of how much should be ingested? Interestingly prior to the
1970s the principal recommendation was to “drink as little as possible”.
Subsequently there was a rise of published recommendations that emphasized the
detrimental effects of inadequate hydration and the need to prevent
“dehydration”?®%'% These recommendations by authorities in the sports medicine
field such as the ACSM began promulgating advice that athletes should “drink

beyond thirst” and “as much as tolerable”®.

This advice has been promoted despite the fact that field research has persistently
proven that these recommendations, if strictly followed, can result in life-threatening
issues such as EAH and death due to EAHE as documented from as early as
1985%%"9" " Additionally it has been found that the best performing athletes lose
significantly more BM during competition than those who perform less well>>"%1%,
As a result some have proposed athletes should drink according to the
physiologically-driven mechanism of thirst**’®®!_ Such advice has only recently been

widely accepted by authorities such as the IMMDA and USA Track and Field

Association®’.

A decade later in 2007 the ACSM updated their guidelines for fluid replacement

during exercise and have since proposed the recommendation that fluid should be
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ingested to prevent >2% BM during exercise. These guidelines also promoted

customized fluid replacement for individuals'®.

Subsequently this thesis intended to scientifically investigate this position stand and
determine whether athlete’s TBW loss during exercise is equivalent to the loss of
BM, whether an ad libitum approach to fluid ingestion does indeed maintain an
athlete’s hydration state (most appropriately determined through POsm and plasma
[Na™]) regardless of BM loss and lastly to correlate whether athletes losing the most

BM suffer in performance (race time).

Accordingly the main findings of this thesis were the following:

i) Despite variable BM loss in the 21.1km, 56km and 80km foot races, Fluid
homeostasis was maintained by ad libitum drinking. This means that the
body does not protect BM during exercise and that the advice to drink to
protect BM is physiologically inappropriate and may have greatly
contributed to the recent rise in cases of EAH and EAHE.

ii) Changes in BM do not equate to changes in TBW (Figure 6.1). Figure
6.1 illustrates that a potential ~2kg decrease in BM will only result in
~1kg decrease in TBW as a result of exercise. This must be because
there is general mass lost from irreversible loss of substrate oxidation.
Whereas TBW will decrease less due to the contribution of fluid from the
water complexed to glycogen and water formed from substrate oxidation.
Where ad libitum fluid intake will encourage maintenance of body fluid
homeostasis (regulation of POsm and plasma [Na’]) rather than that of

BM loss.
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Figure 6.1 Change in (A) body mass (BM) in relation to A total body
water (TBW) incorporating data from the 21.1km, 56km and 80km foot

races. (-) represents the correlation between ABM and ATBW.

Athletes performing the best often experience the greatest BM loss
during the 21.1km (with a similar trend in 56km race). We have
suggested that this (in Chapter 4) is a result of both behavioural (fastest
athletes don’t have time to consume as much fluid as slower athletes)
and physiological (maintenance of body fluid homeostasis, despite BM
loss) reasons.

Lastly no medical complications were experienced in our cohort of
athletes who drank ad libitum. This was further supported by the
maintenance of body fluid homeostasis despite the significant loss in BM

seen in the 21.1km, 56km and 80km races.

Future investigations should delve into the possible tightly controlled laboratory trials
where most channels of fluid gain and loss can be tracked alongside the gross
measurements of BM and TBW. This would better establish the internal
contributions to fluid homeostasis and possible reason for the loss in BM during

prolonged exercise without an equivalent loss of TBW
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It should be acknowledged that fluid replacement guidelines have evolved and
consequently only for the better since the detrimental 1996 ACSM Guidelines for
Exercise and Fluid Replacement. Hopefully this body of work will provide the
scientific community with practical, realistic and physiologically sound evidence to
further evolve fluid replacement prescription, more specifically to disseminate
practical and accurate advice to all athletes participating in athletic competition.
These findings support the adoption of ad libitum fluid intake during exercise lasting
from a 21.1km running race to more punishing ultra-endurance races lasting up to
12 hours. This drinking method ensures that athletes will indeed maintain their body
fluid homeostasis and achieve their race goals without encountering avoidable

medical complications.

126




10.

11.

REFERENCE LIST

Adams CS, Korytko Al, Blank JL. A novel mechanism of body mass
regulation. J Exp Biol 2001;204:1729-1734.

Adolph EF. Physiology of man in the desert. New York: Interscience
Publishers, 1947.

