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Abstract Hydration guidelines found in the scientific and
popular literature typically advise that body mass losses
beyond 2% should be avoided during exercise. In this
work, we demonstrate that these guidelines are not appli-
cable to prolonged exercise of several hours where body
mass loss does not reflect an equivalent loss of body water
due to the effects of body mass change from substrate use,
release of water bound with muscle and liver glycogen, and
production of water during substrate metabolism. These
effects on the body mass loss required to maintain body
water balance are shown for a 161-km mountain ultrama-
rathon running competition participant utilizing published
data for the total energy cost, exogenous energy con-
sumption and percentage from each fuel source, average
participant body mass, and the extent of soft tissue fluid
accumulation during an ultramarathon. We assumed that
total energy derived from protein ranges from 5 to 10%, all
exogenous energy is used to support the energy cost of the
race, glycogen utilization ranges from 300 to 500 g, water
linked with glycogen ranges from 1 to 3 g per g of
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glycogen, and the mass of the bladder and gastrointestinal
tract is unchanged from pre-race to post-race body mass
measurements. These calculations show that the average
participant of 68.8 kg must lose 1.9-5.0% body mass to
maintain the water supporting body water balance while
also avoiding overhydration. Future hydration guidelines
should consider these findings so that the proper hydration
message is conveyed to those who participate in prolonged
exercise.

Key Points

A given change in body mass does not reflect an
equal change in hydration status. This effect
becomes very important in prolonged exercise of
several hours.

The determination of proper body mass loss to
maintain the water supporting body water balance
must consider the effect of body mass changes from
substrate use, release of water bound with glycogen,
and the production of water during substrate
metabolism.

The present calculations demonstrate that the
average participant of a 161-km mountain
ultramarathon running competition must lose
1.9-5.0% body mass to maintain the water
supporting body water balance while also avoiding
overhydration.
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1 Introduction

Recent hydration guidelines published by scientific orga-
nizations indicate that cognitive and physical performance
deteriorates when more than 2% body mass has been lost
during exercise [1-7]. Guidelines also link these levels of
body mass loss during exercise with impaired management
of thermal stress [2, 4, 5], increased risk for the develop-
ment of exercise-induced muscle cramping [2-5], and
acute kidney injury from rhabdomyolysis [2]. Owing to
these concerns, several guidelines in the scientific literature
advise that body mass losses beyond 2% should be avoided
during exercise [1-7].

Avoidance of body mass losses greater than 2% during
exercise is now the common message seen by the general
public when seeking hydration advice. Hoffman and
coworkers [8] recently showed that among the top 141
websites identified by Internet searches on hydration
guideline terms, 44 (64%) of the 69 websites commenting
about proper body mass loss during exercise indicated that
no more than 2% should be lost. An additional 17 (25%)
indicated that no more than 0—1% should be lost, and six
(9%) indicated no body mass loss should occur. In other
words, 67 (97%) of 69 websites providing recommenda-
tions indicated that the proper body mass loss during
exercise was some amount less than 2%.

Despite the prominence of hydration recommendations
indicating that body mass loss beyond 2% should be
avoided during exercise, there has not been universal
acceptance of these guidelines under all exercise circum-
stances. Not only has it been challenged that endurance
exercise performance is necessarily impaired from a 2%
body mass loss [9-13], but an association of such levels of
body mass loss with development of heat illnesses [14, 15]
and muscle cramping [16-18] has also been questioned. A
basis for resistance to such hydration guidelines is that a
2% loss in body mass does not reflect an equal change in
body water. In fact, it has been demonstrated that total
body water can be maintained despite a loss in body mass
of ~ 2.0% among soldiers during a 14.6-km march [19]
and among participants of a 21-km running race lasting an
average of 2.2 h [20]. In a longer running event of 56 km
lasting an average of 5.7 h, mean body mass fell by 2.5 kg
(3.6%) but total body water fell by only 1.6 L [20]. This
discrepancy between change in body mass and change in
body water is because a number of different factors will
separately influence these two entities during exercise, so
they are not interchangeable. In reviewing these factors,
Maughan et al. [21] concluded that “A significant loss of
body mass—perhaps of the order of 1-3% of pre-exercise
mass—may be incurred without an effective hypohydration
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resulting”. Unfortunately, this information has largely been
ignored.

