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Abstract: Exercise-associated hyponatremia (EAH) is defined as a plasma sodium concentration of
<135 mmol/L during or after endurance and ultra-endurance performance and was first described
by Timothy Noakes when observed in ultra-marathoners competing in the Comrades Marathon in
South Africa in the mid-1980s. It is well-established that a decrease in plasma sodium concentration
<135 mmol/L occurs with excessive fluid intake. Clinically, a mild hyponatremia will lead to no or
very unspecific symptoms. A pronounced hyponatremia (<120 mmol/L) will lead to central
nervous symptoms due to cerebral edema, and respiratory failure can lead to death when plasma
sodium concentration reaches values of <110-115 mmol/L. The objective of this narrative review is
to present new findings about the aspects of sex, race location, sports discipline, and length of
performance. The prevalence of EAH depends on the duration of an endurance performance (i.e.,
low in marathon running, high to very high in ultra-marathon running), the sports discipline (i.e.,
rather rare in cycling, more frequent in running and triathlon, and very frequent in swimming), sex
(i.e., increased in women with several reported deaths), the ambient temperature (i.e., very high in
hot temperatures) and the country where competition takes place (i.e., very common in the USA,
very little in Europe, practically never in Africa, Asia, and Oceania). A possible explanation for the
increased prevalence of EAH in women could be the so-called Varon—-Ayus syndrome with severe
hyponatremia, lung and cerebral edema, which was first observed in marathon runners. Regarding
the race location, races in Europe seemed to be held under rather moderate conditions whereas
races held in the USA were often performed under thermally stressing conditions (i.e., greater heat
or greater cold).
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For years, exercise-associated hyponatremia (EAH) has been well-known among endurance
and ultra-endurance athletes. Unfortunately, the occurrence of EAH continues to spread into a
wider variety of sports and cause deaths in otherwise healthy individuals [1]. Athletes continue to
die from complications associated with hyponatremic encephalopathy. In 2007, a 22-year-old male
fitness instructor finished the London Marathon, where upon arrival, he collapsed and died due to
EAH [2]. In 2015, a 30-year-old age group triathlete died after the Ironman Frankfurt due to EAH
with hyponatremic encephalopathy [3].

The most likely reason for developing EAH is fluid overload [4,5] with the possibility of
developing lung or brain edema [5,6] with fatal outcome [7]. Considering the increased number of
endurance and ultra-endurance races, and of finishers in these races during the last years,
comprehensive knowledge about EAH would be of great practical importance for athletes and
professionals (e.g., coaches, nutritionists, practitioners, exercise physiologists) working with them. It
should be highlighted that endurance and ultra-endurance athletes might compete in races differing
for distance (e.g., marathon versus ultra-marathon) and under a wide range of environmental
conditions (e.g., hot versus cold). Especially, it would be of interest to examine the variation of EAH
by parameters such as sex, sport discipline, race distance and environmental conditions.

The purpose of this review was to present new aspects regarding sex, race location, discipline
and length of performance as risk factors in developing EAH. EAH has been described in both
prolonged and non-prolonged exercise activities (e.g., yoga classes), yet it is more likely to develop
in prolonged exercise [1,8]. A further aspect was to present data on the prevalence and severity of
EAH regarding the discipline, environmental conditions, and length of the performance.

2. First Description and Definition of Exercise-Associated Hyponatremia

EAH describes the occurrence of hyponatremia in individuals during prolonged exercise (i.e.,
usually longer than six hours) and is defined when plasma or serum concentration of sodium is <135
mmol/L [9]. Apart from the definition of hyponatraemia based on biochemical severity [10], it can be
also diagnosed based on symptomatology, as symptoms have been reported even at concentrations
close to 130 mmol/L [11]. This can occur during or after prolonged physical exertion for 4-6 h or
longer [12] and can be detected up to 24 h after the end of the exercise [13,14]. In the mid-1980s, Tim
Noakes was the first to report severe symptomatic hyponatremia at the Comrades Marathon held in
Durban, South Africa [15]. The Comrades Marathon is a 90-km long road-running race that has been
held since 1921 between the South African cities of Durban and Pietermaritzburg. This race is the
most traditional and participant-strong ultramarathon worldwide [16]. Hyponatremia was detected
in four runners in 1981 and 1985 [17]. Prior to 1981, endurance athletes were advised not to drink
during exercise [17,18], which in some cases led to hypernatremia [19]. Due to this knowledge, the
American College of Sports Medicine (ACSM) recommended to drink as much as possible during
exercise to prevent hypernatremia [17,18,20-22]. This advice led to an increased number of cases of
EAH, especially in the USA. One major reason for this development was the US beverage industry
and their funding of sports research with the aim of drinking as much as possible in order to avoid
dehydration, which was measured by a loss in body mass during exercise [23].

3. The Pathogenesis of Exercise-Associated Hyponatremia

This is a condition as a common complication of especially endurance exercise due to a
combination of over drinking beyond thirst and non-osmotic arginine vasopressin release [1]. Two
factors determine the nature and the severity of the symptoms of hyponatremia: the speed of
development and the level of plasma sodium. Rapidly developing hyponatremia tends to lead to
central nervous symptoms (e.g., seizures) in the context of encephalopathy [24,25], as the cerebral
adaptation mechanisms take effect only after a certain delay and therefore brain edema can develop
[1]. It is important to know that the sodium concentration in the plasma rises only after prolonged
exposure [26-28]. For example, Ironman triathletes who lost body mass had an increased sodium
concentration, with the highest sodium concentration in athletes who had the highest body mass loss
[29]. Two different mechanisms can lead to EAH [30]: on the one hand, increased sodium loss and on
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the other hand, increased water intake [31]. Athletes with symptomatic hyponatremia have an
increased extracellular volume due to water retention [32,33].

Hyponatremia results from a dilution of a normal or slightly reduced total extracellular sodium
concentration due to a loss of sodium via sweat and urine [34]. During exercise, there may be a large
loss of sodium and fluid through urine and sweat, rarely vomiting [35]. When fluid is replenished
with a sodium-free solution or hypotonic fluid, such as water, so that the extracellular fluid volume
either remains the same or increases, hyponatremia will result from dilution [36-38]. The syndrome
of inappropriate antidiuretic hormone secretion (SIADH) has been identified as a common cause of
hyponatremia in clinical practice, though the diagnosis of SIADH and EAH should be differentiated
with each other [39]. The failure of suppressing ADH has been identified in cyclists and marathon
runners, and leads to water retention and hyponatremia, in conjunction with excessive fluid intake
[1,40,41].

The body’s normal response to an uncorrected loss of sodium during exercise is a decrease in
extracellular volume as a function of the sodium deficit [42,43], with long-distance athletes expected
to develop normonatremia or even hypernatremia [44]. EAH is generally due to a relative fluid
overload of the extracellular space [45]. EAH due to excessive sweat loss is likely very rare [46].
People have differing levels of sodium in their sweat; therefore, EAH due to high sodium loss could
not be detected [35]. A case of a triathlon athlete and a cystic fibrosis patient have been described
who had developed hypovolaemic EAH due to increased sweat loss and overconsumption of fluids
relative to immediately available exchangeable sodium [46].

A case of a patient with cystic fibrosis has been described who has developed dilutional
hyponatremia due to increased sweat loss during endurance exercise [46]. Three different
mechanisms can lead to EAH, according to Noakes and colleagues [31]: excessive fluid drinking
during exercise, retention of excess fluid because of inadequate suppression of antidiuretic hormone
secretion, and osmotic inactivation of circulating sodium or failure to mobilize osmotically inactive
sodium from internal stores. The current state of knowledge is that fluid overload with consecutive
hyponatremia is the causative mechanism for EAH [31,32,47—49]. This dilutional hyponatremia is
due to an increase in total body water relative to the total amount of exchangeable sodium in the
body [12]. Although this increase may only be relative, in most cases of EAH there is an increase in
body mass due to an increase in total body water [12,31].

On the basis of existing knowledge, it must be assumed that hyponatremia in the case of
endurance exercise is due to excessive intake of predominantly sodium-poor or sodium-free liquids
such as water [50]. This is the case when more fluid is consumed than sweated [51-53]. The large
fluid intake leads to fluid retention in the body with dilutional hyponatremia [50,54]. It is important
to mention also the existence of hypovolemic EAH, which would be predicted to develop in athletes
exercising for more than 20 h and/or in hotter environment [55-57] and/or with higher sweat sodium
losses [58]. There is a clear correlation between sodium concentration after a race and hydration
during the race [59]. For example, EAH has been shown to occur when 3 1 of water are drunk within
2 h of performance [60] or when 3 L are consumed overall, or when some fluid is consumed every
mile [61]. It can happen that a triathlete consumes 16 1 of fluid during an Ironman, gaining 2.5 kg of
body mass and developing EAH [32,52].

