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Exercise-associated hyponatremia has been described after sustained physical exertion during marathons, triathlons, and other

endurance athletic events. As these events have become more popular, the incidence of serious hyponatremia has increased

and associated fatalities have occurred. The pathogenesis of this condition remains incompletely understood but largely

depends on excessive water intake. Furthermore, hormonal (especially abnormalities in arginine vasopressin secretion) and

renal abnormalities in water handling that predispose individuals to the development of severe, life-threatening hyponatre-

mia may be present. This review focuses on the epidemiology, pathogenesis, and therapy of exercise-associated hyponatremia.
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evere and potentially life-threatening hyponatremia can

occur during exercise, particularly in athletes who par-

ticipate in endurance events such as marathons (42.2
km), triathlons (3.8 km of swim, 180 km of cycling, and 42.2 km
of running), and ultradistance (100 km) races. In fact, hypona-
tremia has been stated to be one of the most common medical
complications of long-distance racing and is an important cause
of race-related fatalities (1). On the basis of recent studies of the
incidence and risk factors of hyponatremia in endurance ath-
letes, along with well-publicized reports of fatalities as a result
of hyponatremia, medical directors and marathon organiza-
tions have begun to warn participants of the dangers of hypo-
natremia and excessive fluid intake (2).

Exercise-associated hyponatremia (EAH) first was described
in Durban, South Africa, in 1981; subsequently, Noakes et al. (3)
in 1985 described the occurrence of severe hyponatremia in
four athletes who participated in endurance events that were
longer than 7 h. This report was followed by a similar paper by
Frizzel et al. (4) that described the development of EAH in two
of the authors. Importantly, before 1981, athletes were advised
to avoid drinking during exercise, leading to the development
of hypernatremia and dehydration in some athletes (5). Since
that time, it generally has been advised that athletes consume as
much fluid as possible during exercise, and rates of fluid intake
during running races vary widely from 400 to 1500 ml/h or
greater (6—8). In fact, most race organizers currently provide
copious supplies of water and “sports beverages” throughout
the race course to fend off dehydration. Concomitant with these
recommendations, the incidence of hyponatremia in athletes
seems to be increasing, especially in the United States (1,9-13).
As the popularity of marathon races and other endurance
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events increase, more athletes are likely to be at risk for the
development of EAH.

EAH can take two forms, depending on whether specific
symptoms that are attributable to hyponatremia are present
(14). Athletes may present with symptoms such as confusion,
seizures, and altered mental status in association with serum
sodium levels <135 mmol/L and are considered to have exer-
cise-associated hyponatremic encephalopathy (EAHE). Alter-
natively, athletes may present with isolated serum sodium
levels <135 mmol/L without easily discernible symptoms and
have EAH.

This review focuses on important historic, epidemiologic,
and pathophysiologic aspects of this condition, highlighting
recent articles that show the importance of excessive water
intake in the genesis of EAH. Important treatment-related is-
sues also are discussed.

Incidence

Until recently, the incidence of hyponatremia during endur-
ance exercise was unknown and thought to be relatively un-
common. However, recent studies have shown that endurance
athletes not uncommonly develop hyponatremia at the end of
the race, usually in the absence of clear central nervous system
symptoms (9,10,12,15-25). For example, in the 2002 Boston
Marathon, Almond et al. (15) found that 13% of 488 runners
studied had hyponatremia (defined as a serum sodium concen-
tration of 135 mmol/L or less) and 0.6% had critical hypona-
tremia (serum sodium concentration of 120 mmol/L or less).
Speedy et al. (21) investigated 330 athletes who finished an
ultramarathon race. In this study, 58 (18%) were hyponatremic
(defined as a serum sodium <135 mmol/L) and 11 had severe
hyponatremia (serum sodium <130 mmol/L). Studies of other
endurance events have reported the incidence of hyponatremia
to be up to 29% (9,10,12,15-25). These incidence rates may be
overestimations as a result of sampling biases. For example, in
the 2002 Boston Marathon study, of 766 runners enrolled in the
study, only 488 runners had serum sodium values assayed (15).
Some of these runners did not finish the race, and others had
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time constraints that did not allow them to have blood samples
obtained. As is discussed later, the majority of these athletes are
asymptomatic or mildly symptomatic (nausea, lethargy). How-
ever, severe manifestations such as cerebral edema, noncardio-
genic pulmonary edema, and death can occur (11-14).

There have been at least 8 reported deaths from EAH
(5,10,11,26-29). Many of these reports relate to a series of
fatalities in the military between 1989 and 1996 (27-29). During
this period, military recruits were encouraged to ingest 1.8 L of
fluid for every hour they were exposed to temperatures above
30°C (30). At least four other deaths have been attributed to
EAH in the United States (5,10,11,26,31). It is interesting that
two of these deaths occurred in doctors (31). The exact inci-
dence of mortality related to EAH is not known but is likely to
be low.

Risk Factors

Several risk factors have been linked with the development
of EAH (Table 1). The major risk factor seems to be overhydra-
tion or excessive fluid consumption during activity (reviewed
in reference [31]). This first was suggested by Noakes et al. in
their original publication in 1985 and confirmed in this group’s
later studies (3,5,21). The chronological history of the incidence
of EAH also points to the primary role of overhydration in the
pathogenesis. Before 1981, athletes were encouraged to drink
heavily during exertion to avoid dehydration (7,31). With the
description of EAH in South Africa and New Zealand in 1985,
new fluid consumption guidelines that restricted overzealous
fluid intake for endurance events in these countries were pro-
moted (32,33). Concomitant with these recommendations, the
incidence of EAH fell in both of these regions (19,20). Similar
observations were made after the US military revised its guide-
lines for fluid consumption during training activities after the
incidence of EAH increased (31). With an upper limit of fluid
consumption set at 1.0 to 1.5 L/h, the incidence of EAH in the
US military fell (31).

In a study of runners in the Boston Marathon, Almond et al.
(15) found significant correlations between fluid intake and the
incidence of hyponatremia. Specifically, a fluid intake of >3 L,
a postrace weight greater than prerace weight, self-reported
water loading (increased fluid consumption above baseline in
preparation for the marathon), and self-reported fluid intake
during the race all were found to be significant predictors for

Table 1. Risk factors for the development of EAH"

Exercise duration >4 h or slow running/exercise pace

Female gender (may be explained by lower body
weight)

Low body weight

Excessive drinking (>1.5 L/h) during the event

Pre-exercise overhydration

Abundant availability of drinking fluids at the event

Nonsteroidal anti-inflammatory drugs (not all studies)

Extreme hot or cold environment

“EAH, exercise-associated hyponatremia.
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the development of hyponatremia (P < 0.05) (15). Substantial
weight gain during the duration of the activity seemed to be the
most important predictor of hyponatremia and correlated well
with increased fluid intake. Speedy et al. (21) also found corre-
lations between intrarace weight gain and hyponatremia; 73%
of patients who were found to be severely hyponatremic had
either gained or maintained weight during the race. Noakes ef
al. (34) in the largest study to date investigated the changes in
serum sodium concentration associated with changes in body
weight in 2135 endurance athletes. The mean = SD serum
sodium was 136.1 * 6.4 mmol/L for athletes who gained
weight during the race, 140.5 = 3/7 mmol/L for those with
minimal weight gain, and 141.1 * 3.7 mmol/L for those who
lost weight during the race. The authors estimated that athletes
who gained >4% body weight during exercise had a 45%
probability of developing hyponatremia. Importantly, 70% of
individuals who gained weight during exercise did not develop
hyponatremia, pointing to other important factors in the patho-
genesis, as discussed next (34).