Our intention with the present work is to demonstrate
that a change in body mass during extreme endurance
running does not necessarily reflect an equivalent change in
effective body water. In doing so, we outline the sources of
mass change that must be recognized in order to use body
mass change as a reflection of hydration state, and we use
data from an ultramarathon running event to perform the
calculations necessary to demonstrate an appropriate mass
change during such exercise to properly maintain the water
supporting body water balance. We hope that this illus-
tration will stimulate the propagation of more accurate and
coherent hydration advice to participants at risk for over- or
under-hydration during prolonged exercise.

2 Sources of Mass Change During Prolonged
Exercise

Even though change in body mass may be a useful
approximation for change in hydration status for the active
individual who is performing relatively short bouts of
exercise (up to ~ 1 h), a given change in body mass does
not reflect an equal change in hydration status [21]. In other
words, a 1-kg decrease in body mass does not mean that
there has been a reduction of 1 L in body water. This effect
becomes very important in prolonged exercise of several
hours, so the sources of body mass change and their effect
on body water need to be understood.

Body mass can be altered during exercise by a number
of factors, as displayed in Fig. 1. Increases in body mass
from water intake and subsequent gastrointestinal water
absorption have a comparable effect on total body water.
Decreases in body mass from sweating, emesis, respiratory
water loss, transcutaneous water loss, and the combination
of urine production and urination are also reasonably well-
reflected by comparable decreases in total body water.
Menstruation could be another very minor consideration
that would have a comparable effect on body mass and
total body water. Ultimately, such changes in total body
water are also reflected in changes of intravascular volume.

In contrast to these factors that comparably affect body
mass and intravascular volume, water of oxidation ulti-
mately adds to both intravascular water and body mass, but
since the effect varies with relative substrate use, the
relationship between change in body mass and change in
intravascular water is complex. Other sources of error in
the assumption that body mass change and intravascular
water change are interchangeable include mass loss from
substrate use, release of water bound with muscle and liver
glycogen, and the development of peripheral edema. While
each of these errors is small when considered individually,
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Fig. 1 Schematic showing the factors that increase (entering arrows)
or decrease (exiting arrows) intravascular water, total body water, and
body mass. Intravascular water overlaps completely with total body
water, which also overlaps completely with body mass since
intravascular water is a component of total body water, and total

the combined effect can be important, particularly during
prolonged exercise. Pertinent issues in this regard are dis-
cussed in Sects. 2.1-2.6.

2.1 Endogenous Substrate Mass

Utilization of stored energy is an obvious source of mass
loss during exercise. Stored carbohydrate, fat, and protein
contribute to the metabolic needs during exercise, with the
relative contribution depending primarily on the exercise
intensity and duration [22-24], fitness level of the indi-
vidual [25, 26], and preceding exercise and nutritional
status [27-30]. Regardless, the predominant fuels used
during endurance exercise are carbohydrates and fats.
Protein only contributes about 1-10% of the total energy
production during prolonged exercise [31].

The extent of carbohydrate stored as glycogen will
depend very much on prior diet and exercise as well as on
body mass and body composition, but may amount to about
350-700 g in the muscle and about 100 g in the liver [22].
Conservatively, 400 g of this glycogen could be mobilized
during prolonged exercise [32, 33], producing 4.1 kcal/g of
glycogen (Table 1). The remaining energy turnover that is
not met by exogenous sources comes from stored fat pro-
ducing 9.3 kcal/g, and a small amount from stored protein

Body Mass

> Respiratory water
Transcutaneous water
Fecal water evacuation
Solid fecal evacuation
Endogenous substrate use

body water is a component of body mass. Those factors displayed
within boxes affect intravascular water, but do not change total body
water and body mass. For simplification, gastrointestinal water is
considered to be part of the total body water pool. GI gastrointestinal

producing 4.1 kcal/g. With knowledge of the total energy
requirement of the exercise, extent of glycogen utilized,
and exogenous sources consumed during the exercise, the
mass loss resulting from the oxidation of stored fat and
protein can be calculated.