Generally, fluid overload leads to an increase in body mass during endurance performance
[31,62] and a decrease in plasma sodium [63]. The change in body weight correlates linearly to the
plasma sodium concentration after exercise [31,64], and the relationship between the change in
plasma concentration of sodium before and after exercise is inversely related to the change in body
mass [65]. Often, athletes gain body mass and develop EAH [31,66]. Conversely, in long-distance
competitions, it can also be seen that athletes lose body mass and have a high plasma sodium
concentration [52]. The exception is hypovolemic EAH with a reduced body mass [56,57,67]
indicating volume depletion. Consumption of electrolyte-free water during endurance exercise in
the heat leads to a decrease of plasma sodium concentration [38]. It has been shown that body mass
often remains unchanged and there is no fluid loss, but rather an excess in athletes with EAH [15,36].
The water remains in the intestine tract and does not move to the plasma [36]. Prolonged endurance
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performance with prolonged fluid intake leads to chronic intra- and extracellular hyperhydration
with an increase in plasma volume [68]. However, many parameters remain the same (e.g., change
in plasma sodium concentration, plasma osmolality, or body mass) for both mechanisms (i.e.,
sodium loss through sweating versus dilution due to fluid overload) [45]. In addition to fluid
overload, inadequate suppression of secretion of the antidiuretic hormone (i.e., ADH, vasopressin) by a
non-osmotic stimulation must also be considered for the development of EAH [1,31,48]. The increase in
N-terminal pro-brain natriuretic peptide (NT-proBNP) shows that fluid overload is the cause of EAH
[69].

SIADH is one of the mechanisms that lead to EAH [31]. Different stimuli have been recognised.
In fact, an association between Interleukin-6 and arginine vasopressin has been observed,
considering interleukin-6 to be the principal stimulator of arginine vasopressin in marathon runners
with hyponatremia [55]. The authors highlight that SIADH is a pre-existing condition, in contrast to
EAH due to fluid overconsumption, while also noting that NSAIDs play a role on anti-diuresis, and
should be avoided before the race. In addition, it has been noted that-similarly to STADH-athletes
with EAH have submaximal suppression of ADH and high urine osmolality [9]. The suboptimal
ADH according to the authors could be due to intense exercise, nausea or vomiting, hypoglycemia,
pain, and emotion, as well as heat [1,9]. Furthermore, rhabdomyolysis associated acute renal failure
could explain EAH [70,71], as does the increase in N-terminal pro-brain natriuretic peptide
(NT-proBNP) [69]. Furthermore, Noakes and colleagues [31] also list the inactivation of osmotic
sodium as one of the mechanisms of EAH development. The osmotically inactive exchangeable
sodium stores were first identified by Edelman and colleagues [72]. These stores seem to be located
in the bone, dense connective tissue, or cartilage [73]. In fact, bone loss has been associated with
chronic hyponatremia in patients with SIADH [74]. The authors described sodium signalling
mechanisms in osteoclasts, in order to mobilize sodium from bone stores during chronic
hyponatremia, resulting in resorptive osteoporosis. Some athletes seem to mobilize sodium from
internal osmotically inactive exchangeable sodium stores, while others may not be able to prevent
the inactivation [31,75]. The improper inactivation of osmotically-active sodium might influence
EAH development [76]. In fact, this has been speculated to be the case in athletes who developed
EAH, but whose sodium deficit was similar to the one measured in other athletes that did not
develop hyponatremia [28,54]. In these subjects, the predicted serum sodium concentration
post-race exceeded the measured concentrations, indicating that osmotically active sodium was lost
possibly due to the inactivation of osmotically active sodium. Data showed that those who
osmotically activated sodium during recovery finished the race with higher serum sodium than did
those who osmotically inactivated sodium during recovery. However, the hypothesis of these stores
was not supported in an animal study [77]. The exact underlying mechanisms for the retention of
excess fluid because of inadequate suppression of antidiuretic hormone secretion, and inactivation
of circulating osmotically active sodium or failure to mobilize osmotically inactive sodium from
internal stores, are not completely understood [31].

Water remaining in the gut has been identified as a factor affecting the risk for EAH. During
high water intake, water remains in the intestinal tract which leads to sodium being transferred from
the blood into the gut [32,66,78]. Considering these effects, studies show that water alone is absorbed
into the bloodstream slower than beverages with carbohydrates [79]. Water absorption is influenced
by osmolality and solute absorption, while different types of carbohydrates in a sports drink with
carbohydrates and electrolytes can help absorption and decrease of osmolality in the intestinal track
[80]. This effect can explain the lower rate of water or hypotonic fluid absorption into the
bloodstream, which can lead to sodium being absorbed into the intestinal lumen. During exercise
optimal water absorption from the gut is important, hence sports drinks are formulated in a way
that both electrolytes, carbohydrates for fuel and water are absorbed fast [81].

4. The Clinical Presentation of Exercise-Associated Hyponatremia

Hyponatremia is defined biochemically when a plasma sodium concentration of <135 mmol/L
is measured [53,82]. A mild and slow onset of EAH does not cause long-term symptoms, and the
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condition of EAH may also be asymptomatic [45,83] because in many cases EAH remains clinically
unremarkable [53,83] and performance is not impaired [84]. Performance is limited in only rare cases
of EAH [38]. A manifest clinical symptomatology of EAH is generally to be expected with a plasma
sodium concentration of <120 mmol/L in plasma [85]. Chronic EAH up to a concentration of about
115 mmol/L will remain asymptomatic [86]. In endurance athletes, a severe clinical manifestation
with a plasma sodium concentration of <130 mmol/L is present in only ~1.5% of all cases [53]. A
rapid decrease in plasma osmolality leads to a water influx across the blood-brain barrier and results
in a cerebral edema. During prolonged endurance performance (e.g., longer than 10 h), symptoms of
hyponatremia may be different after five to six hours, since hyponatremia can develop fast or slow
[12,13,87]. Table 1 summarizes the possible symptoms of hyponatremia: malaise, mild headache,
vomiting, and fatigue appear in the early stages of EAH [9,12,53]. These symptoms are very
non-specific and can also occur with other problems such as fatigue, indigestion, dehydration, or
overheating. The clinical appearance of hyponatremia may look like heat stroke, hypoglycemia,
stress-related collapse, muscle cramps [88], or even altitude sickness [89]. The plasma sodium
concentration should then have fallen to values <125 mmol/L. Symptoms at a plasma sodium
concentration >125 mmol/L are rare. In some cases, vomiting is the only clinical sign that
distinguishes hyponatremia from exercise-induced collapse [90].

Table 1. Symptoms of hyponatremia.

Fast Development (Brain Edema)
Headache
Nausea
Vomiting
Dizziness

Weakness
Adynamia
Fatigue
Tremor
Epileptic seizures
Muscle cramps
Increase in body weight
Swelling of hands and feet
Somnolence
Coma
Slow to chronic development

Fatigue
Disorientation
Lethargy
Confusion
Inappetence
Change of personality
Gait disturbance
Attention deficit disorder

Hyponatremia symptoms are non-specific, vary between patients, and may be confused for
other conditions. Symptomatic EAH can occur at sodium concentrations around 130 mmol/L, as it
has been shown in various case reports [11]. The symptoms depend not only on the serum sodium
concentration, but also the decrease rate [13]. Symptomatic EAH can occur if the rate of fall
approaches 7% to 10% within 24 h [91]. Thus, more severe degrees of hyponatremia (typically, 125
mmol/L) as well as more modest serum sodium values (in the range of 125-130 mmol/L), that
develop over a short period of time, can both be associated with signs and symptoms [92].
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As EAH increases with a decrease in plasma sodium concentration, cerebral and pulmonary
edema will develop [93]. With the formation of cerebral edema at a plasma sodium concentration of
<120 mmol/L, symptoms such as headache, confusion, agitation, coordination problems, and
unconsciousness can occur [9,12]. Several cases of long-distance runners with symptomatic EAH are
known that include altered behavior, seizures and edema [24,94-97]. When the plasma sodium
concentration decreases to <110-115 mmol/L, symptoms such as muscle twitching, disorientation,
coma, and epileptic seizures can occur. However, case studies have shown that such symptoms can
occur at concentrations around 116-130 mmol/L [11].

If it decreases further, severe respiratory failure, including respiratory arrest can develop
[12,85,98]. Unconsciousness can be due to increased intracranial pressure or pulmonary edema. In
extreme cases, death will occur when the symptoms are not recognized and when no adequate
treatment is established [94,99]. Excessive hydration during exercise also has a negative impact on
the volume of the feet. Recent studies in ultra-marathoners showed an association between fluid
intake and foot swelling [100,101]. Fluid overload during a competition is just one of several possible
causes of dying from hyponatremia.

5. The Prevalence of Exercise-Related Hyponatremia

Until now, it has been assumed that dehydration is inevitable during prolonged physical exertion
[48]. Therefore, it has been recommended that as much fluid as possible should be consumed during
exercise to prevent serious problems such as heat stroke or kidney failure. Until a few decades ago, the
possibility of water poisoning with potentially fatal outcomes was considered as non-realistic. In
recent literature, EAH has been considered potentially life-threatening [4-6,102], as some deaths of
women marathon runners due to EAH have been reported [1,61]. The most common cases of EAH
were subsequently detected in Ironman triathlons and ultra-marathons [29,34,47,65,66,103]. Up to 30%
of the athletes who completed such competitions had laboratory-confirmed hyponatremia
[34,53,104-106]. EAH was then considered to be a widespread and sometimes serious disorder in
ultra-long exposures [53].