Almond et al. (15) were not able to find a correlation in the
type of fluids consumed (water versus electrolyte-containing
solutions) and the subsequent development of hyponatremia.
Other studies also have shown that the consumption of a car-
bohydrate/electrolyte-containing sports drink does not protect
against the development of hyponatremia (35-38). This likely
reflects the relative hypotonicity of most of the commercial
sports drinks in which the sodium concentration typically is 18
mmol/L (39).

Gender likely plays a role in the risk for development of EAH,
with female athletes more likely than male athletes to develop
hyponatremia during endurance events (10-12,15,21,40). Of 26
cases of EAH reported after the San Diego Marathon, 23 occurred
in women (12). Hyponatremia was three times more common in
women than in men in the 1997 New Zealand Ironman triathlon
(21). Almond et al. (15) also found that hyponatremia developed
more commonly in women in the Boston Marathon. However, in
this study, when these results were corrected for body mass index,
racing time, and weight change, the difference did not reach
statistical significance, suggesting that body size and duration of
exercise may explain the gender differences. Furthermore, the
incidence of hyponatremia in US military recruits reflects the
gender distribution of this cohort and is not skewed to women
(41). Some investigators also have suggested that women adhere
more stringently to hydration recommendations during exercise
and therefore consume more fluids (42). The finding of a gender
association for the risk for symptomatic hyponatremia also has
been seen in the postoperative state. Ayus et al. (43) noted that
despite equal incidences of postoperative hyponatremia in men
and women, 97% of those with permanent brain damage were
women and 75% of them were menstruant. This predisposition
likely is explained by the effects of sex hormones on the Na*-K*-
ATPase (44). Both estrogen and progesterone inhibit the function
of the Na*-K*-ATPase, which normally has an important func-
tion in the extrusion of sodium from cells during the development
of hyponatremia. Ultimately, this inhibition may result in a higher
risk for cerebral edema and increased intracranial pressure in
women who are exposed to acute hyponatremia.
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The development of hyponatremia also has been correlated
with the number of marathons run, the training pace, and the
race duration (10,12,15,45). Those who have run fewer mara-
thons (less experienced runners), have slower training paces,
and have longer race times (especially >4 h) each were shown
independently to have a significantly higher risk for develop-
ing hyponatremia (10,12,15,45). Longer race times likely corre-
late with increased water consumption and increased sodium
losses (10,12,46). For example, participants who developed hy-
ponatremia in the 1998 and 1999 San Diego Marathons had an
average finishing time of 5 h and 38 min, and many of these
individuals admitted to drinking as much fluid as possible
during and after the event (12). A low body mass index also
was shown to be a significant risk factor, perhaps as a result of
the ingestion of larger amounts of fluid in proportion to size
and total body water (TBW) (15).

Medications also may play a significant role in the hypona-
tremia that is found in endurance athletes, but this largely is
unproved. Nonsteroidal anti-inflammatory drug (NSAID) use
is common among marathon runners, being used in 50 to 60%
of men and women, respectively (10,22,47). NSAID are known
to potentiate the effects of arginine vasopressin (AVP) by in-
hibiting renal prostaglandin synthesis via the COX-2 isoform of
cyclo-oxygenase (48-50). Furthermore, NSAID decrease the
GFR when given to those with effective volume depletion, such
as exercising endurance athletes (51). These effects may impair
the urine-diluting capacity of the kidney (51). Despite these
theoretical considerations, Almond ef al. (15) were unable to
associate the use of NSAID with the development of hypona-
tremia in the runners who were studied in the 2002 Boston
Marathon. Other studies also have not been able to ascribe
conclusively to NSAID use the development of hyponatremia,
although several of these studies were underpowered to do so
(10,22). However, a recent study in 330 triathletes demonstrated
a significant association of NSAID use and the development of
hyponatremia (23). In this study, the incidence of NSAID use in
athletes was 30%, and NSAID use was highly associated with
the development of hyponatremia (P = 0.0002), as well as
higher plasma potassium and creatinine levels. Several other,
smaller studies and case reports also have suggested a poten-
tiating role for NSAID use (11,12,52). Therefore, the role of
NSAID in the development of EAH remains controversial but
in some runners likely is a potentiating factor. Whether other
medications, such as selective serotonin reuptake inhibitors or
thiazide diuretics, that are associated with hyponatremia in
nonathletes can potentiate the development of EAH is not
known. It is important to recognize that these risk factors do not
suggest causation or even an independent association with the
development of hyponatremia. However, they do offer impor-
tant clues to the pathogenesis of the condition.

Pathophysiology

Normally, renal and hormonal systems maintain the plasma
osmolality within tight limits with variability of no more than
1 to 2% (reviewed in reference [53]). These tight limits reflect
the physiologic importance of osmolality regulation on cell
volume and function (54). The development of hyponatremia
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(usually, in the setting of hypo-osmolality) reflects either de-
fects in these hormonal and renal control mechanisms or water
ingestion that overwhelms them. In the specific instance of
EAH, defects in renal diluting mechanisms, hormonal control
of water excretion, excessive sodium losses, and excessive wa-
ter intake all contribute to the development of hypo-osmolality
(summarized in Figure 1).

Current evidence strongly supports that EAH is, in large
part, dilutional in nature. In the majority of athletes who de-
velop hyponatremia, there is an increase in TBW relative to that
of total body exchangeable sodium (34). As described previ-
ously, this seems to occur by the ingestion of hypotonic fluids
(water or sports drinks) in excess of sweat, urine, and insensible
(mainly respiratory and gastrointestinal) losses. In a seminal
study, Noakes et al. (34) described a linear relationship with a
negative slope between the serum sodium after racing and the
degree of weight change in 2135 athletes (Figure 2). The pri-
mary cause of this weight gain during exercise must be the
consumption of fluids during exercise. This consumption of
fluids during exercise can be driven by thirst or through con-
ditioned behavior. Some have hypothesized that in some ath-
letes, the thirst drive may be excessive, but, more likely, the
excessive fluid intake during exercise reflects conditioned be-
havior that is based on recommendations to drink fluid during
exercise to avoid dehydration as well as the wide availability of
fluids along the race course (31,55). This hypothesis is sup-
ported by data, previously described, that the incidence of EAH
was rare or nonexistent before 1981, when recommendations
for fluid intake during exercise were conservative. EAH was
seen only after recommendations for more aggressive hydra-
tion were promulgated (31). Occasionally, some athletes may
drink up to 3 L/h in an attempt to produce dilute urine to
escape detection of banned drugs in the urine (56). Finally,
some athletes may drink large volumes of fluid in the days
leading up to a marathon in an attempt to ward off dehydra-

S0ODIUM LOSS
(Sweating)
in excess of water loss
with replacement with EXCESSIVE ORAL
hypaotonic fluids FLUID INTAKE
(nypotonic Nuids)
METABOLIC WATER
HYPONATREMIA * PRODUCTION
T \ INABILITY TO
MOBILIZE SODIUM
RENAL WATER STORES andior
EXCRETION OSMOTIC INACTIVATION
OF SODIUM
vl Impaired Dilting Capacity
-BXErCise -Dacreasad GFR

-non-specific stress
-yolume depletion
-heat
-cytokines {IL-8)

-Decreased distal filtrate delivery
-Decreasad renal blood flow

Figure 1. Pathophysiologic factors in the development of exercise-
associated hyponatremia (EAH). AVP, arginine vasopressin.
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Figure 2. Relationship between serum sodium after racing and the weight change (in %) during exercise in 2135 athletes who
competed in endurance events. ®, asymptomatic athletes; O, athletes with symptoms compatible with EAH encephalopathy
(EAHE). The majority of athletes who develop clinically significant hyponatremia have positive weight changes. Reprinted from
reference (34), with permission. Copyright 2005 National Academy of Sciences.

tion. This was the case for one female runner who drank 10 L of
fluid on the evening before a marathon and then experienced
postrace hyponatremia (57).