2.2 Water Release as a Result of Glycogen
Oxidation

Water is stored in association with glycogen, although the
relative amount is not entirely clear, and the amount of
water per gram of glycogen probably varies with tissue
glycogen content and almost certainly differs between
skeletal muscle and liver [21]. A very large number of
studies on the association between glycogen storage and
water storage in the liver were published in the 1930s and
1940s, and these studies suggested that about 2-3 g of
water was stored with each gram of glycogen in rat liver
[34, 35]. More recent studies of rabbit liver have suggested
that the amount may be closer to 1 g [36]. In studies of
human skeletal muscle, it was estimated that 3 g of water
was stored with each gram of muscle glycogen [37], but it
seems unlikely that this is a constant [38]. Regardless of
the ratio of water stored with glycogen, the water that is
released as the glycogen content of tissues is reduced is

Table 1 Energy, water of oxidation and net mass change for 1 g of each substrate used during exercise (adapted from Maughan et al. [21])

Substrate Energy (kcal) Water of oxidation (g) Net mass change (g)
Carbohydrate 4.1 0.60 —0.40
Fat 9.3 1.13 +0.13
Protein 4.1 0.39 —0.45

Note that the formation of sulfate, phosphate, and nitrogenous compounds from protein metabolism will influence the net mass change, and will
vary depending on the amino acid composition of the protein. The data shown here are for mixed meat protein. The fat data are for palmitate
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mass that must be lost in order to avoid expanding the
water pool supporting body water balance.

2.3 Water of Oxidation

Aerobic metabolism uses oxygen derived from ambient air
to generate carbon dioxide, which is lost to the atmosphere
in expired air, and water, which adds to the body water
pool supporting body water balance. Protein oxidation also
produces non-volatile compounds of sulfur, nitrogen, and
phosphorus which will contribute in the short term to body
mass. The water of oxidation and net mass change from
different fuel sources are shown in Table 1. As with the
water released from glycogen metabolism, an equal body
mass to the mass of water generated from endogenous
substrate oxidation must be lost in order to maintain a
constant amount of water supporting body water balance.
While the mass of water generated from exogenous sub-
strate oxidation reduces the necessary water intake to
maintain hydration, retention of this water would be
reflected by a comparable increase in body mass, and does
not represent additional mass that must be lost from
baseline body mass to maintain a constant water pool
supporting body water balance.

2.4 Urine and Fecal Mass

Any change in mass of urine and feces between body mass
measurements must be considered when using mass change
to estimate change in hydration status. For instance, if urine
or feces are produced during exercise and not eliminated
before the post-exercise measurement of body mass, then
the additional mass of the accumulated urine and feces
must be subtracted from the post-exercise body mass
measurement in considerations related to change in
hydration status. During running exercise, the rate of urine
production will be modest and in the order of 40-55 mL/h
[39, 40], so even if voiding does not occur immediately
prior to the post-exercise body mass measurement, the
effect of urine production during a relatively short period
of exercise can generally be ignored. Furthermore, if little
or no nutrition is taken in during the exercise and the
bowels are not evacuated between body mass measure-
ments, then the mass of fecal production is not a consid-
eration. However, during long bouts of exercise, changes in
mass of urine and feces might become an important con-
sideration if the bladder and bowels are not evacuated prior
to the pre-exercise body mass measurement but are evac-
vated during exercise, or if urine or feces accumulate
during the exercise and are not eliminated prior to the post-
exercise body mass measurement.
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2.5 Peripheral Edema

During some forms of exercise, fluid may accumulate in
the interstitial compartment of certain body areas due to
gravitational and centripetal forces, and as a result of an
inflammatory response from repetitive trauma. Little is
known about the magnitude of this effect, but it appears to
be quite modest even under extreme conditions. In studies
performed at 100-km ultramarathons, one reported no
change in pre-race to post-race right foot volume [41];
however, another study found statistically significant
increases in pre-race to post-race subcutaneous tissue
thickness in the hand and ankle, though the mean volume
increase of one lower leg of 0.02 L was not statistically
significant [42]. While any water associated with the
development of peripheral edema would still contribute to
the total water pool of the body, it does not contribute to
the intravascular fluid compartment, so an equal mass of
water must be gained to sustain water balance and maintain
hydration.

2.6 Distribution of Water

The presumption is that water released from glycogen and
water produced from substrate oxidation will be distributed
throughout the body water pool according to local osmotic,
oncotic and hydrostatic gradients. Unlike high-intensity
exercise, which results in a large increase in intracellular
osmolality in active muscles due to the accumulation of
glycolytic intermediates and endproducts, endurance
exercise results in relatively little disturbance to the
osmolality of tissues [43]. So, this water should contribute
not only to the total water pool of the body, but also to the
intravascular fluid compartment in order to sustain water
balance and maintain hydration.