Risk Factors for Exercise-Associated Hyponatremia

There appear to be specific event and/or athlete risk situations where EAH occurs more
frequently (Table 2) [9,12,13,55,87,90,91]. EAH with a plasma sodium concentration of <130 mmol/L
occurs especially in long to very long endurance performances [44] and slow and weak participants
[15,53,90], as well as women [53,107]. EAH, however, is not limited to long-distance runners or
triathletes. Descriptions of hyponatremia in soldiers [108,109], yoga [8,110], bowling [111], tennis
[112], American football [13,113], rugby [114], river rafting [96], hiking [115,116], trekking [117],
spinning [118], and rowing [119] do exist. Surprisingly, symptomatic EAH can also occur in children
[120] and adolescents who are exercising with moderate intensities [98]. In a recent case report of a
15-year-old runner, a mild and asymptomatic EAH was present after a self-paced marathon [121].

Low sodium intake alone does not seem to affect the risk of hyponatremia as much as fluid
over-drinking [83]. However, low dietary sodium intake for 10 days before a race can cause
reductions in plasma sodium concentration, which in conjunction with fluid losses and high fluid
consumption may lead to adverse effects during the race [122]. Those who fail to lose 0.75 kg are
seven times more likely to be hyponatraemic than those who lose >0.75 kg [123].
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Table 2. Risk factors for exercise-associated hyponatremia.

Athlete
Female sex (especially menstruating)
Short stature
Heavy and excessive drinking (seen as weight gain during exercise)
Low body weight
Low BMI
Weight gain during exercise

Slow running pace
Low competition experience
Intake of NSAIDs

Event

Duration of four hours and longer
High availability of fluids
Extreme heat
Extreme cold

6. The Prevalence of Exercise-Associated Hyponatremia by Sports Discipline

The prevalence of hyponatremia has been reported in various sports disciplines such as
swimming [124-126], road cycling [69,126,127], mountain biking [126,128,129], running
[62,126,130-132], triathlons [32,47,127], and rowing [119].

6.1. Swimming

When looking at different sports disciplines (e.g.,, swimming, cycling, mountain biking,
running), swimming seems to present the highest prevalence of EAH [125,126,133]. Open-water
swimming over longer distances seems to have risks, especially for women. At the 26.4-km long
Marathon Swimming in Lake Zurich, Switzerland, four out of 11 women (36%) and only two out of
25 men (8%) showed EAH [125]. In a case report of a female open-water ultra-distance swimmer,
exercise-associated hyponatremic encephalopathy presenting as altered conscious state and seizures
was reported after she had completed a 20-km open ocean swim, with a serum sodium
concentration of 119 mmol/L about one hour after her seizure [133].

6.2. Cycling

For road and mountain bike cyclists, a rather low prevalence of EAH has generally been found
[69,126,129]. In a bicycle road race over 210 km and 250 km, 4 out of 90 subjects (4.5%) developed
EAH [69]. In road cyclists competing in 109-km cycling race, 12% developed EAH [41]. In a study on
50 mountain bikers competing in a 24-h race, six athletes with mild EAH (3%) were reported [134]. In
the Swiss Bike Masters, a mountain bike race over 120 km and covering an altitude difference of
around 5000 m, no case of EAH was detected in 37 athletes [128]. Likewise, no case of EAH could be
detected in the Jeantex Bike Transalp over eight stages covering 665.40 km and 21,691 vertical m
[129]. For road cyclists [126,127] and mountain bikers [126,128,129], the low prevalence of EAH may
be due to their specific nutrition supplies. In contrast to swimmers and runners, cyclists have their
drink bottles on their bicycles and can thus cater to their individual needs. Although there is a
relative lack of studies concerning EAH in sports apart from triathlon and marathons, current
reports do show low incidence of EAH in cyclists, possibly due to low fluid intakes [128,135].
Considering endurance swimming, there have been some case reports of hyponatremia, especially
in women [125,133]. It is also astonishing to realize that faster mountain bikers drink more than
slower bikers and the prevalence of EAH is not increased. In very rare circumstances, EAH can occur
in cyclists, as seen in a published case report of an experienced male cyclist showing symptoms of
EAH as encephalopathy [25]. There may also be cases of EAH in mountain biking. One case report
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described a 44-year-old man with a plasma sodium concentration of 116 mmol/L after a 100-mile
mountain bike race in Leadville, Colorado, USA [136].

6.3. Running

It appears that the prevalence of EAH increases with increasing duration of an exercise
[9,93,130]. In a half -marathon (21.1 km) no case of hyponatremia was detected in 130 runners [137].
For marathons (42.2 km), the mean prevalence for EAH is around 8% (Table 3). The prevalence of
EAH in marathons held in the USA is especially high. When we look at the prevalence of
ultra-marathon races (Table 4), there is a difference between the runs shorter than 100 km, over 100
km, and over 100 miles. For runs shorter than a 100-km ultra-marathon, the prevalence of EAH is on
average <1%, thus significantly lower than at a classical marathon event. In 100 km runs, the
prevalence is <3%, thus also significantly lower than at marathons. In the 100 mile runs, the mean
prevalence of EAH is well over 20%, thus also above the mean value for marathons. Obviously, the
prevalence of EAH in a marathon held in the USA (e.g., Boston, Houston) is high and the 100-mile
runs were exclusively held in the USA. According to personal experience of an ultra-marathoner
competing in the USA, the Swiss ultra-runner Christian Marti was weighed at the start and in the
middle of the track during the 100-mile race in Vermont (USA). When body weight would have
fallen below a certain value, he would have had to refill the weight loss with the ingestion of fluids
on the spot (personal message Christian Marti).

Table 3. Prevalence of exercise-associated hyponatremia (EAH) in marathon races.

Race Prevalence of EAH
Houston Marathon 2000 [90] <1%
Ziirich Marathon [59] 3% (five of 167 subjects)
Boston Marathon 2001-2008 [138]  4.8% (in 1,319 collapsed runners)
Marathon [82] 5.6%
Boston Marathon [61] 13%
Houston Marathon 2000-2004 [123] 22% (21 of 96 subjects)

The duration of exercise is critically important for potentially life-threatening EAH [102]. As a
rule, exposure to the development of EAH lasts more than five hours, and athletes consume a lot of
fluids during exercise [45,90] especially during the first few hours [139]. EAH is less likely, yet it can
be expected for exposures of less than four hours [1,140], but is very likely to occur in endurance
performances enduring longer than eight hours [34]. However, asymptomatic hyponatremia was
observed also in 33% of UK rugby players following rugby match of 80 min [114].

In a marathon, about 5% [82] to 15% of the runners [61] may experience EAH. Depending on the
data collection, however, the prevalence of EAH in a marathon may also be <5% [59,90,138] but may
also reach over 20% [123]. In some cases, EAH may be dramatic after a marathon [89,141,142]. Due to
the nature of the studies and case reports, the precise prevalence of EAH cannot be estimated. One
case report describes a 23-year-old man completing a marathon in just over four hours. He
complained of weakness and dizziness at the finish and vomited after the race. EAH was detected
and cerebral edema was found in cCT (cranial computed tomography). The patient needed intensive
care treatment for six days [141]. Another study reported seven marathon runners who developed
EAH after running, with hyponatremic encephalopathy and non-cardiac pulmonary edema in two
cases [89]. Two decades ago, in the ‘Suzuki Rock ‘N’ Roll Marathon’, 26 runners were hospitalized
with EAH, including 15 cases of severe hyponatremia with plasma sodium concentration < 125
mmol/L). In the severe cases, three patients developed seizures and had to be intubated [142].

Results are different for runs that are longer than a classical marathon distance. During an
ultra-marathon, weight loss due to fluid loss is expected [64] and a large number of runners
experience dehydration [143,144]. In a study by Hoffman et al. 35.6% of marathon runners were
dehydrated [57]. When an ultra-marathon is carried out as a multi-stage run, the dehydration from
stage to stage increases even more [62].
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Table 4. Prevalence of exercise-associated hyponatremia (EAH) in ultra-marathons.

Ultramarathon Distance Prevalence
Below 100 km
Six Foot Track Marathon, New South Wales, Australia [145] 45 km trail 0% in 9 subjects out of 775 starters
Two Oceans 56-km ultra-marathon, Cape Town, South Africa [146] 56 km 0%
Cradle Mountain Run, Tasmania, Australia [147] 85 km 2% of 41 subjects
100 km

100 km Lauf Biel, Switzerland [132] 100 km 0% of 50 men

100 km Lauf Biel, Switzerland [148] 100 km 0% of 11 women

100 km Lauf Biel, Switzerland [149] 100 km 4.8% of 145 subjects

100 km Lauf Biel, Switzerland [150] 100 km 5% in 19 women and 11 % in 24 men

100 km Lauf Biel, Switzerland [126] 100 km 5% of 95 men

100 miles
Western States Endurance Run, California, USA [151] 100 miles 5.8% of 207 subjects
Western States Endurance Run, California, USA [152] 100 miles 6% of 207 subjects
Western States Endurance Run, California, USA [83] 100 miles 6.6% of 157 subjects
Western States Endurance Run, California, USA [57] 100 miles 15.1% of 669 subjects
Western States Endurance Run, California, USA [153] 100 miles 16% of 373 subjects
The Great North Walk 100s, New South Wales, Australia [55] 100 miles 26.7 % in 4 of 15 subjects
Western States Endurance Run, California, USA [56] 100 miles 30% of 47 subjects
Western States Endurance Run, California, USA [130] 100 miles 30% of 47 subjects
Rio Del Lago 100-Mile Endurance Run Granite Bay, California, USA [154] 100 miles 51.2%

Ultra-marathoners have to consume large amounts of fluids during a race to avoid dehydration
in terms of weight loss [155]. It has been reported that the greatest weight loss was recorded in the
first few hours of an ultra-marathon [139]. However, in an ultramarathon, there is no need to drink
large amounts of fluid [156]. Even when ultra-runners lose more than 3% of their body weight
during a run, there is no reason to over-drink to prevent overheating [157]. In general, ultra-runners
do not seem to consume excessive fluid [128] and ultra-marathoners should not experience fluid
overload while competing [158]. For example, faster runners drank more liquid in a 100-km
ultra-marathon than slower runners, and faster runners lost more weight than slower runners [158].
However, weight loss was greater with less fluid intake [156]. Due to the fact that faster runners
drank less and lost more weight, the weight loss can be ergogenic (i.e., performance enhancing) and
the runners achieve a faster race time [156]. In a 100-km ultra-marathon, it was even shown that
runners with a greater weight loss were faster [127]. Even in a 100-mile ultra-marathon, major
weight losses were more likely to boost performance [159]. On the other hand, weight loss is not due
to fluid loss only, as it is also due to macro-nutrient use for energy [64,160].