However, excessive fluid consumption is not the sole expla-
nation for the development of EAH. In the study of Noakes et
al. (34), hyponatremia did not develop in 70% of the athletes
who overconsumed fluids and had an increase in TBW. This
indicates that other important factors must be operational in the
pathogenesis of EAH. The importance of other factors also is
highlighted by the fact that the maximum water excretory
capacity of the kidneys is between 750 and 1500 ml/h (53). In
combination with fluid losses from sweating and insensible
losses (which may be in excess of 500 ml/h), most athletes
should be able to consume fluids in excess of 1500 ml/h before
retaining weight and increasing TBW. This amount of fluid
consumption is at the upper limit of what most athletes would
consume during an activity (31). Therefore, either defects in
renal water excretion and/or significant sodium losses or fail-
ure to mobilize exchangeable sodium stores may occur in ath-
letes who develop EAH. Furthermore, some athletes develop
hyponatremia without appreciable gains in total body weight
(34). As discussed next, these athletes may have significant
sodium losses or also may have gained net body free water as
a result of the metabolism of glycogen and triglycerides and not
as a result of ingestion. However, the contribution of fuel
metabolism or metabolic water production to TBW likely is
small. During treadmill running at 74% of maximal oxygen
consumption, metabolic water production averages 144 g/h (in
contrast, sweat loss during this time was 1200 g/h) (58). There
is a possibility that water that is stored with glycogen can be
released with glycogen breakdown. This may be an important

component in the cause of hyponatremia that occurs without
weight gain because each kilogram of glycogen can contain
upwards of 3 kg of associated water (59,60).

Data on the levels of AVP during exercise are conflicting.
Unfortunately, systematic measurement of AVP levels or free
water clearances in athletes who present with hyponatremia
has not been done except in isolated cases. There are several
potential pathways for stimulation of AVP release in exercising
athletes. Controlled laboratory studies have demonstrated that
as exercise intensity increases above 60% of maximal oxygen
consumption, there are concomitant increases in AVP levels
(61). Nonspecific stresses that are experienced by athletes and
caused by factors such as pain, emotion, or physical exercise
have been thought to cause nonosmotic release of AVP (62).
However, it is difficult to determine whether this effect is
mediated by a specific pathway or is due to a secondary stim-
ulus, such as hypotension or nausea, that may occur in exer-
cising athletes. AVP production also may be stimulated appro-
priately in athletes who develop volume depletion. However,
the level of volume depletion that is required to stimulate AVP
production in the absence of hyperosmolality is in excess of 7 to
8% of body volume. These levels of volume depletion typically
are not seen in athletes (e.g., in the 2001 South African Ironman
Triathlon, only 7% of finishers had a net body weight loss >5%
[20]). Furthermore, the majority of athletes with EAH finish
events with an increase in body weight and possibly an ex-
panded plasma volume (34). Exposure to heat also can lead to
the secretion of AVP (63). However, this effect of temperature
may be influenced secondarily by changes in effective arterial
volume that occur with heat-induced vasodilation. Despite
these considerations, in some athletes during prolonged exer-
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cise, plasma AVP levels may not be suppressed maximally
despite maintenance or even excess of plasma volume. This has
been described in studies of hikers who developed hyponatre-
mia in the Grand Canyon and in an army recruit during a
prolonged field march (40,64). Speedy et al. (46) also described
median AVP levels that were significantly higher in athletes
who developed hyponatremia in the 1997 New Zealand Iron-
man Triathlon.

An intriguing link between exercise and the nonosmotic
stimulation of AVP release may be related to the release of
inflammatory cytokines by the exercising and injured skeletal
muscle as postulated by Siegel (65). As glycogen stores are
depleted, rhabdomyolysis or lesser degrees of muscle injury
can occur with the release of inflammatory cytokines such as
IL-6. Independent of rhabdomyolysis, studies have shown that
exercise primes an array of pro- and anti-inflammatory and
growth factor expressions within circulating leukocytes (66,67).
Mastorakos et al. (68) demonstrated that IL-6 can act as an AVP
secretagogue. This effect of IL-6 on hypothalamic AVP secre-
tion also was seen in children after head trauma (69). It is
interesting that women respond to exercise-induced stress with
the production of higher levels of IL-6, perhaps explaining, in
part, the increased risk for EAH in women (66). Along these
lines, single-nucleotide polymorphisms in the promoter region
of inflammatory cytokines are important in determining the
levels of cytokine production (70). A particular athlete may be
predisposed to EAH on the basis of the single-nucleotide poly-
morphism profile and specific inflammatory response to exer-
cise. Conversely, IL-6 in a rat sepsis model has been shown to
reduce the expression of aquaporin-2, the downstream target of
AVP and ultimate regulator of water diuresis (71). How these
factors interact to cause EAH is not known but should be an
avenue of research.

Consistent with the probable role of AVP in EAH, athletes
who have finished races with hyponatremia have also been
demonstrated, in some cases, to have inappropriately elevated
urine osmolality (72). In this setting, even small increases in
plasma AVP levels can cause significant water retention and
hyponatremia, especially in combination with excessive water
intake. Furthermore, gastrointestinal blood flow and water ab-
sorption from the stomach and intestine may be impaired dur-
ing exercise (73). When the athlete stops activity, water absorp-
tion may increase rapidly and significantly (73). In the setting of
elevated AVP levels, this rapid absorption of large quantities of
water or hypotonic fluids can lead to significant falls in serum
sodium.

Whether AVP levels are increased inappropriately in all ath-
letes who develop EAH is not known. Speedy et al. (74) mea-
sured normal (suppressed) AVP levels in two triathletes who
developed hyponatremia during an Ironman event and dem-
onstrated that other causes for renal impairment of free water
excess must be present in some athletes. A possible cause of
EAH is that during exercise, the diluting capability of the
kidney is likely to be diminished (75). In both the thick ascend-
ing limb of Henle and the distal tubule, reabsorption of sodium
chloride in the absence of water (and thus dilution of the urine)
depends on the delivery of filtrate to these segments and is
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affected by the renin-angiotensin-aldosterone system, the sym-
pathetic nervous system, renal blood flow, and proximal tubu-
lar reabsorption of sodium. During exercise, there is a release of
catecholamines and angiotensin II that leads to an increase in
sodium and water reabsorption in the proximal tubule, thereby
decreasing the amount of filtrate that is delivered to the distal
diluting segments of the kidney (75). Furthermore, renal blood
flow and GFR are decreased in the setting of endurance exercise
and further limit the delivery of filtrate to the diluting segments
of the kidney (75). These effects on the diluting capacity of the
kidney may be significant in leading to impairments of free
water excretion.

Although overdrinking clearly is the most important caus-
ative factor in the development of EAH, there is a variable and
important contribution of sodium loss from sweating (38). The
concentration of sodium in sweat varies widely but is usually
15 to 656 mEq/L, with highly fit athletes generally excreting
sweat with sodium concentrations <40 mEq/L (38,76). The
volume of sweat during exercise also varies widely, from ap-
proximately 250 ml/h to >2 L/h, again being less in more fit
athletes (77,78). This loss of a substantial amount of hypotonic
fluid may seem to protect against the development of hypona-
tremia. However, these losses are replaced by the ingestion of
more hypotonic fluids (water or sports drinks), and the extra-
cellular volume loss in sweat may serve as a stimulus for
antidiuretic hormone (ADH) secretion. In fact, mathematical
models demonstrate that the magnitude of sweat sodium loss is
insufficient to produce EAH (38,79). For example (as discussed
in reference [38]), in a 90-km ultramarathon race, an athlete
may lose approximately 8.6 L of sweat. Assuming sweat so-
dium concentrations of either 25 or 50 mmol/L and that all
fluid losses were replaced by water, the resulting sodium def-
icits would be 215 and 430 mmol, respectively. For a 70-kg
athlete, the resulting serum sodium concentration would be
either 135 or 130 mmol/L, respectively. However, for longer
duration events and for those with high sweat sodium concen-
trations (>75 mmol/L), a sufficient sweat sodium deficit can
occur for athletes to finish the race both dehydrated and hy-
ponatremic. This is supported by the finding that some athletes
finish races with net weight loss and hyponatremia (34). Fur-
thermore, one case report of a patient who had cystic fibrosis
(patients with cystic fibrosis excrete large amounts of sodium in
their sweat) and developed EAH points to the possibility that
some people may be genetically predisposed to EAH as a result
of high sweat sodium losses (80).