Adolph EF, Dill DB. Observations of water metabolism in the desert. Am J
Physiol 1938;123:369-378.

Armstrong LE. Hydration assessment techniques. Nutr Rev 2005;63:540-
S54.

Baker LB, Lang JA, Larry KW. Change in body mass accurately and reliably
predicts change in body water after endurance exercise. Eur J Appl Physiol
2009;105:959-967.

Bartok C, Schoeller DA, Sullivan JC, Clark RR, Landry GL. Hydration testing
in collegiate wrestlers undergoing hypertonic dehydration. Med Sci Sports
Exerc 2004;36:510-517.

Bartoli WP, Davis JM, Pate RR, Ward DS, Watson PD. Weekly Variability in
Total-Body Water Using 2H20 Dilution in College-Age Males. Med Sci
Sports Exerc 1993;25:1422-1428.

Batterham A, Hopkins WG. Making meaningful inferences about magnitudes.

International Journal of Performance Analysis in Sport 2006;1:50-57.

Battistini N, Virgili F, Bedogni G. Relative Expansion of Extracellular Water in
Elite Male-Athletes Compared to Recreational Sportsmen. Ann Hum Biol
1994;21.:609-612.

Beltrami F, Hew-Butler T, Noakes T. Drinking policies and exercise-
associated hyponatraemia: Is anyone still promoting overdrinking? Br J
Sports Med 2008.

Borg G. Perceived exertion as an indicator of somatic stress. Scand J
Rehabil Med 1970;2:92-98.

127




12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Bridge EM, Bridges EM. The relation of glyocgen to water storage in the
liver. J Biol Chem 1931;93:181-187.

Bridge EM, Bridges EM. The relation of glycogen to water storage in the
liver. J Biol Chem 1932;96:381-386.

Bunt JC, Lohman TG, Boileau RA. Impact of Total-Body Water Fluctuations
on Estimation of Body-Fat from Body Density. Med Sci Sports Exerc
1989;21:96-100.

Cheuvront SN, Carter iii R, Sawka MN. Fluid balance and endurance

exercise performance. Curr Sports Med Rep 2003;202-208.

Cheuvront SN, Carter R, Ill, Montain SJ, Sawka MN. Daily body mass
variability and stability in active men undergoing exercise-heat stress. Int J
Sport Nutr Exerc Metab 2004;14:532-540.

Chorley J, Cianca J, Divine J. Risk factors for exercise-associated
hyponatremia in non-elite marathon runners. Clin J Sport Med 2007;17:471-
477.

Chumlea WC, Guo SS, Zeller CM, Reo NV, Siervogel RM. Total body water
data for white adults 18 to 64 years of age: The Fels Longitudinal Study.
Kidney Intl 1999;56:244-252.

Colt EWD, Wang J, Pierson RN. Effect on Body-Water of Running 10 Miles.
J Appl Physiol 1978;45:999-1001.

Convertino VA, Armstrong LE, Coyle EF, Mack GW, Sawka MN, Senay LC,
Sherman WM. American College of Sports Medicine position stand -
Exercise and fluid replacement. Med Sci Sports Exerc 1996;28:R1-R7.

Convertino VA, Keil LC, Bernauer EM, Greenleaf JE. Plasma-Volume,
Osmolality, Vasopressin, and Renin-Activity During Graded-Exercise in Man.
J Appl Physiol 1981;50:123-128.

Coward WA. Calculation of pool sizes and flux rates. In, Prentice AM (ed): The
doubly-labelled water method for measuring energy expenditure. Technical
recommendations for use in humans. Vienna: International Dietary Energy

Consultancy Group, International Atomic Energy Agency, 1990;48-68.

128




23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Culebras JM, Moore FD. Total-Body Water and Exchangeable Hydrogen .1.
Theoretical Calculation of Non-Aqueous Exchangeable Hydrogen in Man.
Am J Physiol 1977;232:R54-R59.

Davies S, Spanel P, Smith D. Rapid measurement of deuterium content of
breath following oral ingestion to determine body water. Physiol Meas
2001;22:651-659.

Davis JM, Lamb DR, Burgess WA, Bartoli WP. Accumulation of Deuterium-
Oxide in Body-Fluids After Ingestion of D2o.Labeled Beverages- J APPI Physiol
1987;63:2060-2066.