Ultra-runners also seem to be able to self-regulate their plasma sodium concentration during a
run [55]. In an ultra-marathon, the prevalence of EAH was much higher during the race than after
the race [55]. It has also been reported that runners with the highest fluid intake had the lowest
hemodilution with no changes in plasma sodium and potassium [161]. EAH often occurs during an
ultra-marathon, but, in contrast to other sports disciplines, only in very few cases do major medical
problems occur. Thus, a case of a 57-year-old man who developed EAH during a 100-mile
ultra-marathon is described. Hyponatremia resulted in rapid neurological deterioration and
cardiovascular instability [24].

6.4. Triathlon

Long-distance triathlons are about the same as an ultra-marathon. In an Ironman-triathlon (i.e.,
3.8 km swimming, 180 km cycling, and 42.2 km running), EAH can be detected in about 20% of the
athletes [52]. In the ‘Ironman Hawaii’, EAH is the most important electrolyte disorder [34]. About
9% of athletes who collapsed during an Ironman-triathlon had hyponatremia [44]. However, only
about 30% of athletes with proven hyponatremia in the laboratory needed medical treatment [53].
There are also longer triathlon competitions than the Ironman-triathlon. In a triathlon covering three
times the Ironman distance (i.e., 11.4 km swimming, 540 km cycling, and 126.6 km running), a higher
prevalence of EAH of 26% was detected than is reported for Ironman triathletes [127].
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6.5. Multi-Stage Events

Several studies have measured plasma sodium concentration during multi-stage races
[62,129,131]. It appeared that hyponatremia can be corrected quite well during multi-stage races
until the arrival of the finish [129,131]. However, when a multi-stage running race takes place in a
desert, the prevalence of EAH increases from stage to stage [62]. An intense training camp can also
be considered as a multi-stage event. For example, rowers in a four-week training camp showed that
on the 18th day of the camp, the training volume and prevalence of EAH was highest at 43% [119].

7. Prevalence of Exercise-Associated Hyponatremia Regarding Ambient Temperatures

EAH is a relatively frequent, detectable electrolyte disorder in ultra-distance performances
[56,62,130,149,153,162,163], whereby high ambient temperatures must be given great importance
[57,154,162,164-166].

7.1. The Aspect of Heat

For endurance exercise in high temperatures, EAH can occur even after a relatively short period
of stress [116,164,167]. Three soldiers who had to march in great heat showed symptoms of EAH in
less than three hours [167]. There seems to be an increased risk for EAH in races held under
thermally stressing conditions such as great heat [57,154,162] and great cold [168] especially in the
USA. In a study in a 100-mile ultra-marathon held in California, the prevalence of EAH was clearly
correlated with ambient temperature [57]. The prevalence of EAH was 42% during a 225-km
ultra-marathon over five stages with ambient temperatures as high as 40 °C [162]. In the Rio de Lago
100-Mile Endurance Run of 2008, held in Granite Bay, California, the prevalence of EAH was 51.2%,
accounting for about half of all finishers [154]. However, EAH in 100-mile runners can be as low as
30% [56].

7.2. The Aspect of Humidity

Humidity, however, could also play a role. During a running event in the tropics with seven
different routes (i.e., 10, 21, 25, 42, 50, 84, and 100 km), EAH was detected in eight cases (17%): four
runners in the marathon, two runners in the double marathon (84 km), and two runners in the 100
km run [166].

7.3. Exercise-Associated Hyponatremia in the Cold

Great cold also seems to be a risk contributing to the development of EAH [14,169]. Stuempfle
et al. investigated EAH in races held under very cold conditions [63,168]. In a 100-mile
ultra-marathon held in Alaska, 44% of runners presented with EAH [168]. Runners developing EAH
consumed more fluid and less sodium than those without EAH [168]. However, in another Alaskan
race, no cases of EAH could be detected. In 21 athletes (i.e.,, 11 runners, six cyclists, and three
cross-country skiers) in a 100-mile competition of the three disciplines, plasma sodium concentration
decreased after the competition, but no case of EAH occurred [63]. Basically, endurance athletes
drink very little when it is very cold.

In open-water swimming in moderate temperatures, the prevalence of EAH seems to be rather
high. At the 26.4-km long Marathon Swimming in Lake Zurich, Switzerland, the prevalence of EAH
was about four times higher in women compared to men [125].

7.4. Exercise-Associated Hyponatremia in Moderate Ambient Temperatures

In ultra-marathons held in temperate climates, EAH is relatively uncommon
[126,127,131,132,150,158,170,171]. For example, ultra-marathons held in Switzerland present a
relatively low prevalence of EAH [126,127,131,132,150,158,170]. In the Swiss Jura Marathon, a
mountain ultra-marathon of 350 km over 7 stages held in the Swiss Jura from Geneva to Basel and
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taking place in medium to low temperatures, the prevalence of EAH was 8% [131]. No case of EAH
could even be detected in the 100 km Lauf Biel [132,158] or at the 24-Stunden-Lauf Basel [170], both
held in medium to low temperatures. Even for cycling in temperate climates, the prevalence of EAH
is very low [126]. In a road race in Switzerland over 720 km [135], as well as a mountain bike race
over 120 km and an altitude difference of around 5000 m [128], no case of EAH have been detected.

8. Female Sex as Risk Factor for Exercise-Associated Hyponatremia

Due to the lack of high quality observational studies and randomized trials concerning the risks
and incidence of EAH in men and women, as well as due to the relatively low prevalence of EAH, a
series of case reports are currently evaluated. It is important to know that the first documented case
of EAH in 1981 affected a woman in the Comrades Marathon [17]. It seems that weight-associated
EAH is more common in women than in men [9,93,107,125,167] likely due to their different body
mass. A possible cause of the increased prevalence of EAH in women could be the higher fluid
intake in women as opposed to men [124], since hydration guidelines are common for both men and
women, despite their different physiology. Under laboratory conditions, it has been shown that
women drink more water than men and therefore develop EAH [107]. In addition, women have
higher water retention during exercise than men [172]. However, women tended to drink less than
men in the Houston Marathon, and had a prevalence of 22% for EAH [123]. In a 24-h run held in
extreme cold, women drank no more than men [173]. The main role for women is most probably the
lower body weight compared to men. A study performed in the Boston Marathon suggested that the
apparent sex difference disappeared when data were adjusted for body mass index and racing times
[61].

Instead of sex, lower BMI and racing times may be the reason why women seem to be at a
higher risk of EAH than men. This was evident in a study in 488 Boston marathoners [61]. On the
multivariate analysis, hyponatremia was associated with weight gain (odds ratio, 4.2; 95 percent
confidence interval, 2.2 to 8.2), a racing time of >4:00 h (odds ratio for the comparison with a time of
<3:30 h, 7.4; 95 percent confidence interval, 2.9 to 23.1), and body-mass-index extremes, but not sex.
Women are slower than men, hence they also have longer racing times [174].

EAH, however, does not always have to be more common in women than in men. In the 100 km
Lauf Biel held in Switzerland, only one out of 19 women (5%) and three out of 24 men (11%)
developed EAH [150]. And in another study of the 100 km Lauf Biel, no case of EAH could be
detected in the 11 women who were observed [146]. Often, EAH in women is described in somewhat
dramatic case reports [96,110,118,120,167,175]. One case report described a 49-year-old woman with
anorexia, who developed excessive rhabdomyolysis and hyponatraemia through excessive and
compulsive exercise, although she did not consume excessive fluids [176]. In another case, a female
open-water swimmer was mentioned, who was admitted to the hospital after a 20 km swim with
disturbances of consciousness and seizures. There, evidence of EAH with encephalopathy was
achieved at a plasma sodium concentration of 119 mmol/L. After intensive care treatment, she was
able to be discharged healthy and without neurological impairment [133].