As mentioned previously, in the study by Noakes et al. (34)
70% of athletes who were overhydrated did not develop EAH.
Why is it that only a percentage of athletes develop EAH? What
are the factors that protect these athletes from developing
EAH? An intriguing possibility discussed by Noakes et al. (34)
is that some athletes are able to mobilize sodium from internal
stores that otherwise are osmotically inactive. This exchange-
able sodium store has been described by Edelman and col-
leagues, Titze and colleagues, and Heer and colleagues (81-86).
For example, in the study by Heer et al. (86) participants were
fed a diet of varying sodium amounts with a fixed amount of
water ingestion. Despite these conditions, serum sodium levels
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remained constant without a concomitant increase in TBW.
These studies indicated that up to one fourth of the total body
sodium may exist in bone and cartilage stores that are not
osmotically active (i.e., in an insoluble crystal compound) but
potentially recruitable into an osmotically active form (81-83).
In rats, this nonosmotically active sodium may reside bound to
skin proteoglycans (87,88). This dynamic pool of exchangeable
sodium also can lead to the osmotic inactivation of sodium if
sodium moves into this compartment. This concept was ex-
plored indirectly in early studies of syndrome of inappropriate
ADH secretion (SIADH) (89,90). In these studies, the balance of
sodium loss and water gain could not explain adequately the
extent to which serum sodium was reduced. Therefore, it was
hypothesized that hyponatremia was related to the osmotic
inactivation (sequestration) of previously osmotically active so-
dium. It should be pointed out that the presence of this ex-
changeable sodium store is not supported by all investigators.
Seelinger et al. (91) showed in sodium balance studies in dogs
that the changes in TBW and electrolyte levels can be accounted
for without invoking an osmotically inactive sodium pool. Fur-
thermore, most of the experimental data supporting an ex-
changeable osmotically inactive sodium pool are derived from
studies on sodium loading that occurs over a more extended
period and may not be applicable to the situation that is en-
countered by athletes. However, the data presented by Noakes
et al. (34) do support that an exchangeable sodium pool may
serve as a buffer for losses of sodium that occur through sweat
or urine and also can buffer changes in serum sodium levels
that occur with changes in TBW. Therefore, athletes who gain
TBW and maintain a normal serum sodium concentration are
able to mobilize this store of exchangeable sodium, whereas
athletes who develop EAH either cannot mobilize the ex-
changeable pool or sodium or may osmotically inactivate so-
dium (34). The factors that govern the exchange of sodium
between these compartments is unknown but may involve
hormonal factors such as angiotensin II or aldosterone (81-86).
The magnitude of this effect in athletes is large with up to 700
mmol of sodium being mobilized from the osmotically inactive
pool in the calculations by Noakes et al. (34).

Another possibility that may explain the discrepancy be-
tween weight gain and the development of hyponatremia is the
contribution of water that remains in the lumen of the gastro-
intestinal tract. This is especially important in athletes who may
have consumed a large amount of fluid toward the end of a race
and in those with elevated AVP levels. In this setting, rapid
absorption of this hypotonic fluid coupled with impaired free
water excretion would lead to a rapid fall in serum (especially
arterial) sodium levels.

Clinical Features

The clinical manifestations of EAH range from no or minimal
symptoms to severe encephalopathy, seizures, respiratory dis-
tress, and death. In general, the degree of clinical symptoms is
related not to the absolute measured level of serum sodium but
to both the rate and the extent of the drop in extracellular
tonicity. However, individual variability in the clinical mani-
festations of hyponatremia is great. It seems that the majority of
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runners with EAH have mild (weakness, dizziness, headache,
nausea/vomiting) or no symptoms (usually associated with
serum sodium values ranging from 134 to 128 mmol/L) (1,9-
13,15). In athletes with serum sodium values <126 mmol/L,
there is a higher likelihood of severe clinical manifestations
such as cerebral edema, altered mental status, seizures, pulmo-
nary edema, coma, and death (11,17,19,20,24). However, a sys-
tematic survey of symptoms that are associated with hypona-
tremia in athletes has not been performed.

Hew et al. (10) examined the clinical manifestations of 21 hy-
ponatremic runners who finished the Houston Marathon in 2000.
These clinical manifestations were compared with those of run-
ners who did not have hyponatremia and presented to the med-
ical tent at the conclusion of the race. The only symptom that was
more common (P = 0.03) in the hyponatremic group was vomit-
ing. Other symptoms such as headache, nausea, dizziness, and
lightheadedness could not distinguish hyponatremia from other
causes, attesting to the nonspecific nature of signs and symptoms
that are associated with hyponatremia.

A common scenario for medical personnel who staff endur-
ance athletic events is the care of the “collapsed athlete.” Sev-
eral studies have examined the incidence of hyponatremia in
this cohort, and a range of 6 to 30% of these athletes had serum
sodium values below normal (9,10,12,15-25). The wide range of
incidence likely reflects differences in fluid replacement guide-
lines that were prevalent at the time and place of the study.

Given the difficulty in using clinical symptoms to identify
athletes with hyponatremia and the potential for life-threaten-
ing consequences, recommendations have been made that med-
ical facilities at endurance events have the capability for onsite
analysis of serum or plasma sodium (14). Any athlete who
presents with signs or symptoms that are compatible with
hyponatremia should be screened for EAH by direct measure-
ment of serum or plasma sodium.

It is critically important to realize that a postrace venous
serum sodium measurement may underestimate significantly
the severity of hyponatremia (92). This occurs for three reasons:
(1) Water may be retained in the gastrointestinal tract during
the athletic event only to be absorbed rapidly in the postrace
period. If AVP levels are elevated, this retained water can lower
rapidly the serum sodium when reabsorbed into the circula-
tion. (2) Shafiee et al. (93) demonstrated that the arterial sodium
concentration can be significantly lower than the venous so-
dium concentration, with this difference being accentuated
with more rapid absorption of water (there may be as much as
a 4-mM difference between arterial and venous sodium con-
centrations when water is ingested rapidly). Because it is the
arterial sodium concentration that determines the risks for
acute central nervous system symptoms, runners with a large
amount of retained water in the gastrointestinal tract may be at
higher risk for cerebral edema than their venous serum sodium
concentration would indicate. Therefore, in athletes with low
body mass, mildly depressed venous sodium concentrations,
and recent large water intakes, the risk for deterioration sec-
ondary to worsening hyponatremia may go unrecognized. (3)
There may be transient rises in venous sodium concentration at
the end of a race (especially if sprinting) as muscle lactic acid
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accumulates and leads to a shift of water intracellularly (94).
This transient rise in serum sodium can be as high as 10 mM
and may mask significant hyponatremia.