Denton DA, McKinley MJ, Weisinger RS. Hypothalamic integration of body
fluid regulation. Proc Natl Acad Sci U S A 1996;93:7397-7404.

Dill DB, Bock AV, Edwards HT. Mechanisms for dissipating heat in man and
dog. Am J Physiol 1933;103:36-43.

Edelman IS, Leibman J, O'Meara MP, Birkenfeld LW. Interrelations between
serum sodium concentration, serum osmolality and total exchangeable
sodium, total exchangeable potassium and total body water. J Clin Invest
1958;37:1236-1256.

Ellis KJ, Wong WW. Human hydrometry: comparison of multifrequency
bioelectrical impedance with (H20)-H-2 and bromine dilution. J Appl Physiol
1998;85:1056-1062.

Engell DB, Maller O, Sawka MN, Francesconi RN, Drolet L, Young AJ. Thirst
and fluid intake following graded hypohydration levels in humans. Physiol
Behav 1987;40:229-236.

Epstein Y, Sohar E. Fluid balance in hot climates: sweating, water intake,
and prevention of dehydration. Public Health Rev 1985;13:115-137.

FALLER IL, PETTY D, LAST JH, PASCALE LR, BOND EE. A comparison of
the deuterium oxide and antipyrine dilution methods for measuring total body
water in normal and hydropic human subjects. J Lab Clin Med 1955;45:748-
758.

129




33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Fudge BW, Easton C, Kingsmore D, Kiplamai FK, Onywera VO, Westerterp
KR, Kayser B, Noakes TD, Pitsiladis YP. Elite Kenyan endurance runners
are hydrated day-to-day with ad libitum fluid intake. Med Sci Sports Exerc
2008;40:1171-1179.

Fusch C, Gfrorer W, Dickhuth HH, Moeller H. Physical fitness influences
water turnover and body water changes during trekking. Med Sci Sports
Exerc 1998;30:704-708.

Gamble JR, Ross GS, Tisdall FF. The metabolism of fixed base during
fasting. J Biol Chem 1923;57:633.

Ganio MS, Casa DJ, Armstrong LE, Maresh GM. Evidence-based approach
to lingering hydration questions. Clin Sports Med 2007;26:1-16.

Greenleaf JE. Problem - Thirst, Drinking Behavior, and Involuntary
Dehydration. Med Sci Sports Exerc 1992;24:645-656.

Greenleaf JE, Sargent F. Voluntary dehydration in man. J Appl Physiol
1965;20:719-724.

Halliday D, Miller AG. Precise Measurement of Total-Body Water Using
Trace Quantities of Deuterium-Oxide. Biomed Mass Spectrom 1977;4:82-87.

Harris RB. Role of set-point theory in regulation of body weight. FASEB J
1990;4:3310-3318.

Havenith G, Fogarty A, Bartlett R, Smith CJ, Ventenat V. Male and female
upper body sweat distribution during running measured with technical
absorbents. Eur J Appl Physiol 2008;104:245-255.

Hayden G, Milne HC, Patterson MJ, Nimmo MA. The reproducibility of
closed-pouch sweat collection and thermoregulatory responses to exercise-
heat stress. Eur J Appl Physiol 2004;91:748-751.

Hew-Butler T, Almond C, Ayus JC, Dugas J, Meeuwisse W, Noakes T, Reid
S, Siegel A, Speedy D, Stuempfle K, Verbalis J, Weschler L. Consensus
statement of the 1st International Exercise-Associated Hyponatremia
Consensus Development Conference, Cape Town, South Africa 2005. Clin J
Sport Med 2005;15:208-213.

130




44,

45.

46.

47.

48.

49.

50.

51.

Hew-Butler T, Ayus JC, Kipps C, Maughan RJ, Mettler S, Meeuwisse WH,
Page AJ, Reid SA, Rehrer NJ, Roberts WO, Rogers IR, Rosner MH, Siegel
AJ, Speedy DB, Stuempfle KJ, Verbalis JG, Weschler LB, Wharam P.
Statement of the second international exercise-associated hyponatremia
consensus development conference, New Zealand, 2007. Clin J Sport Med
2008;18:111-121.

Hew-Butler T, Collins M, Bosch A, Sharwood K, Wilson G, Armstrong M,
Jennings C, Swart J, Noakes TD. Maintenance of plasma volume and serum
sodium concentration despite body weight loss in ironman triathletes. Clin J
Sport Med 2007;17:1-7.