Several cases of female triathletes with EAH were described [175,177,178]. A 42-year-old
woman was hospitalized after an Ironman triathlon with headache, nausea, and confusion. Over
time, she developed seizures, cerebral edema could be detected in cCT, and plasma sodium
concentration was 123 mmol/L. Subsequently, there was a dramatic worsening with a GCS of 3 and
intensive care treatment with intubation, forced diuresis, and measurement of intracranial pressure
was established. After 16 h, plasma sodium concentration returned to normal levels, after two days
the patient was extubated, after one month memory problems were still present, and only six
months later was she able to return to work [178]. Consider the case of a 19-year-old triathlete who
tackled her first triathlon of 400 m of swimming, 17 km of cycling and 5 km of running. She drank 3 1
the night before the competition, 0.5 1 during the race, and after the competition another 0.7 1. As a
result, she developed symptomatic EAH leading to hospitalization [177]. In another case report, a
45-year-old female Ironman triathlete presented with somnolence and convulsions after finishing
her first race. Besides the neurological symptoms, she had a swollen face and swollen ankles. The
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laboratory tests showed severe hyponatremia with plasma sodium concentration of 111 mmol/L.
Radiological examination revealed pulmonary as well as cerebral edema [175].

Two cases of marathoners with symptomatic EAH have been reported [179,180]. In one case, a
52-year-old marathon runner was described who developed EAH after the run and then non-cardiac
pulmonary edema [179]. In another case, a 41-year-old marathon runner developed EAH and brain
edema during the marathon [180]. In addition to classic endurance exercise, other physical stresses
can trigger hyponatremia in women. One case described a 34-year-old woman who developed
intense dyspnea, muscle spasms, and nausea after intense yoga in a temperature above 40 °C, due to
heavy sweating. In the hospital, a hyponatraemia of 120 mmol/L was detected, seizures occurred,
and the patient had to be intubated [8]. In rare cases, EAH is fatal for females. One case report
described a 9-year-old girl who was forced to repeat sprints by her grandmother for stealing candy
from a schoolmate. After three hours of running, the girl collapsed, vomited, and experienced
epileptic seizures. In the hospital, a hyponatraemia with a plasma sodium concentration of 117
mmol/L was detected and despite treatment, the child died. The autopsy revealed massive brain and
pulmonary edema [120]. Several cases of hyponatraemia have also been reported in the Grand
Canyon in recent years [181]. A case report described a woman collapsing in the Grand Canyon
National Park after a five-hour hike tour during which she consumed large amounts of fluid. She
was admitted to the hospital unconscious, where hyponatraemia and hyponatremic encephalopathy
was detected. Within 24 h she died of cerebral edema [182]. In another case report from Grand
Canyon National Park, three women who were rafting on the river were admitted to hospital for
fatigue, vomiting, and disorientation, where symptomatic hyponatremia required intensive care
[96]. Due to these cases of hyponatraemia outside of organized sports events, it is now increasingly
being pointed out that symptomatic EAH can also occur in activities other than athletic competitions
[183-186].

However, there are also less dramatic situations of EAH in women [187]. Women can perform
well despite developing EAH. In one case description, three women were described as winning 24-h
races in different conditions and disciplines ahead of all men. In all three cases, mild and
asymptomatic EAH was found [187]. A possible explanation for the increased prevalence of EAH in
women could be Varon-Ayus syndrome [188]. This syndrome includes severe hyponatraemia and
lung and cerebral edema, and was first described by McKechnie and colleagues [189], and thereafter,
by Varon and Ayus in marathon runners [85,190]. In principle, the situation can be fatal if it is not
recognized [190], but can be easily resolved by infusing a hypertonic NaCl solution [85,190].
Varon-Ayus syndrome distinguishes the Ayus—Arieff syndrome from hyponatremic
encephalopathy and non-cardiac pulmonary edema [191]. In contrast to Varon—-Ayus syndrome,
Ayus-Arieff syndrome usually occurs postoperatively. Women and men are at the same risk of
developing hyponatremia and hyponatremic encephalopathy after surgery. However, considering
hyponatremic encephalopathy, menstruant women are at 25 times higher risk of death or permanent
brain damage, compared with either men or postmenopausal women [91]. This effect was due to
irrigant absorption hyponatremia after prostate surgery in men.

9. The Prevalence of Exercise-Associated Hyponatremia (EAH) by Region Where the Race is Held

The country where a marathon [123] or an ultramarathon takes place seems to be of utmost
importance [56,126,130,146,150,170]. For example, the prevalence of EAH in events held in the USA
is much higher [56,123,130,153,167] than in events held in Europe [126,150,170]. While the
prevalence of EAH in the Western States Endurance Run held in California was at around 16% [153]
to 30% [56], the prevalence of EAH did not exceed 11% in ultra-marathons held in Switzerland
[126,131,132,149,150,170]. In endurance events held in the Czech Republic, the prevalence of EAH
was very low [134,192-194]. In the 113 recreational athletes, the prevalence of EAH was 11.5%, with
all athletes presenting only mild hyponatremia [134]. In another group of the 26 ultra-runners
running seven marathons in seven consecutive days, the prevalence of EAH was 3.8% [194]. During
a 24-h ultra-marathon held in winter, hydration status was maintained [173], with one athlete
presenting mild EAH (4.8%) [187].
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In other regions of the world, such as Asia, hyponatremia is rare during sports, and the
prevalence of EAH in an 84-km ultra-marathon was only 3% [195]. The risk of developing EAH
seems to be very low in Australia and New Zealand. No case of EAH has been demonstrated at the
Six Foot Track Mountain Ultramarathon held in New South Wales [145]. At the Cradle Mountain
Run in Tasmania, only 2% of runners developed EAH [147]. At the Kepler Challenge, a 60-km
mountain ultra-marathon held in New Zealand, EAH was detected in five of 123 runners [196]. In
South Africa, too, the risk of burden-associated hyponatremia seems to be very low. No case of EAH
could be detected at the Two Oceans ultra-marathon held in Cape Town [146]. When looking at
other disciplines, no cyclist has developed EAH in a 720 km road race held in Switzerland [127].

A very likely explanation for the higher prevalence of EAH in ultra-marathons held in the USA
compared to ultra-marathons held in Switzerland, Europe, might be the ambient temperatures.
When the Western States Endurance Run is held, the temperatures vary between 59 °F (15 °C) and 89
°F (32 °C) [197]. In contrast, the average temperature in the 100 km Lauf Biel held in Switzerland are
about 10 °C lower [198]. It is very likely that runners drink more when the temperatures are higher
and therefore the risk for fluid overload and EAH is higher.

10. Prevention of Exercise-Associated Hyponatremia

Prevention of EAH is of critical importance and requires organized educational programs with
information disseminated to coaches, athletes, and event staff regarding healthy hydration practices,
sodium supplementation, and recognition and treatment of EAH [1]. The best methods to prevent
from fluid overload are drinking according to thirst, reducing the availability of fluids along the
routes of exercise and monitoring weight changes during exercise [1]. Despite being a well-known
condition by now, recent deaths due to EAH highlight the importance of guidance in order to
prevent EAH [3]. Evidence-based advice and strategies that target the widespread misinformation
should be available to amateur and professional athletes [199]. Educational strategies for optimal
hydration practices should be encouraged [200].

The Statement of the 3rd International Exercise-Associated Hyponatremia Consensus
Development Conference, Carlsbad, California states strategies to prevent EAH [13]. Prevention of
over-hydration/over-drinking fluids is a priority, while mild dehydration at 3% of body weight is
deemed tolerable, without reducing performance in temperatures between —10 to 20 °C. Drinking
when thirsty can be an effective and safe strategy for optimal hydration, as opposed to the
potentially dangerous advice “drink as much as possible”. An individualized plan according to the
needs of the athlete, based on weight changes during training, may be an effective strategy, although
considerations should be made in extreme environments [13]. Another strategy that has been
implemented with positive results is the lower availability of fluids, however, a higher availability
may be needed in extreme conditions [140,201].

A further aspect in this regard is the type of rehydration and the importance of taking drinks
able to reconstitute the correct electrolytic level in these conditions. While sodium ingestion during a
race may attenuate the fall in blood sodium concentrations, it cannot prevent EAH in the setting of
excessive fluid intake [1]. It is the amount of fluid ingested rather than the amount of sodium
ingested during exercise that drives the final blood sodium concentrations. Sodium-containing
sports drinks, which are hypotonic, will not prevent EAH in athletes who overdrink during exercise

[1].

11. Conclusions

The prevalence of EAH depends on the duration of an endurance performance (i.e., low in
marathon running, but high to very high in ultra-marathon running), the sports discipline (i.e., very
rare in cycling, increased in running and triathlon, and occasionally very high in swimming), sex
(i.e., increased in women with several reported deaths), the ambient temperature (i.e., very high in
heat), and the country where the competition takes place (i.e., very common in the USA, very little in
Europe, practically never in Africa, Asia, and Oceania). A possible explanation for the increased
prevalence of EAH in women could be Varon—-Ayus syndrome with severe hyponatraemia and lung
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and cerebral edema, which was first described in marathon runners. Also, in women, the lower body
mass might lead to an increased risk. Regarding the race location, races in Europe seemed to be held
under rather moderate conditions, whereas races held in the USA were often performed under
thermally stressing conditions.