Prevention of EAH

Because EAH primarily develops by consumption of fluid in
excess of urinary and sweat losses, most efforts at prevention
have been focused on education about the risks of the overcon-
sumption of fluids (14,95). In many respects, EAH can be
viewed as an iatrogenic condition because of the prevailing
view that exercising athletes should drink as much fluid as
tolerable during a race. Given that there is a wide variation of
sweat production and renal water excretory capacity both be-
tween individual athletes and in the same individual depend-
ing on ambient conditions during the race, universal guidelines
for prevention are not feasible. However, several general rec-
ommendations for the prevention of EAH have been made
(14,95-98). The first is to drink only according to thirst and no
more than 400 to 800 ml/h (95). The higher rates of fluid intake
would be recommended for runners with higher rates of exer-
tion (e.g., heavier runners, warmer conditions, longer times of
exertion). This rate of fluid intake is well below the levels of
intake that are seen in athletes who develop EAH (up to 1.5 L/h
water) but above the level that would be associated with de-
hydration. The second recommendation is to use the USA Track
and Field guidelines or other methods to estimate hourly sweat
losses during exercise and avoid consuming amounts that are
greater than this amount during endurance events (96,97). This
is facilitated by serial measurements of weights during and
after exercise with the goal to maintain weight or even finish
exercise with a slighter lower weight. However, this is difficult,
time-consuming, and less likely to be followed by casual ath-
letes. That these recommendations can be effective was dem-
onstrated by Speedy et al. (99), who were able to show that
prerace education and limiting fluid availability at a race were
able to reduce the incidence of hyponatremia without deleteri-
ous effects.

Currently, there is insufficient evidence to support the sug-
gestion that ingestion of sodium prevents or decreases the risk
for EAH; neither is there any evidence that consumption of
sports drinks (electrolyte-containing hypotonic fluids) can pre-
vent the development of EAH (1,35-38,42,100,101). Again, most
commercial sports drinks are hypotonic with a sodium content
of 10 to 20 mmol/L (230 to 460 mg/L). Overconsumption of
such fluids may decrease the rate of serum sodium decline but
is unlikely to prevent EAH (35-38,42,100-102). Currently, the
American College of Sports Medicine recommends an intake of
0.5 to 0.7 g sodium/L of water as the appropriate level of
sodium intake to replace the sodium that is lost in sweat during
endurance events (6).

Therapy of EAH

Ideally, medical facilities at endurance events should be able
to measure serum or plasma sodium concentrations in any
athlete who manifests symptoms that are compatible with EAH
or EAHE. However, this may not be universally feasible, and
caregivers may have to act empirically on the suspicion of EAH
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or EAHE as the cause of symptoms. It is crucial for on-site
caregivers to be vigilant for the possibility of EAH and not
diagnose incorrectly volume depletion and implement a reflex
therapy of normal saline infusion.

In 2005, a consensus panel made specific recommendations
for the treatment of EAH and EAHE (14). The specific treatment
recommended depends on the level of symptoms that the ath-
lete is exhibiting at the time of presentation. Most forms of mild
hyponatremia (serum [Na] 130 to 135 mmol/L) will be asymp-
tomatic and found only by laboratory testing. Most athletes
with mild, asymptomatic hyponatremia will require only fluid
restriction and observation until spontaneous diuresis occurs. It
is important that hydration with intravenous 0.9% sodium
chloride (NS) be used with utmost caution because this therapy
runs the potential risk for further decreasing the serum sodium
if AVP levels remain elevated in some athletes (103). Further-
more, the absorption of large amounts of retained hypotonic
fluids in the gastrointestinal tract may continue to lower the
serum sodium for some time after the event is finished. There-
fore, intravenous hydration with NS should be reserved for
athletes who manifest clear clinical signs of volume depletion
and used cautiously with mandatory monitoring of serum so-
dium levels (20). Furthermore, cases of pulmonary edema have
been described in individuals who received aggressive hydra-
tion with 0.9% NS (21). Monitoring of urinary sodium and
potassium concentrations and calculation of the urinary free
water excretion rate can be helpful in this situation. Athletes
who are excreting free water can be monitored safely without
need for intravenous fluids, whereas athletes with a negative
free water clearance should not receive 0.9% NS because this
may worsen the hyponatremia.

The treatment of severe (serum [Na] <120 mmol/L) or symp-
tomatic EAH requires the administration of hypertonic saline
(11,104-106). There are some important considerations when
deciding to treat EAH with hypertonic saline. First is the as-
sumption that all EAH is acute (<48 h). This allows the correc-
tion of the hyponatremia to be done rapidly and safely
(107,108). The second consideration is that no cases of osmotic
demyelination syndrome have been reported with the treat-
ment of EAH (14). In the case series by Ayus et al. (11), six of
seven marathon runners were treated with hypertonic saline
for hyponatremia, cerebral edema, and noncardiogenic pulmo-
nary edema. All six of the athletes who received hypertonic
saline made a full recovery. Of the five athletes who had
follow-up magnetic resonance imaging scans obtained 1 yr
after treatment, all were normal. The one athlete who was not
treated with hypertonic saline died.

There is no general consensus on the amount of hypertonic
saline to be given in athletes with EAH. In the field, it has been
suggested that experienced medical staff may give 100 ml of 3%
saline over 10 min (14,106). This has been suggested to be safe,
raising the serum sodium concentration 2 to 3 mmol/L in a
short period of time, and should be used in athletes who exhibit
symptoms of severe hyponatremia (confusion, vomiting, respi-
ratory insufficiency) (11,106). The use of hypertonic saline has
been shown to induce a greater-than-expected increase in the
serum sodium, likely as a result of a decrease in AVP, and the
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restoration of a dilute urine; therefore, it is imperative that all
athletes who receive therapy for EAH or EAHE be transported
to a medical center where the serum sodium can be monitored
closely (11,14,106,107). Use of hypertonic saline should be con-
tinued in the hospital to correct the hyponatremia using stan-
dard protocols. In general, 3% hypertonic saline can be given at
1 to 2 ml/kg per h with close monitoring of both serum elec-
trolytes and urinary sodium and potassium excretion. In cases
of severe antidiuresis, the rate of infusion may need to be
increased to 3 to 4 ml/kg per h. Once significant water diuresis
begins, the rate of infusion can be decreased or stopped. Special
mention should be made of the patient who presents with
severe EAHE and pulmonary edema. It is imperative that these
patients receive emergent therapy with 3% hypertonic saline
despite evidence of volume overload. As described by Ayus et
al. (21), patients who do not receive hypertonic saline have poor
outcomes. The addition of a loop diuretic can be considered in
two circumstances: (1) Significant volume overload and (2)
significant antidiuresis with a very elevated urinary osmolality,
sodium, and/or potassium level.

Recently, selective vasopressin receptor antagonists (VRA)
have been developed for the therapy of hyponatremia that is
associated with SIADH, cirrhosis, and congestive heart failure
(109). These agents include two oral preparations (lixivaptan
and tolvaptan) and an intravenous agent (conivaptan). In the
phase 2 trial with lixivaptan, patients with SIADH had an
increase in serum sodium from 126 = 5 to 133 * 5.6 mmol/L
after 48 h with concomitant increases in urine flow rate and falls
in urine osmolality (110). Conivaptan has the advantage that
correction of serum sodium is faster than with the oral agents,
likely owing to enhanced bioavailability. In one study with
conivaptan, the median time to a 4-mmol/L increase in serum
sodium was 23.7 h (111). However, in the treatment of EAH and
other forms of acute hyponatremia, the role of these agents is
unclear. It is not known whether VRA alone will achieve suf-
ficiently rapid correction of acute, severe hyponatremia with-
out the use of hypertonic saline. As detailed by Greenberg and
Verbalis (111), both VRA and hypertonic saline could be used
initially. Once there is a small correction in the serum sodium,
the hypertonic saline could be stopped and the VRA continued
to facilitate water diuresis. One fear of the use of VRA in the
treatment of EAH is that athletes could have an extremely rapid
water diuresis with the risk for resultant hypernatremia; there-
fore, these agents are not likely to be useful for the therapy of
EAH. Overall, in the therapy of EAH, hypertonic saline remains
the therapy of choice.