Hew-Butler T, Jordaan E, Stuempfle KJ, Speedy DB, Siegel AJ, Noakes TD,
Soldin SJ, Verbalis JG. Osmotic and nonosmotic regulation of arginine
vasopressin during prolonged endurance exercise. J Clin Endocrinol Metab
2008;93:2072-2078.

Hew-Butler T, Noakes TD, Soldin SJ, Verbalis JG. Acute changes in
endocrine and fluid balance markers during high-intensity, steady-state, and
prolonged endurance running: unexpected increases in oxytocin and brain

natriuretic peptide during exercise. Eur J Endocrinol 2008;159:729-737.

Hew-Butler T, Sharwood K, Boulter J, Collins M, Tucker R, Dugas J, Shave
R, George K, Cable T, Verbalis JG, Noakes T. Dysnatremia predicts a
delayed recovery in collapsed ultramarathon runners. Clin J Sport Med
2007;17:289-296.

Hew-Butler T, Verbalis JG, Noakes TD. Updated fluid recommendation:
Position statement from the international marathon medical directors
association (IMMDA). Clin J Sport Med 2006;16:283-291.

Hew-Butler TD, Noakes TD, Soldin SJ, Verbalis JG. Acute changes in
arginine vasopressin, sweat, urine and serum sodium concentrations in
exercising humans: Does a coordinated homeostatic relationship exist? Br J
Sports Med 2008.

Hew-Butler TD, Sharwood K, Collins M, Speedy D, Noakes T. Sodium
supplementation is not required to maintain serum sodium concentrations
during an lronman triathlon. Br J Sports Med 2006;40:255-259.

131




52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Hoelzel F. A relation between the common cold and nutritional hydration.
Science 1928;68:301.

Irving RA, Noakes TD, Burger SC, Myburgh KH, Querido D, Smit RV.
Plasma-Volume and Renal-Function During and After Ultramarathon
Running. Med Sci Sports Exerc 1990;22:581-587.

Jankowski CM, Sonko BJ, Gozansky WS, Kohrt WM. Deuterium dilution: The
time course of H-2 enrichment in saliva, urine, and serum. Clin Chem
2004:;50:1699-1701.

Kao WF, Shyu CL, Yang XW, Hsu TF, Chen JJ, Kao WC, Chang PL, Huang
YJ, Kuo FC, Huang ClI, Lee CH. Athletic performance and serial weight
changes during 12-and 24-hour ultra-marathons. Clin J Sport Med
2008;18:155-158.

Karlsson J, Saltin B. Diet, Muscle Glycogen, and Endurance Performance. J
Appl Physiol 1971;31:203-&.

Kavouras SA. Assessing hydration status. Curr Opin Clin Nutr Metab Care
2002;5:519-524.

Khaled MA, Lukaski HC, Watkins CL. Determination of Total-Body Water by
Deuterium Nmr. Am J Clin Nutr 1987:45:1-6.

King RF, Cooke C, Carroll S, O'Hara J. Estimating changes in hydration
status from changes in body mass: considerations regarding metabolic water
and glycogen storage. J Sports Sci 2008;26:1361-1363.

Knechtle B, Duff B, Schulze |, Gotz K. A multi-stage ultra-endurance run over
1,200 km leads to a continuous accumulation of total body water. Journal of
Sport Science and Medicine 2008;7:357-364.

Knechtle B, Senn O, Imoberdorf R, Joleska |, Wirth A, Knechtle P,
Rosemann T. Maintained total body water content and serum sodium
concentrations despite body mass loss in female ultra-runners drinking ad
libitum during a 100 km race. Asia Pac J Clin Nutr 2010;19:83-90.

KOZLOWSKI S, Saltin B. Effect of sweat loss on body fluids. J Appl Physiol
1964;19:1119-1124.

132




63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Kratz A, Lewandrowski KB. Normal reference laboratory values. N Engl J
Med 1998;339:1063-1072.

Kratz A, Lewandrowski KB, Siegel AJ, Chun KY, Flood JG, Van Cott EM,
Lee-Lewandrowski E. Effect of marathon running on hematologic and
biochemical laboratory parameters, including cardiac markers. AM J Clin
Pathol 2002;118:856-863.

Kratz A, Siegel AJ, Verbalis JG, Adner MM, Shirey T, Lee-Lewandrowski E,
Lewandrowski KB. Sodium status of collapsed marathon runners. Arch
Pathol Lab Med 2005;129:227-230.