3 Illustration from an Ultramarathon

The required change in body mass to maintain the water
supporting body water balance can be calculated from
knowledge of total energy requirement and exogenous
sources consumed during the exercise, coupled with
assumptions about the amount of endogenous glycogen
metabolized, the amount of water linked with glycogen, the
percentage of energy derived from protein, changes in
bladder, stomach and bowel mass, and the extent of soft
tissue fluid accumulation.

Table 2 shows calculations of expected body mass
change for an ‘average runner’ participating in a 161-km
mountain ultramarathon under a range of reasonable
assumptions. In this illustration, the total energy cost was
estimated to be 14,500 kcal based on prior studies at the
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Table 2 Required change in body mass to sustain body water balance
to maintain euhydration during a 161-km mountain ultramarathon
under various conditions. Italicized text in the section outlining the

conditions is used to show adjustments relative to the ‘average
runner’. See text for support for the defined conditions for the
‘average runner’

Average 10% of 67% less 25% less  25% 30% 30% less  Less water linked
runner  energy water linked  glycogen more more calories with glycogen + less
derived from with glycogen glycogen calories consumed glycogen + more
protein consumed calories consumed
Conditions
Energy cost (kcal) 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500
Exogenous energy (kcal) 8228 8228 8228 8228 8228 10,696 5760 10,696
Carbohydrate (%) 81.5 81.5 81.5 81.5 81.5 81.5 81.5 81.5
Fat (%) 11.9 11.9 11.9 11.9 11.9 11.9 11.9 11.9
Protein (%) 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6
Pre-race body mass (kg) 68.8 68.8 68.8 68.8 68.8 68.8 68.8 68.8
Endogenous glycogen 0.400 0.400 0.400 0.300 0.500 0.400 0.400 0.300
used (kg)
Water released per g of 3 3 1 3 3 3 3 1
glycogen (g)
Energy derived from 5 10 5 5 5 5 5 5
protein (%)
Accumulated peripheral 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040
edema (kg)
Contributions to body mass change
Endogenous substrate mass (kg)
Carbohydrate —0.400 —0.400 —0.400 —0.300 —0.500 —0.400 —0.400 —0.300
Fat —0.478 —0.401 —0.478 —-0.523 —0434  —-0.231 —0.726 —0.275
Protein —-0.044 —-0.221 —0.044 —0.044  —0.044  —0.005 —0.084 —0.005
Water release from —1.200 —1.200 —0.400 —-0.900 —1.500 —1.200 —1.200 —0.300
glycogen (kg)
Water of oxidation (kg)
Carbohydrate —0.240 —0.240 —0.240 —0.180  —0.300 —0.240 —0.240 —0.180
Fat —0.541 —0.453 —0.541 —0.591 —0.491 —0.261 —0.821 —0.310
Protein —-0.017 —0.086 —-0.017 -0.017 —-0.017  —0.002 —0.033 —0.002
Accumulated peripheral 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040
edema (kg)
Total change in body mass
Absolute (kg) -29 -3.0 -2.1 -2.5 —-3.2 -23 -3.5 -1.3
Relative to pre-race (%) —4.2 —4.3 -3.0 —-3.7 —4.7 —-33 -5.0 -1.9

event [44-46]. The total exogenous energy consumption
and percentage from each fuel source, as well as the mean
body mass of the ‘average runner’ completing the distance
in 27 h was derived from another study at this event [47].
In this illustration, we also assumed that soft tissue fluid
accumulations amounted to 40 g [42], and all exogenous
energy was used to support the energy cost of the race. We
also assumed that the mass of the bladder content was
unchanged from pre-race to post-race body mass mea-
surements, which is reasonable since athletes generally
void as needed during this type of event. With regard to
changes in the mass of gastrointestinal tract content, we
assumed this to also be insignificant since runners com-
monly evacuate during the race and the types of nutrition

consumed during these events will produce limited fecal
mass.