Hypokalemia can develop during athletic events especially
after the event is completed (112). It is important that the
potential for hypokalemia be appreciated because it can have
important implications for treatment. First, hypokalemia is a
risk factor for the development of osmotic demyelination that is
associated with correction of chronic hyponatremia (113).
Whether hypokalemia is a risk factor for poor neurologic out-
comes that are associated with therapy for acute hyponatremia
is not known. Second, replacement of potassium deficits will
increase the serum sodium as sodium shifts out of cells. With
concomitant potassium repletion, the serum sodium may rise
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faster than anticipated, and correction of hyponatremia should
be less aggressive (108).

Conclusion

EAH and EAHE are potentially devastating complications of
endurance events that occur in otherwise healthy, active, and
young individuals. The pathophysiology of this condition in-
cludes multiple intersecting pathways that include both envi-
ronmental (overabundance of fluids and recommendations for
overdrinking) and innate physiologic control systems. When
appropriately recognized, EAH and EAHE can be treated ef-
fectively with a low rate of morbidity and mortality. However,
when not recognized, this condition can be fatal. Fortunately,
preventive measures that stress judicious use of fluid replace-
ment during exercise are effective and should be widely pub-
licized and implemented.

Disclosures
None.

References
1. Speedy DB, Noakes TD, Schneider C: Exercise-associated
Hyponatremia: A review. Emerg Med (Fremantle) 13: 17-27,
2001
2. Kolata G: Marathoners warned about too much water. New
York Times October 20, 2005, p B5
3. Noakes TD, Goodwin N, Rayner BL, Branken T, Taylor RK:
Water intoxication: A possible complication during endur-
ance exercise. Med Sci Sports Exerc 17: 370-375, 1985
4. Frizzell RH, Lang GH, Lathan R: Hyponatremia and ultra-
marathon running. JAMA 255: 772-774, 1986
5. Noakes TD: Overconsumption of fluids by athletes. BM]
327: 113-114, 2003
6. Convertino VA, Armstrong LE, Coyle EF, Mack GW,
Sawka MN, Senay LC Jr, Sherman WM: American College
of Sports Medicine position stand: Exercise and fluid re-
placement. Med Sci Sports Exerc 28: i-vii, 1996
7. Wyndham C, Strydom N: The danger of an inadequate
water intake during marathon running. S Afr Med | 43:
893-896, 1969
8. Murray B: Fluid replacement: The American College of
Sports Medicine position stand. Sports Sci Exchange 9: 1-5,
1996
9. Noakes TD, Norman RJ, Buck J, Godlonton J, Stevenson K,
Pittaway D: The incidence of hyponatremia during pro-
longed ultraendurance exercise. Med Sci Sports Exerc 22:
165-170, 1990
10. Hew TD, Chorley JN, Cianaca JC, Divine JG: The incidence,
risk factors and clinical manifestations of hyponatremia in
marathon runners. Clin | Sport Med 13: 41-47, 2003
11. Ayus JC, Varon ], Arieff Al: Hyponatremia, cerebral
edema, and noncardiogenic pulmonary edema in mara-
thon runners. Ann Intern Med 132: 711-714, 2000
12. Davis DP, Videen JS, Marino A, Vilke GM, Dunford JV,
Van Camp SP, Maharam LG: Exercise-associated hypona-
tremia in marathon runners: A two-year experience.
J Emerg Med 21: 47-57, 2001
13. Almond CS, Fortescue EB, Shin AY, et al.: Risk factors for



Clin ] Am Soc Nephrol 2: 151-161, 2007

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

hyponatremia among runners in the Boston marathon [Ab-
stract]. Acad Emerg Med 10: 534-b—535-b, 2003

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

Almond CS, Shin AY, Fortescue EB, Mannix RC, Wypij D,
Binstadt BA, Duncan CN, Olson DP, Salerno AE, New-
burger JW, Greenes DS: Hyponatremia among runners in
the Boston Marathon. N Engl | Med 352: 1550-1556, 2005
Montain SJ, Sawka MN, Wenger CB: Hyponatremia asso-
ciated with exercise: Risk factors and pathogenesis. Exerc
Sports Sci Rev 3: 113-117, 2001

O’'Toole ML, Douglas PS, Laird RH, Hiller WDB: Fluid and
electrolyte status in athletes receiving medical care at an
ultradistance triathlon. Clin | Sport Med 5: 116-122, 1995
Zelinger J, Putterman C, Yaron I, Dann E, Zveibil F, Shvil
Y, Galon E: Case series: Hyponatremia associated with
moderate exercise. Am | Med Sci 311: 86-91, 1996
Sharwood KA, Collins M, Goedecke JH, Wilson G, Noakes
TD: Weight changes, medical complications, and perfor-
mance during an Ironman triathlon. Br | Sports Med 38:
718-724, 2004

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

Speedy DB, Noakes TD, Rogers IR, Thompson JM, Camp-
bell RG, Kuttner JA, Boswell DR, Wright S, Hamlin M:
Hyponatremia in ultradistance triathletes. Med Sci Sports
Exerc 31: 809-815, 1999

Reid SA, Speedy DB, Thompson JM, Noakes TD, Mulligan
G, Page T, Campbell RG, Milne C: Study of hematological
and biochemical parameters in runners completing a stan-
dard marathon. Clin | Sports Med 14: 344-353, 2004
Wharam PC, Speedy DB, Noakes TD, Thompson JM, Reid
SA, Holtzhausen LM: NSAID use increases the risk of
developing hyponatremia during an Ironman triathlon.
Med Sci Sports Exerc 38: 618—-622, 2006

Clark JM, Gennari FJ: Encephalopathy due to severe hy-
ponatremia in an ultramarathon runner. West | Med 159:
188-189, 1993

Surgenor S, Uphold RE: Acute hyponatremia in ultra-en-
durance athletes. Am | Emerg Med 12: 441-444, 1994
Smith S: Marathon runner’s death linked to excessive fluid
intake. Boston Globe August 13, 2002, p Al

O’Brien KK, Montain SJ, Corr WP, Sawka MN, Knapik JJ,
Craig SC: Hyponatremia associated with overhydration in
US Army trainees. Mil Med 166: 405-410, 2001

Garner JW: Death by water intoxication. Mil Med 167:
432-434, 2002

Garigan TP, Ristedt DE: Death from hyponatremia as a
result of acute water intoxication in an Army basic trainee.
Mil Med 164: 234-238, 1999

Montain SJ, Latska WA, Sawka MN: Fluid replacement
recommendations for training in hot weather. Mil Med 164:
502-508, 1999

Noakes TD, Speedy DB: Case proven: Exercise associated
hyponatremia is due to overdrinking. So why did it take 20

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Exercise-Associated Hyponatremia 159

years before the original evidence was accepted? Br | Sports
Med 40: 567-572, 2006

Noakes TD, Adams BA, Myburgh KH, Greeff C, Lotz T,
Nathan M: The danger of an inadequate water intake dur-
ing prolonged exercise. A novel concept revisited. Eur
J Appl Physiol Occup Physiol 57: 210-219, 1988

Noakes TD: Hyponatremia during endurance running: A
physiological and clinical interpretation. Med Sci Sports
Exerc 24: 403-405, 1992

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

Dugas JP: Sodium ingestion and hyponatremia: Sports
drinks do not prevent a fall in serum sodium concentration
during exercise. Br | Sports Med 40: 372, 2006

Speedy DB, Noakes TD, Kimber NE, Rogers IR, Thompson
JM, Boswell DR, Ross JJ, Campbell RG, Gallagher PG,
Kuttner JA: Fluid balance during and after an ironman
triathlon. Clin | Sport Med 11: 44-50, 2001