Author Contributions: Conceptualization, B.K.; methodology, B.K.; software, P.T.N.; validation, B.K., P.T.N.
and D.C.; formal analysis, B.K.; investigation, B.K.; resources, B.K.; data curation, B.K.; writing—original draft
preparation, B.K,, P.T.N., T.R,, S.P., M.M. and D.C.; writing—review and editing, B.K., P.T.N., S.P., M.M. and
D.C,; visualization, B.K.; supervision, B.K.; project administration, B.K.

Funding: This research received no external funding.
Acknowledgments: We thank Patricia Villiger for her assistance in editing the English.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hew-Butler, T,; Loi, V.; Pani, A.; Rosner, M.H. Exercise-associated hyponatremia: 2017 update. Front. Med.
2017, 4, 21.

2. Exercise-associated hyponatremia; drinking oneself  to death. Available online:
https://cjsmblog.com/2012/04/09/exercise-associated-hyponatremia-drinking-oneself-to-death-guest-blog-
by-dr-jonathan-williams/ (accessed on 25 August 2019).

3.  Krabel, H. Athlete Dies after im Frankfurt. Available online:
http://www.slowtwitch.com/News/Athlete_dies_after IM_ Frankfurt_5190.html (accessed on 25 August
2019).

4. Rosner, M.H. Exercise-associated hyponatremia. Semin. Nephrol. 2009, 29, 271-281.

5. Rosner, M.H,; Kirven, J. Exercise-associated hyponatremia. Clin. . Am. Soc. Nephrol. 2007, 2, 151-161.

6. Rosner, M.H. Exercise-associated hyponatremia. Physician Sportsmed. 2008, 36, 55-61.

7. Gardner, ].W. Death by water intoxication. Mil. Med. 2002, 167, 432-434.

8. Reynolds, C.J.; Cleaver, B.; Finlay, S.E. Exercise associated hyponatraemia leading to tonic-clonic seizure.

BM] Case Rep. 2012, 2012, bcr0820114625.

9. Urso, C,; Brucculeri, S.; Caimi, G. Physiopathological, epidemiological, clinical and therapeutic aspects of
exercise-associated hyponatremia. J. Clin. Med. 2014, 3, 1258-1275.

10. Spasovski, G.; Vanholder, R.; Allolio, B.; Annane, D.; Ball, S.; Bichet, D.; Decaux, G.; Fenske, W.; Hoorn,
E.J.; Ichai, C; et al. Clinical practice guideline on diagnosis and treatment of hyponatraemia. Nephrol. Dial.
Transplant. Off. Publ. Eur. Dial. Transpl. Assoc.-Eur. Ren. Assoc. 2014, 29, i1-i39.

11. Goudie, A.M.; Tunstall-Pedoe, D.S.; Kerins, M.; Terris, J. Exercise-associated hyponatraemia after a
marathon: Case series. J. R. Soc. Med. 2006, 99, 363-367.

12. Hew-Butler, T.; Almond, C.; Ayus, ].C.; Dugas, J.; Meeuwisse, W.; Noakes, T.; Reid, S.; Siegel, A.; Speedy,
D.; Stuempfle, K; et al. Consensus statement of the 1st international exercise-associated hyponatremia
consensus development conference, cape town, south africa 2005. Clin. J. Sport Med. 2005, 15, 206-211.

13.  Hew-Butler, T.; Rosner, M.H.; Fowkes-Godek, S.; Dugas, J.P.; Hoffman, M.D.; Lewis, D.P.; Maughan, R.J.;
Miller, K.C.; Montain, S.J.; Rehrer, N.J.; et al. Statement of the third international exercise-associated
hyponatremia consensus development conference, carlsbad, california, 2015. Clin. ]. Sport Med. 2015, 25,
303-320.

14. Stuempfle, K.J. Exercise-associated hyponatremia during winter sports. Physician Sportsmed. 2010, 38,
101-106.

15. Noakes, T.D.; Goodwin, N.; Rayner, B.L.; Branken, T.; Taylor, RK. Water intoxication: A possible
complication during endurance exercise. Med. Sci. Sports Exerc. 1985, 17, 370-375.

16. Comrades Marathon. Available online: www.comrades.com/ (accessed on 19 January 2019).

17. Noakes, T.D. Water intoxication-considerations for patients, athletes and physicians. Pract. Gastroenterol.
2008, 32, 46-53.

18. Noakes, T.D. Is drinking to thirst optimum? Ann. Nutr. Metab. 2011, 57, 9-17.

19. Wyndham, C.H.; Strydom, N.B. The danger of an inadequate water intake during marathon running. S.
Afr. Med. |. Suid-Afrik. Tydskr. Geneeskd. 1969, 43, 893-896.



Medicina 2019, 55, 537 15 of 23

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Noakes, T.D. 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.
Beltrami, F.G.; Hew-Butler, T.; Noakes, T.D. Drinking policies and exercise-associated hyponatraemia: Is
anyone still promoting overdrinking? Br. ]. Sports Med. 2008, 42, 796-501.

Convertino, V.A.; Armstrong, L.E.; Coyle, E.F.; Mack, G.W.; Sawka, M.N.; Senay, L.C., Jr.; Sherman, W.M.
American college of sports medicine position stand. Exercise and fluid replacement. Med. Sci. Sports Exerc.
1996, 28, i-vii.

Noakes, T.D. Sports drinks: Prevention of “voluntary dehydration” and development of
exercise-associated hyponatremia. Med. Sci. Sports Exerc. 2006, 38, 193.

Surgenor, S.; Uphold, R.E. Acute hyponatremia in ultra-endurance athletes. Am. |. Emerg. Med. 1994, 12,
441-444.

Hew-Butler, T., Hamilton, R.; Hamilton, B.; Colesa, Z. Special communication of a case of
hypovolemic-associated eah: Lessons learned during recovery. Curr. Sports Med. Rep. 2017, 16, 289-293.
Dancaster, C.P.; Whereat, S.J. Fluid and electrolyte balance during the comrades marathon. S. Afr. Med. |.
Suid-Afrik. Tydskr. Geneeskd. 1971, 45, 147-150.

Irving, R.A.; Noakes, T.D.; Irving, G.A.; Van Zyl-Smit, R. The immediate and delayed effects of marathon
running on renal function. J. Urol. 1986, 136, 1176-1180.

Irving, R.A.; Noakes, T.D.; Burger, S.C.; Myburgh, K.H.; Querido, D.; van Zyl Smit, R. Plasma volume and
renal function during and after ultramarathon running. Med. Sci. Sports Exerc. 1990, 22, 581-587.
Sharwood, K.A.; Collins, M.; Goedecke, J.H.; Wilson, G.; Noakes, T.D. Weight changes, medical
complications, and performance during an ironman triathlon. Br. ]. Sports Med. 2004, 38, 718-724.

Costill, D.L.; Cote, R.; Fink, W. Muscle water and electrolytes following varied levels of dehydration in
man. ]. Appl. Physiol. 1976, 40, 6-11.

Noakes, T.D.; Sharwood, K.; Speedy, D.; Hew, 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. USA 2005, 102, 18550-18555.

Speedy, D.B.; Rogers, LR.; Noakes, T.D.; Wright, S.; Thompson, ].M.D.; Campbell, R.; Hellemans, I,
Kimber, N.E.; Boswell, D.R.; Kuttner, ].A.; et al. Exercise-induced hyponatremia in ultradistance triathletes
is caused by inappropriate fluid retention. Clin. ]. Sport Med. 2000, 10, 272-278.

Speedy, D.B.; Noakes, T.D.; Rogers, I.R.; Hellemans, I.; Kimber, N.E.; Boswell, D.R.; Campbell, R.; Kuttner,
J.A. A prospective study of exercise-associated hyponatremia in two ultradistance triathletes. Clin. J. Sport
Med. 2000, 10, 136-141.

Hiller, W.D.B. Dehydration and hyponatremia during triathlons. Med. Sci. Sports Exerc. 1989, 21,
5219-5221.

Lara, B.; Salinero, J.J.; Areces, F.; Ruiz-Vicente, D.; Gallo-Salazar, C.; Abian-Vicén, J.; Del Coso, J. Sweat
sodium loss influences serum sodium concentration in a marathon. Scand. J. Med. Sci. Sports 2017, 27,
152-160.

Armstrong, L.E.; Costill, D.L.; Fink, W.].; Bassett, D.; Hargreaves, M.; Nishibata, I.; King, D.S. Effects of
dietary sodium on body and muscle potassium content during heat acclimation. Eur. |. Appl. Physiol.
Occup. Physiol. 1985, 54, 391-397.

Mudambo, K.S.; Leese, G.P.; Rennie, M.J. Dehydration in soldiers during walking/running exercise in the
heat and the effects of fluid ingestion during and after exercise. Eur. ]. Appl. Physiol. Occup. Physiol. 1997,
76,517-524.

Vrijens, D.M.; Rehrer, N.J. Sodium-free fluid ingestion decreases plasma sodium during exercise in the
heat. J. Appl. Physiol. (Bethesda Md. 1985) 1999, 86, 1847-1851.

Peri, A.; Grohe, C.; Berardi, R.; Runkle, I. Siadh: Differential diagnosis and clinical management. Endocrine
2017, 55, 311-319.