Ladell WS. The effects of water and salt intake upon the performance of men

working in hot and humid environments. J Physiol 1955;127:11-46.

Lemon PWR, Yarasheski KE. Feasibility of Sweat Collection by Whole-Body
Washdown in Moderate to High Humidity Environments. Int J Sports Med
1985;6:41-43.

Lichtenbelt WDV, Westerterp KR, Wouters L. Deuterium Dilution As A
Method for Determining Total-Body Water - Effect of Test Protocol and
Sampling Time. Br J Nutr 1994;72:491-497.

Lukaski HC, Johnson PE. A Simple, Inexpensive Method of Determining
Total-Body Water Using A Tracer Dose of D20 and Infrared-Absorption of
Biological-Fluids. Am J Clin Nutr 1985;41:363-370.

Mackay EM, Bergman HC. The relation between glycogen and water storage
in the liver. J Biol Chem 1932;96:373-380.

Mackay EM, Bergman HC. The amount of water stored with glycogen in the
liver. J Biol Chem 1934;105:59-62.

Maughan RJ, Shirreffs SM. Development of individual hydration strategies
for athletes. Int J Sport Nutr Exerc Metab 2008;18:457-472.

Maughan RJ, Shirreffs SM, Leiper JB. Errors in the estimation of hydration
status from changes in body mass. J Sports Sci 2007;25:797-804.

133




74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

McBride JJ, Guest MM, Scott EL. The storage of the major liver components;
emphasizing the relationship of glycogen to water in the liver and the
hydration of glycogen. J Biol Chem 1941;139:943.

Mitchell JW, Nadel ER, Stolwijk JA. Respiratory Weight Losses During
Exercise. J Appl Physiol 1972;32:474-&.

Montain SJ. Hydration recommendations for sport 2008. Curr Sports Med
Rep 2008;7:187-192.

Montain SJ, Cheuvront SN, Sawka MN. Exercise associated hyponatraemia:
quantitative analysis to understand the aetiology. Br J Sports Med
2006;40:98-106.

Noakes TD. Fluid replacement during marathon running. Clin J Sport Med
2003;13:309-318.

Noakes TD. Drinking guidelines for exercise: what evidence is there that
athletes should drink "as much as tolerable", "to replace the weight lost
during exercise" or "ad libitum"? J Sports Sci 2007;25:781-796.

Noakes TD. Hydration in the marathon : using thirst to gauge safe fluid
replacement. Sports Med 2007;37:463-466.

Noakes TD. Mechanism by which rHUEPO improves submaximal exercise
performance. Eur J Appl Physiol 2008;103:485.

Noakes TD, Goodwin N, Rayner BL, Branken T, Taylor RK. Water
intoxication: a possible complication during endurance exercise. Med Sci
Sports Exerc 1985;17:370-375.

Noakes TD, Sharwood K, Speedy D, Hew-Butler T, Reid S, Dugas J, Almond
C, Wharam P, Weschler L. Three independent biological mechanisms cause
exercise-associated hyponatremia: Evidence from 2, 135 weighed
competitive athletic performances. Proc Natl Acad Sci U S A
2005;102:18550-18555.

Nolte H, Noakes TD, van Vuuren B. Ad Libitum Fluid Replacement in Military
Personnel during a 4 Hour Route March. Med Sci Sports Exerc 2010.

134




85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Nolte HW, Noakes TD. Comments on Baker et al.'s "Change in body mass
accurately and reliably predicts change in body water after endurance
exercise". Eur J Appl Physiol 2009;108:1061-1064.

O'Brien C, Freund BJ, Sawka MN, McKay J, Hesslink RL, Jones TE.
Hydration assessment during cold-weather military field training exercises.
Arctic Med Res 1996;55:20-26.

Olsson KE, Saltin B. Variation in Total Body Water with Muscle Glycogen
Changes in Man. Acta Physiol Scand 1970;80:11-&.

Oppliger RA, Bartok C. Hydration testing of athletes. Sports Med
2002;32:959-971.

Passe D, Horn M, Stofan J, Horswill C, Murray R. Voluntary dehydration in
runners despite favorable conditions for fluid intake. Int J Sport Nutr Exerc
Metab 2007;17:284-295.

Pastene J, Germain M, Allevard AM, Gharib C, Lacour JR. Water balance
during and after marathon running. Eur J Appl Physiol Occup Physiol
1996;73:49-55.