We show calculations for 5 and 10% of total energy
being derived from protein [31], and for a range of
glycogen utilization of 300-500 g and water linked with
glycogen of 1-3 g per g of glycogen. We also include
calculations for a range of exogenous energy consumption
of 30% more to 30% less than the ‘average runner’, which
was roughly 1 standard deviation above and below the
mean of the study population [47].

Based on these calculations, we determine that the
‘average runner’ should lose 4.2% body mass to maintain
the water supporting body water balance. Variation in the
percent of total energy derived from protein oxidation has
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minimal effect across the 5-10% range we examined. Yet,
if less water is linked with glycogen or if less glycogen is
utilized, then the necessary body mass loss decreases. On
the other hand, greater glycogen utilization and less caloric
intake during the event results in a need for greater body
mass loss. Considering a variety of realistic assumptions,
the expected body mass that must be lost to sustain body
water balance to maintain euhydration was calculated to be
1.9-5.0%. Not surprisingly, top performers at the 161-km
mountain ultramarathon from which the example pertains
have been found to have body mass losses in this range
[48, 49].

4 Implications of the Findings

Contributions to the water supporting body water balance
from water release with glycogen oxidation and the gen-
eration of water with substrate oxidation provides an
example of the remarkable effectiveness of the body at
responding to prolonged exertion. As a result of these
mechanisms, the magnitude of fluid requirement during
exercise is decreased, and so the risk for hypohydration and
resulting impairments in performance and thermoregula-
tion are also reduced. While the effect of these mechanisms
may be limited in short-duration exercise where they are
also less critical, they become important considerations in
prolonged exercise. Without consideration of these effects,
universal hydration recommendations based on change in
body mass that are not adjusted for very prolonged exercise
will be erroneous.

Endurance athletes currently receive conflicting and
confusing messages about hydration needs for very pro-
longed exercise. Excessive concern and attention paid to
avoiding hypohydration can be a stimulus for overhydra-
tion [50-54]. Among athletes, this is particularly true in
environments where there is a common belief that a per-
formance advantage will result from avoiding hypohydra-
tion [55]. As a result, overhydration has been quite
common among endurance athletes. For instance, 25-29%
of finishers of a prestigious 161-km mountain trail ultra-
marathon in 2013 and 2014 had a mass gain or <1% mass
loss during the race based on body mass measurement
immediately before the race start [49, 56]. Additionally,
another 50-58% of finishers had lost <4% body mass
during the race. Based on the present calculations, there
should be clear concern about a high prevalence of over-
hydration in this population of athletes.

Overhydration during exercise can have serious conse-
quences. Exercise-associated hyponatremia (EAH) has a
primary etiology of overhydration. While the incidence of
symptomatic EAH among those who overhydrate during
exercise is low [13, 57], when EAH becomes symptomatic,
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the individual is at considerable risk if the condition is not
recognized promptly and treated properly. EAH-related
deaths have been reported in association with various
endurance competitions, including marathons, a 612-km
canoe race, and an Ironman triathlon, as well as during
prolonged hiking and various shorter-duration activities
[58-60]. Unfortunately, at least four deaths from EAH
since 2014 make it evident that the issue remains relevant
[60-63].

Besides the potential for development of EAH from
overhydration, excessive fluid intake during ultra-en-
durance exercise can also impair performance through
unnecessary fluid carriage (which reduces the power to
mass ratio), delays for drinking and filling fluid containers,
and pauses required for urination. Excessive fluid intake,
resulting in unabsorbed fluid in the upper gastrointestinal
tract, can also induce gastrointestinal symptoms that
commonly interfere with exercise performance [64]. Fur-
thermore, we are not aware of any evidence that overhy-
dration is protective against hyperthermia or muscle
cramping. Therefore, both performance and health are
optimized by proper hydration—that is, avoiding either
significant hypohydration or overhydration.

5 Conclusions

The present work demonstrates that universal guidelines to
avoid body mass loss of over 2% during exercise are not
suitable to circumstances when the exercise is prolonged
running of several hours. Body mass losses of 1.9-5.0%
appear to be required in order to sustain body water balance
to maintain euhydration when the exercise lasts for
~25-30 h. Without such body mass losses, athletes are at
risk for becoming overhydrated during such exercise. This
should be recognized in future hydration guidelines in
order to properly educate ultra-endurance athletes so they
can prevent unnecessary fluid intake that might not only
impair exercise performance, but can also result in serious
health consequences.
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