Siegel, A.J.; Verbalis, ].G.; Clement, S.; Mendelson, ].H.; Mello, N.K.; Adner, M.; Shirey, T.; Glowacki, ].;
Lee-Lewandrowski, E.; Lewandrowski, K.B. Hyponatremia in marathon runners due to inappropriate
arginine vasopressin secretion. Am. J. Med. 2007, 120, 461.e11-461.e17.

Hew-Butler, T.; Dugas, J.P.; Noakes, T.D.; Verbalis, ].G. Changes in plasma arginine vasopressin
concentrations in cyclists participating in a 109-km cycle race. Br. ]. Sports Med. 2010, 44, 594-597.

Nose, H.; Mack, G.W; Shi, X.R.; Nadel, E.R. Role of osmolality and plasma volume during rehydration in
humans. ]. Appl. Physiol. (Bethesda Md. 1985) 1988, 65, 325-331.



Medicina 2019, 55, 537 16 of 23

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Nose, H.; Mack, G.W.; Shi, X.R.; Nadel, E.R. Shift in body fluid compartments after dehydration in
humans. ]. Appl. Physiol. (Bethesda Md. 1985) 1988, 65, 318-324.

Noakes, T.D.; Norman, R.J.; Buck, R.H.; Godlonton, ].; Stevenson, K.; Pittaway, D. The incidence of
hyponatremia during prolonged ultraendurance exercise. Med. Sci. Sports Exerc. 1990, 22, 165-170.
Noakes, T.D. The hyponatremia of exercise. Int. . Sport Nutr. 1992, 2, 205-228.

Lewis, D.; Blow, A, Tye, ], Hew-Butler, T. Considering exercise-associated hyponatraemia as a
continuum. BM]J Case Rep. 2018, 2018, bcr-2017-222916.

Speedy, D.B.; Noakes, T.D.; Boswell, T.; Thompson, ].M.D.; Rehrer, N.; Boswell, D.R. Response to a fluid
load in athletes with a history of exercise induced hyponatremia. Med. Sci. Sports Exerc. 2001, 33,
1434-1442.

Krabak, B.J.; Parker, K.M.; DiGirolamo, A. Exercise-associated collapse: Is hyponatremia in our head? PM
R 2016, 8, S61-S68.

Dubnov-Raz, G.; Lahav, Y.; Constantini, N.W. Non-nutrients in sports nutrition: Fluids, electrolytes, and
ergogenic aids. e-SPEN 2011, 6, e217-e222.

Twerenbold, R.; Knechtle, B.; Kakebeeke, T.H.; Eser, P.; Muller, G.; von Arx, P.; Knecht, H. Effects of
different sodium concentrations in replacement fluids during prolonged exercise in women. Br. ]. Sports
Med. 2003, 37, 300-303.

Montain, S.J.; Cheuvront, S.N.; Sawka, M.N. Exercise associated hyponatraemia: Quantitative analysis to
understand the aetiology. Br. ]. Sports Med. 2006, 40, 98-105.

Speedy, D.B.; Campbell, R.; Mulligan, G.; Robinson, D.J.; Walker, C.; Gallagher, P.; Arts, ].H. Weight
changes and serum sodium concentrations after an ultradistance multisport triathlon. Clin. J. Sport Med.
Off.]. Can. Acad. Sport Med. 1997, 7, 100-103.

Speedy, D.B.; Noakes, T.D.; Rogers, LR.; Thompson, ].M.; Campbell, R.G.; Kuttner, J.A.; Boswell, D.R;
Wright, S.; Hamlin, M. Hyponatremia in ultradistance triathletes. Med. Sci. Sports Exerc. 1999, 31, 809-815.
Irving, R.A.; Noakes, T.D.; Buck, R.; Van Zyl Smit, R; Raine, E.; Godlonton, J.; Norman, R.J. Evaluation of
renal function and fluid homeostasis during recovery from exercise-induced hyponatremia. ]. Appl.
Physiol. 1991, 70, 342-348.

Cairns, R.S.; Hew-Butler, T. Incidence of exercise-associated hyponatremia and its association with
nonosmotic stimuli of arginine vasopressin in the gnw100s ultra-endurance marathon. Clin. J. Sport Med.
2015, 25, 347-354.

Hoffman, M.D.; Stuempfle, K.J.; Rogers, L.R.; Weschler, L.B.; Hew-Butler, T. Hyponatremia in the 2009
161-km western states endurance run. Int. . Sports Physiol. Perform. 2012, 7, 6-10.

Hoffman, M.D.; Hew-Butler, T.; Stuempfle, K.J. Exercise-associated hyponatremia and hydration status in
161-km ultramarathoners. Med. Sci. Sports Exerc. 2013, 45, 784-791.

Brown, M.B.; Haack, K.K; Pollack, B.P.; Millard-Stafford, M.; McCarty, N.A. Low abundance of sweat
duct cl- channel cftr in both healthy and cystic fibrosis athletes with exceptionally salty sweat during
exercise. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011, 300, R605-R615.

Mettler, S.; Rusch, C.; Frey, W.O.; Bestmann, L.; Wenk, C.; Colombani, P.C. Hyponatremia among runners
in the zurich marathon. Clin. J. Sport Med. 2008, 18, 344-349.

Speedy, D.B.; Noakes, T.D.; Schneider, C. Exercise-associated hyponatremia: A review. Emerg. Med. 2001,
13,17-27.

Almond, C.S.; Shin, A.Y.; Fortescue, E.B.; Mannix, R.C.; Wypij, D.; Binstadt, B.A.; Duncan, C.N.; Olson,
D.P; Salerno, A.E.; Newburger, ] W.; et al. Hyponatremia among runners in the boston marathon. N. Engl.
J. Med. 2005, 352, 1550-1556.

Krabak, B.J.; Lipman, G.S.; Waite, B.L.; Rundell, S.D. Exercise-associated hyponatremia, hypernatremia,
and hydration status in multistage ultramarathons. Wilderness Environ. Med. 2017, 28, 291-298.

Stuempfle, KJ; Lehmann, D.R,; Case, H.S; Hughes, SL.; Evans, D. Change in serum sodium
concentration during a cold weather ultradistance race. Clin. |. Sport Med. Off. ]. Can. Acad. Sport Med. 2003,
13,171-175.

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. Off. ]. Can. Acad. Sport Med. 2002, 12,
391-399.



Medicina 2019, 55, 537 17 of 23

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Speedy, D.B.; Noakes, T.D.; Kimber, N.E.; Rogers, LR.; Thompson, ] M.; Boswell, D.R.; Ross, ].J.; Campbell,
R.G.; Gallagher, P.G.; Kuttner, J.A. Fluid balance during and after an ironman triathlon. Clin. ]. Sport Med.
Off. ]. Can. Acad. Sport Med. 2001, 11, 44-50.

Speedy, D.B,; Faris, ].G.; Hamlin, M.; Gallagher, P.G.; Campbell, R.G. Hyponatremia and weight changes
in an ultradistance triathlon. Clin. J. Sport Med. Off. ]. Can. Acad. Sport Med. 1997, 7, 180-184.

Cairns, R.S.; Hew-Butler, T. Proof of concept: Hypovolemic hyponatremia may precede and augment
creatine kinase elevations during an ultramarathon. Eur. J. Appl. Physiol. 2016, 116, 647—655.

Fellmann, N.; Ritz, P.; Ribeyre, ]J.; Beaufrere, B.; Delaitre, M.; Coudert, ]. Intracellular hyperhydration
induced by a 7-day endurance race. Eur. J. Appl. Physiol. Occup. Physiol. 1999, 80, 353-359.

Harris, G.; Reid, S.; Sikaris, K.; McCrory, P. Hyponatremia is associated with higher nt-probnp than
normonatremia after prolonged exercise. Clin. |. Sport Med. 2012, 22, 488-494.

Putterman, C.; Levy, L.; Rubinger, D. Transient exercise-induced water intoxication and rhabdomyolysis.
Am. |. Kidney Dis. Off. ]. Natl. Kidney Found. 1993, 21, 206-209.

Del Coso, J.; Salinero, J.J.; Abian-Vicen, ].; Gonzalez-Millan, C.; Garde, S.; Vega, P.; Perez-Gonzalez, B.
Influence of body mass loss and myoglobinuria on the development of muscle fatigue after a marathon in
a warm environment. Appl. Physiol. Nutr. Metab. Physiol. Appl. Nutr. Metab. 2013, 38, 286-291.

Edelman, 1S.; Leibman, J.; O’'Meara, M.P.; Birkenfeld, L.W. Interrelations between serum sodium
concentration, serum osmolarity and total exchangeable sodium, total exchangeable potassium and total
body water. . Clin. Investig. 1958, 37, 1236-1256.

Titze, J.; Maillet, A.; Lang, R.; Gunga, H.C.; Johannes, B.; Gauquelin-Koch, G.; Kihm, E.; Larina, I.; Gharib,
C.; Kirsch, K.A. Long-term sodium balance in humans in a terrestrial space station simulation study. Am. |.
Kidney Dis. Off. ]. Natl. Kidney Found. 2002, 40, 508-516.

Barsony, J.; Sugimura, Y.; Verbalis, ].G. Osteoclast response to low extracellular sodium and the
mechanism of hyponatremia-induced bone loss. ]. Biol. Chem. 2011, 286, 10864-10875.