Pavy FW. Researches on sugar formation in the liver. Philos Trans R Soc
Lond 1860;150:595-609.

Petraccia L, Liberati G, Masciullo SG, Grassi M, Fraioli A. Water, mineral
waters and health. Clin Nutr 2006;25:377-385.

Pivarnik JM, Leeds EM, Wilkerson JE. Effects of Endurance Exercise on
Metabolic Water Production and Plasma-Volume. J Appl Physiol
1984:56:613-618.

Popowski LA, Oppliger RA, Lambert GP, Johnson RF, Johnson AK, Gisolfi
CV. Blood and urinary measures of hydration status during progressive
acute dehydration. Med Sci Sports Exerc 2001;33:747-753.

Puckett HL, Wiley FH. The relation of glycogen to water storage in the liver. J

Biol Chem 1932;96:367-371.

135




96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Racette SB, Schoeller DA, Luke AH, Shay K, Hnilicka J, Kushner RF.
Relative dilution spaces of 2H- and 180-labeled water in humans. Am J
Physiol 1994;267:E585-E590.

Refsum HE, Tveit B, Meen HD, Stromme SB. Serum Electrolyte, Fluid and
Acid-Base-Balance After Prolonged Heavy Exercise at Low Environmental-
Temperature. Scand J Clin Lab Invest 1973;32:117-122.

Rehrer NJ. Fluid and electrolyte balance in ultra-endurance sport. Sports
Med 2001;31:701-715.

Riley WJ, Pyke FS, Roberts AD, England JF. The effect of long-distance

running on some biochemical variables. Clin Chim Acta 1975;65:83-89.

Rogers G, Goodman C, Rosen C. Water budget during ultra-endurance
exercise. Med Sci Sports Exerc 1997;29:1477-1481.

Rogers IR, Hew-Butler T. Exercise-associated hyponatremia: overzealous
fluid consumption. Wilderness Environ Med 2009;20:139-143.

Sanders B, Noakes TD, Dennis SC. Sodium replacement and fluid shifts

during prolonged exercise in humans. Eur J Appl Physiol 2001;84:419-425.

Sawka MN, Burke LM, Eichner ER, Maughan RJ, Montain SJ, Stachenfeld
NS. Exercise and fluid replacement. Med Sci Sports Exerc 2007;39:377-390.

Sawka MN, Montain SJ. Fluid and electrolyte supplementation for exercise
heat stress. Am J Clin Nutr 2000;72:564S-572S.

Sawka MN, Noakes TD. Does dehydration impair exercise performance?
Med Sci Sports Exerc 2007;39:1209-1217.

Schloerb PR, Friis-Hansen BJ, Edelman IS, Solomon AK, Moore FD. The
measurement of total body water in the human subject by deuterium oxide
dilution. J Clin Invest 1950;29:1296-1310.

Schoeller DA, Dietz W, Vansanten E, Klein PD. Validation of Saliva
Sampling for Total-Body Water Determination by H20(O-18) Dilution. Am J
Clin Nutr 1982;35:591-594.

136




108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Sharwood K, Collins M, Goedecke J, Wilson G, Noakes T. Weight changes,
sodium levels, and performance in the South African Ironman Triathlon. Clin
J Sport Med 2002;12:391-399.

Sharwood KA, Collins M, Goedecke JH, Wilson G, Noakes TD. Weight
changes, medical complications, and performance during an Ironman
triathlon. Br J Sports Med 2004;38:718-724.

Shephard RJ, Kavanagh T. Fluid and mineral needs of middle-aged ansd
post-coronary distance runners. Phys Sportsmed 1978;6:90-102.

Sherman WM, Plyley MJ, Sharp RL, Vanhandel PJ, Mcallister RM, Fink WJ,
Costill DL. Muscle Glycogen-Storage and Its Relationship with Water. Int J
Sports Med 1982;3:22-24.

Shimamoto H, Komiya S. Comparison of body water turnover in endurance
runners and age-matched sedentary men. J Physiol Anthropol Appl Human
Sci 2003;22:311-315.

Shirreffs SM. Markers of hydration status. Eur J Clin Nutr 2003;57:S6-S9.

Shirreffs SM, Maughan RJ. Whole body sweat collection in humans: An
improved method with preliminary data on electrolyte content. J Appl Physiol
1997;82:336-341.

Sohar E, Michaeli D, Waks U, Shibolet S. Heatstroke caused by dehydration
and physical effort. Arch Intern Med 1968;122:159-161.