Twerenbold R, Knechtle B, Kakebeeke TH, Eser P, Muller
G, von Arx P, Knecht H: Effects of different sodium con-
centrations in replacement fluids during prolonged exer-
cise in women. Br | Sports Med 37: 300-303, 2003
Montain SJ, Cheuvront SN, Sawka MN: Exercise associated
hyponatremia: Quantitative analysis to understand the eti-
ology. Br ] Sports Med 40: 98-106, 2006

Speedy DB: The drinking athlete. N Z | Sport Med 24: 33-34,
1996

Backer HD, Shopes E, Collins S], Barkan H: Exertional heat
illness and hyponatremia in hikers. Am | Emerg Med 17:
532-539, 1999

US Army Center for Health Promotion and Preventive
Medicine (USACHPPM): Overhydration and hyponatre-
mia among active duty soldiers 1997-1999. Med Surveill
Monthly Rep 6: 9-11, 2000

Baker LB, Munce TA, Kenney WL: Sex differences in vol-
untary fluid intake by older adults during exercise. Med Sci
Sports Exerc 37: 789-796, 2005

Ayus JC, Wheeler JM, Arieff Al: Postoperative hyponatre-
mic encephalopathy in menstruant females. Ann Intern
Med 117: 891-897, 1992

Fraser CL, Swanson RA: Female sex hormones inhibit vol-
ume regulation in rat brain astrocyte culture. Am | Physiol
Cell Physiol 267: C909-C914, 1994

Young M, Sciurba F, Rinaldo J: Delirium and pulmonary
edema after completing a marathon. Am Rev Respir Dis 136:
737-739, 1987

Speedy DB, Rogers IR, Noakes TD, Wright S, Thompson
JM, Campbell R, Hellemans I, Kimber NE, Boswell DR,
Kuttner JA, Safih S: Exercise-induced hyponatremia in ul-
tradistance athletes is caused by inappropriate fluid reten-
tion. Clin | Sport Med 10: 272-278, 2000

Hsieh M, Roth R, Davis DL, Larrabee H, Callaway CW:
Hyponatremia in runners requiring on-site medical treat-
ment at a single marathon. Med Sci Sports Exerc 34: 185-189,
2002

Breyer MD, Jacobson HR, Hebert RL: Cellular mechanisms
of prostaglandin E2 and vasopressin interactions in the
collecting duct. Kidney Int 38: 618626, 1990



160

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Clinical Journal of the American Society of Nephrology

Stokes JD: Integrated actions of renal medullary prosta-
glandins in the control of water excretion. Am | Physiol 240:
F471-F478, 1981

Hebert RL, Jacobson HR, Breyer MD: PGE2 inhibits AVP-
induced water flow in cortical collecting ducts by protein
kinase C activation. Am | Physiol 259: F318-F324, 1990
Patrono C, Dunn M]J: The clinical significance of inhibition
of renal prostaglandin synthesis. Kidney Int 32: 1-10, 1987
Baker ], Cotter JD, Gerrad DF, Bell ML, Walker R]J: Effects
of indomethacin and celecoxib on renal function in ath-
letes. Med Sci Sports Exerc 37: 712-717, 2005

Rose BD, Post TW: Clinical Physiology of Acid-Base and Elec-
trolyte Disorders, New York, McGraw Hill, 2001, pp 285-296
Pollock AS, Arieff Al: Abnormalities of cell volume regu-
lation and their functional consequences. Am | Physiol 239:
F195-F205, 1980

Noakes TD, Sharwood K, Collins M, Perkins DR: The
dipsomania of great distance: Water intoxication in an
Ironman triathlete. Br | Sports Med 38: E16, 2004

Gardner JW, Guttman FD: Fatal water intoxication of an
Army trainee during urine drug testing. Mil Med 167:
435-437, 2002

Shapiro SA, Ejaz AA, Osborne MD, Taylor WC: Moderate
exercise-induced hyponatremia. Clin | Sport Med 16: 72-73,
2006

Pivarnik JM, Leeds EM, Wilkerson JE: Effects of endurance
exercise on metabolic water production and plasma vol-
ume. | Appl Physiol 56: 613-618, 1984

Olsson KE, Saltin B: Variation in total body water with
muscle glycogen changes in man. Acta Physiol Scand 80:
11-18, 1970

Murray B, Stofan J, Eichner ER: Hyponatremia in athletes.
Sports Sci Exchange 16: 1-6, 2003

Freund BJ, Shizuru EM, Hashiro GM, Claybaugh JR: Hor-
monal, electrolyte and renal responses to exercise are in-
tensity dependent. | Appl Physiol 70: 900-906, 1991
Robertson GL: Regulation of arginine vasopressin in the
syndrome of inappropriate antidiuresis. Am | Med
119[Suppl 1]: S36-542, 2006

Takamata A, Mack GW, Stachenfeld MS, Nadel ER: Body
temperature modification of osmotically induced vaso-
pressin secretion and thirst in humans. Am | Physiol 269:
R874-R880, 1995

Galun E, Tur-Kaspa I, Assia E, Burstein R, Strauss N,
Epstein Y, Popovtzer MM: Hyponatremia induced by ex-
ercise: A 24-hour endurance march study. Miner Electrolyte
Metab 17: 315-320, 1991

Siegel AJ: Exercise-associated hyponatremia: Role of cyto-
kines. Am | Med 119[Suppl 1]: S74-578, 2006

Edwards KM, Burns VE, Ring C, Carroll D: Individual
differences in the interleukin-6 response to maximal and
submaximal exercise tasks. | Sports Sci 24: 855-862, 2006
Zaldivar F, Wang-Rodriguez J, Nemet D, Schwindt C, Ga-
lassetti P, Mills PJ, Wilson LD, Cooper DM: Constitutive
pro- and anti-inflammatory cytokine and growth factor
response to exercise in leukocytes. | Appl Physiol 100: 1124—
1133, 2006

Mastorakos G, Weber JS, Magiakou MA, Gunn H, Chrou-
sos GP: Hypothalamic-pituitary-adrenal axis activation
and stimulation of systemic vasopressin secretion by re-
combinant interleukin-6 in humans: Potential implications

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Clin ] Am Soc Nephrol 2: 151-161, 2007

for the syndrome of inappropriate vasopressin secretion.
] Clin Endrocrinol Metab 79: 934-939, 1994

Gionis D, Ilias I, Moustaki M, Mantzos E, Papadatos I,
Koutras DA, Mastorakos G: Hypothalamic-pituitary-adre-
nal axis and interleukin-6 activity in children with head
trauma and syndrome of inappropriate secretion of anti-
diuretic hormone. | Pediatr Endocrinol Metab 16: 49-54, 2003
Terry CF, Loukaci V, Green FR: Cooperative influence of
genetic polymorphisms on interleukin 6 transcriptional
regulation. | Biol Chem 275: 18138-18144, 2000

Misharin AV, Resnenko AB, Fidelina OV, Grinevich VV,
Akmaev IG: Anti-diuretic hormone-V2-receptor-aqua-
porin-2 system in rat kidneys during acute inflammation.
Bull Exp Biol Med 138: 452—-456, 2004

Speedy DB, Rogers I, Safih S, Foley B: Hyponatremia and
seizures in an ultradistance triathlete. | Emerg Med 18:
41-44, 2000

van Nieuwenhoven MA, Vriens BEP], Brummer R-JM,
Brouns F: Effect of dehydration on gastrointestinal func-
tion at rest and during exercise in humans. Eur | Appl
Physiol 83: 578-584, 2000

Speedy DB, Noakes TD, Rogers IR, Hellemans I, Kimber
NE, Boswell DR, Campbell R, Kuttner JA: A prospective
study of exercise-associated hyponatremia in two ultradis-
tance triathletes. Clin | Sport Med 10: 136-141, 2000
Nagashima K, Wu J, Kavouras SA, Mack GW: Increased
renal tubular sodium reabsorption during exercise-in-
duced hypervolemia in humans. | Appl Physiol 91: 1229—
1236, 2001