Sohar E, Shapiro Y, Epstein Y. [Man in a hot climate--early studies of the
Institute of Military Physiology]. Harefuah 2000;138:723-7, 808, 807.

Spanel P, Wang TS, Smith D. Coordinated FA-MS and SIFT-MS analyses of
breath following ingestion of D20 and ethanol: total body water, dispersal
kinetics and ethanol metabolism. Physiol Meas 2005;26:447-457.

Speedy DB, Campbell R, Mulligan G, Robinson DJ, Walker C, Gallagher P,
Arts JH. Weight changes and serum sodium concentrations after an
ultradistance multisport triathlon. Clin J Sport Med 1997;7:100-103.

137




119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Speedy DB, Faris JG, Hamlin M, Gallagher PG, Campbell RGD.
Hyponatremia and weight changes in an ultradistance triathlon. Clin J Sport
Med 1997;7:180-184.

Speedy DB, Noakes TD, Boswell T, Thompson JMD, Rehrer N, Boswell DR.
Response to a fluid load in athletes with a history of exercise induced
hyponatremia. Med Sci Sports Exerc 2001;33:1434-1442.

Speedy DB, Rogers IR, Noakes TD, Wright S, Thompson JMD, Campbell R,
Hellemans |, Kimber NE, Boswell DR, Kuttner JA, Safih S. Exercise-induced
hyponatremia in ultradistance triathletes is caused by inappropriate fluid
retention. Clin J Sport Med 2000;10:272-278.

STETTEN D, Jr., STETTEN MR. Glycogen metabolism. Physiol Rev
1960;40:505-537.

Stricker EM. Some Physiological and Motivational Properties of Hypovolemic
Stimulus for Thirst. Physiol Behav 1968;3:379-&.

Stuempfle KJ, Lehmann DR, Case HS, Hughes SL, Evans D. Change in
serum sodium concentration during a cold weather ultradistance race. Clin J
Sport Med 2003;13:171-175.

Tam N, Hew-Butler T, Papadopoulou E, Nolte H, Noakes TD. Fluid intake
and changes in blood biochemistry, running speed and body mass during an
80km mountain trail race. Medicina Sportiva 2009;13:108-115.

Verbalis JG. Disorders of body water homeostasis. Best Pract Res Clin
Endocrinol Metab 2003;17:471-503.

Verbalis JG. Renal function and vasopressin during marathon running.
Sports Med 2007;37:455-458.

Verbalis JG. Ten essential points about body water homeostasis. Hormone
Research 2007;67:165-172.

Vieweg WV, Godleski LS, Graham P, Barber J, Kellogg E, Glick J, Hundley
PL, Yank GR. The link between fluid intake and weight gain in psychosis.
Psychosomatics 1991;32:52-57.

138




130. Wellens R, Chumlea WC, Guo S, Roche AF, Reo NV, Siervogel RM. Body
composition in white adults by dual-energy x-ray absorptiometry,
densitometry, and total body water. Am J Clin Nutr 1994;59:547-555.

131. Weschler LB. Comments on Baker et al.'s "Quantitative analysis of serum
sodium concentration after prolonged running in the heat". J Appl Physiol
2008;105:1692.

132. Weschler LB. Sweat electrolyte concentrations obtained from within
occlusive coverings are falsely high because sweat itself leaches skin
electrolytes. J Appl Physiol 2008;105:1376-1377.

133. Westerterp KR, Saris WHM, Vanes M, Tenhoor F. Use of the Doubly
Labeled Water Technique in Humans During Heavy Sustained Exercise. J
Appl Physiol 1986;61:2162-2167.

134. Wong WW, Cochran WJ, Klish WJ, Smith EO, Lee LS, Klein PD. Invivo
Isotope-Fractionation Factors and the Measurement of Deuterium-Dilution
and Oxygen-18-Dilution Spaces from Plasma, Urine, Saliva, Respiratory
Water-Vapor, and Carbon-Dioxide. Am J Clin Nutr 1988;47:1-6.

135. Zetou E, Giatsis G, Mountaki F, Komninakidou A. Body weight changes and
voluntary fluid intakes of beach volleyball players during an official
tournament. J Sci Med Sport 2008;11:139-145.

136. Zuntz N, Loewy A, Muller F, Caspari W. Hohenklima und Bergwanderungen.
Berlin: 1906.

139