Shirreffs SM, Aragon-Vargas LM, Chamorro M, Maughan
RJ, Serratosa L, Zachwieja J]: The sweating response of elite
professional soccer players to training in the heat. Int
J Sports Med 26: 90-95, 2005

Adams WC, Fox RH, Fry AJ, MacDonald IC: Thermoreg-
ulation during marathon running in cool, moderate and
hot environments. ] Appl Physiol 38: 1030-1037, 1975
Pugh LGCE, Corbett JL, Johnson RH: Rectal temperatures,
weight losses and sweat rates in marathon running. | Appl
Physiol 23: 347-352, 1967

Weschler LB: Exercise-associated hyponatremia: A mathe-
matical review. Sports Med 35: 899-922, 2005

Smith HR, Dhatt GS, Melia WM, Dickinson JG: Cystic
fibrosis presenting as hyponatremic heat exhaustion. BMJ
310: 579-580, 1995

Edelman IS, James AH, Brooks L, Moore FD: Body sodium
and potassium: The normal total exchangeable sodium; its
measurement and magnitude. Metabolism 3: 530-538, 1954
Edelman IS, James AH, Baden H, Moore FD: Electrolyte
composition of bone and the penetration of radiosodium
and deuterium oxide into dog and human bone. | Clin
Invest 33: 122-131, 1954

Edelman IS, Leibman J, O’'Meara MP, Birkenfeld LW: In-
terrelations between serum sodium concentration, serum
osmolality and total exchangeable sodium, total exchange-
able potassium and total body water. | Clin Invest 37:
1236-1256, 1958

Titze ], Bauer K, Schafthuber M, Dietsch P, Lang R,
Schwind KH, Luft FC, Eckardt KU, Hilgers KF: Internal
sodium balance in DOCA-salt rats: A body composition
study. Am | Physiol Renal Physiol 289: F793-F802, 2005
Titze J, Krause H, Hecht H, Dietsch P, Rittweger J, Lang R,
Kirsch KA, Hilgers KF: Reduced osmotically inactive Na



Clin ] Am Soc Nephrol 2: 151-161, 2007

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

storage capacity and hypertension in the Dahl model. Am |
Physiol Renal Physiol 283: F134-F141, 2002

Heer M, Baisch F, Kropp J, Gerzer R, Drummer C: High
dietary sodium chloride consumption may not induce
body fluid retention in humans. Am | Physiol Renal Physiol
278: F585-F595, 2000

Titze ], Lang R, Ilies C, Schwind KH, Kirsch KA, Dietsch P,
Luft FC, Hilgers KF: Osmotically inactive skin Na+ storage
in rats. Am | Physiol Renal Physiol 285: F1108-F1117, 2003
Titze J, Shakibaei M, Shafthuber M, Schulze-Tanzil G, Porst
M, Schwind KH, Dietsch P, Hilgers KF: Glycosaminogly-
can polymerization may enable osmotically inactive Na+
storage in the skin. Am | Physiol Heart Circ Physiol 287:
H203-H208, 2004

Nolph KD, Schrier RW: Sodium, potassium and water
metabolism in the syndrome of inappropriate antidiuretic
hormone secretion. Am | Med 49: 534-545, 1970

Bartter FC, Schwartz WB: The syndrome of inappropriate
secretion of antidiuretic hormone. Am | Med 42: 790-806,
1967

Seelinger E, Ladwig M, Reinhardt HW: Are large amounts
of sodium stored in an osmotically inactive form during
sodium retention? Balance studies in freely moving dogs.
Am | Physiol Regul Integr Comp Physiol 290: R1429-R1435,
2006

Halperin ML, Kamel KS, Sterns R. Letter to the editor:
Hyponatremia in marathon runners. N Engl | Med 353: 428,
2005

Shafiee MA, Charest AF, Cheema-Dhadli S, Glick DN,
Napolova O, Roozbeh ], Semenova E, Sharman A, Halp-
erin ML: Defining conditions that lead to the retention of
water: The importance of the arterial sodium concentra-
tion. Kidney Int 67: 613-621, 2005

Welt LG, Orloff J, Kydd DM, Oltman JE: An example of
cellular hyperosmolarity. | Clin Invest 29: 935-939, 1950
Noakes T: Fluid replacement during marathon running.
Clin ] Sport Med 13: 309-318, 2003

Casa DJ: USATF Self-Testing Program for Optimal Hydra-
tion, 2003. Available at: http://www.usatf.org/groups/
Coaches/library /hydration/USATFSelfTestingProgram-
ForOptimalHydration.pdf. Accessed September 9, 2006
Casa DJ: USATF Proper Hydration for Distance Running,
2003. Available at: http:/ /www.usatf.org/groups/Coaches/
library /hydration/ProperHydrationForDistanceRunning.
pdf. Accessed September 9, 2006

Noakes TD: IMMDA advisory statement on guidelines for

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Exercise-Associated Hyponatremia 161

fluid replacement during marathon running. New studies
in athletics. IAAF Technical Quarterly 17: 15-24, 2002
Speedy DB, Rogers IR, Noakes TD, Thompson JM, Guirey
J, Safih S, Boswell DR: Diagnosis and prevention of hypo-
natremia at an ultradistance triathlon. Clin | Sport Med 10:
52-58, 2000

Noakes TD: Sodium ingestion and the prevention of hy-
ponatremia during exercise. Br | Sports Med 38: 790-793,
2004

Speedy DB, Thompson JM, Rodgers I, Collins M, Shar-
wood K, Noakes TD: Oral salt supplementation during
ultradistance exercise. Clin | Sport Med 12: 279-284, 2002
Vrijens DM, Rehrer NJ: Sodium-free fluid ingestion de-
creases plasma sodium during exercise in the heat. | Appl
Physiol 86: 1847-1851, 1999

Hsieh M: Recommendations for treatment of hyponatre-
mia at endurance events. Sports Med 34: 231-238, 2004
Ayus JC, Olivero JJ, Frommer JP: Rapid correction of se-
vere hyponatremia with intravenous hypertonic saline so-
lution. Am | Med 72: 43-48, 1982

Ayus JC, Krothapalli RK, Arieff AI: Treatment of symp-
tomatic hyponatremia and its relation to brain damage. A
prospective study. N Engl ] Med 317: 1190-1195, 1987
Ayus JC, Arieff A, Moritz ML: Hyponatremia in marathon
runners. N Engl | Med 353: 427, 2005

Narins RG: Therapy of hyponatremia: Does haste make
waste? N Engl | Med 314: 1573-1574, 1986

Androgue HJ, Madias NE: Hyponatremia. N Engl | Med
342: 1581-1589, 2000

Palm C, Pistrosch F, Herbrig K, Gross P: Vasopressin an-
tagonists as aquaretic agents for the treatment of hypona-
tremia. Am | Med 119[Suppl 1]: S87-592, 2006

Decaux G: Difference in solute excretion during correction
of hyponatremic patients with cirrhosis or syndrome of
inappropriate secretion of antidiuretic hormone by oral
vasopressin V2 receptor antagonist VPA-985. | Lab Clin
Med 138: 18-21, 2001

Greenberg A, Verbalis JG: Vasopressin receptor antago-
nists. Kidney Int 69: 2124-2130, 2006

Lindinger MI: Potassium regulation during exercise and
recovery in humans: Implications for skeletal and cardiac
muscle. ] Mol Cell Cardiol 27: 1011-1022, 1995

Lohr JW: Osmotic demyelination syndrome following cor-
rection of hyponatremia: Association with hypokalemia.
Am | Med 96: 408—-413, 1994