Nguyen, M.K,; Kurtz, I. New insights into the pathophysiology of the dysnatremias: A quantitative
analysis. Am. |. Physiol. Ren. Physiol. 2004, 287, F172-F180.

Chlibkovd, D.; Knechtle, B.; Rosemann, T., Zakovska, A.; Tomaskova, I The prevalence of
exercise-associated hyponatremia in 24-h ultra-mountain bikers, 24-h ultra-runners and multi-stage
ultra-mountain bikers in the czech republic. J. Int. Soc. Sports Nutr. 2014, 11, 3.

Seeliger, 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. 2006, 290, R1429-R1435.

Tam, N.; Noakes, T.D. The quantification of body fluid allostasis during exercise. Sports Med. (Auckl. N.Z.)
2013, 43, 1289-1299.

Gisolfi, C.V,; Spranger, K.J.; Summers, R.W.; Schedl, H.P.; Bleiler, T.L. Effects of cycle exercise on intestinal
absorption in humans. . Appl. Physiol. (Bethesda Md. 1985) 1991, 71, 2518-2527.

Shi, X.; Passe, D.H. Water and solute absorption from carbohydrate-electrolyte solutions in the human
proximal small intestine: A review and statistical analysis. Int. J. Sport Nutr. Exerc. Metab. 2010, 20, 427-442.
Rehrer, N.J. Fluid and electrolyte balance in ultra-endurance sport. Sports Med. (Auckl. N.Z.) 2001, 31,
701-715.

Hsieh, M.; Roth, R.; Davis, D.L.; Larrabee, H.; Callaway, C.W. Hyponatremia in runners requiring on-site
medical treatment at a single marathon. Med. Sci. Sports Exerc. 2002, 34, 185-189.

Hoffman, M.D.; Stuempfle, K.J. Sodium supplementation and exercise-associated hyponatremia during
prolonged exercise. Med. Sci. Sports Exerc. 2015, 47, 1781-1787.

Barr, S.I; Costill, D.L.; Fink, W.]. Fluid replacement during prolonged exercise: Effects of water, saline, or
no fluid. Med. Sci. Sports Exerc. 1991, 23, 811-817.

Ayus, J.C; Varon, J.; Arieff, A.I. Hyponatremia, cerebral edema, and noncardiogenic pulmonary edema in
marathon runners. Ann. Intern. Med. 2000, 132, 711-714.

Sterns, R.H.; Thomas, D.J.; Herndon, R.M. Brain dehydration and neurologic deterioration after rapid
correction of hyponatremia. Kidney Int. 1989, 35, 69-75.

Hew-Butler, T.; Ayus, J.C.; Kipps, C.; Maughan, R.J.; Mettler, S.; Meeuwisse, W.H.; Page, A.J.; Reid, S.A,;
Rehrer, N.J.; Roberts, W.O.; et al. Statement of the second international exercise-associated hyponatremia
consensus development conference, new zealand, 2007. Clin. J. Sport Med. 2008, 18, 111-121.



Medicina 2019, 55, 537 18 of 23

88.

89.

90.

91.

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

111.

112.
113.

Holtzhausen, L.M.; Noakes, T.D. Collapsed ultraendurance athlete: Proposed mechanisms and an
approach to management. Clin. J. Sport Med. Off. ]. Can. Acad. Sport Med. 1997, 7, 292-301.

Ayus, ].C.; Moritz, M.L. Exercise-associated hyponatremia masquerading as acute mountain sickness: Are
we missing the diagnosis? Clin. ]. Sport Med. 2008, 18, 383-386.

Hew, T.D.; Chorley, ].N.; Cianca, ].C.; Divine, ].G. The incidence, risk factors, and clinical manifestations of
hyponatremia in marathon runners. Clin. J. Sport Med. Off. ]. Can. Acad. Sport Med. 2003, 13, 41-47.

Ayus, J.C.; Wheeler, ].M.; Arieff, A.I. Postoperative hyponatremic encephalopathy in menstruant women.
Ann. Intern. Med. 1992, 117, 891-897.

Hew-Butler, T.; Anley, C.; Schwartz, P.; Noakes, T. The treatment of symptomatic hyponatremia with
hypertonic saline in an ironman triathlete. Clin. ]. Sport Med. Off. ]. Can. Acad. Sport Med. 2007, 17, 68-69.
Urso, C.; Brucculeri, S.; Caimi, G. Hyponatremia and physical exercise. Clin. Ter. 2012, 163, e349-e356.
Frizzell, R.T.; Lang, G.H.; Lowance, D.C.; Lathan, S.R. Hyponatremia and ultramarathon running. JAMA
1986, 255, 772-774.

Hoffman, M.D.; Myers, T.M. Case study: Symptomatic exercise-associated hyponatremia in an endurance
runner despite sodium supplementation. Int. |. Sport Nutr. Exerc. Metab. 2015, 25, 603-606.

Pearce, E.A.; Myers, T.M.; Hoffman, M.D. Three cases of severe hyponatremia during a river run in grand
canyon national park. Wilderness Environ. Med. 2015, 26, 189-195.

Bruso, J.R.; Hoffman, M.D.; Rogers, LR.; Lee, L., Towle, G.; Hew-Butler, T. Rhabdomyolysis and
hyponatremia: A cluster of five cases at the 161-km 2009 western states endurance run. Wilderness Environ.
Med. 2010, 21, 303-308.

Zelingher, J.; Putterman, C.; Ilan, Y.; Dann, E.J.; Zveibil, F.; Shvil, Y.; Galun, E. Case series: Hyponatremia
associated with moderate exercise. Am. |. Med. Sci. 1996, 311, 86-91.

Rosner, M.H. Preventing deaths due to exercise-associated hyponatremia: The 2015 consensus guidelines.
Clin. ]. Sport Med. 2015, 25, 301-302.

Bracher, A.; Knechtle, B.; Gnadinger, M.; Burge, J.; Rust, C.A.; Knechtle, P.; Rosemann, T. Fluid intake and
changes in limb volumes in male ultra-marathoners: Does fluid overload lead to peripheral oedema? Eur.
J. Appl. Physiol. 2012, 112, 991-1003.

Cejka, C.; Knechtle, B.; Knechtle, P.; Rust, C.A.; Rosemann, T. An increased fluid intake leads to feet
swelling in 100-km ultra-marathoners-an observational field study. J. Int. Soc. Sports Nutr. 2012, 9, 11.
Warburton, D.E.; Welsh, R.C.; Haykowsky, M.J.; Taylor, D.A.; Humen, D.P. Biochemical changes as a
result of prolonged strenuous exercise. Br. |. Sports Med. 2002, 36, 301-303.

Knechtle, B.; Nikolaidis, P.T. Physiology and pathophysiology in ultra-marathon running. Front. Physiol.
2018, 9, 634.

Hiller, W.D.D.; O'Toole, M.L.; Massimino, F.; Hiller, R.E.; Laird, R.J. Plasma electrolyte and glucose
changes during the hawaiian ironman triathlon. Med. Sci. Sports Exerc. 1985, 17, 219-221.

Holtzhausen, L.M.; Noakes, T.D.; Kroning, B.; de Klerk, M.; Roberts, M.; Emsley, R. Clinical and
biochemical characteristics of collapsed ultra-marathon runners. Med. Sci. Sports Exerc. 1994, 26, 1095-1101.
Laird, R.H. Medical care at ultraendurance triathlons. Med. Sci. Sports Exerc. 1989, 21, S222-5225.

Baker, L.B.; Munce, T.A.; Kenney, W.L. Sex differences in voluntary fluid intake by older adults during
exercise. Med. Sci. Sports Exerc. 2005, 37, 789-796.

Hadad, E.; Rosen, E.; Heled, Y.; Moran, D.S.; Schindel, Y. Exercise induced hyponatremia. Harefuah 2004,
143, 342-347

Nolte, HW.; Nolte, K.; Hew-Butler, T. Ad libitum water consumption prevents exercise-associated
hyponatremia and protects against dehydration in soldiers performing a 40-km route-march. Mil. Med.
Res. 2019, 6, 1.

Bailowitz, Z.; Grams, R.; Teeple, D.; Hew-Butler, T. Exercise-associated hyponatremia in a lactating
female. Clin. J. Sport Med. 2017, 27, e55-e57.

Morton, A. An unusual cause of exercise-induced hyponatremia. EMA-Emerg. Med. Australas. 2007, 19,
377-378.

Schucany, W.G. Exercise-associated hyponatremia. Proceedings 2007, 20, 398—401.

Changstrom, B.; Brill, J.; Hecht, S. Severe exercise-associated hyponatremia in a collegiate american
football player. Curr. Sports Med. Rep. 2017, 16, 343-345.



Medicina 2019, 55, 537 19 of 23

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Jones, B.L.; O'Hara, J.P.; Till, K.; King, R.F. Dehydration and hyponatremia in professional rugby union
players: A cohort study observing english premiership rugby union players during match play, field, and
gym training in cool environmental conditions. J. Strength Cond. Res. 2015, 29, 107-115.

Coler, C.; Hoffman, M.D.; Towle, G.; Hew-Butler, T. Hyponatremia in an 85-year-old hiker: When
depletion plus dilution produces delirium. Wilderness Environ. Med. 2012, 23, 153-157.

Backer, H.D.; Shopes, E.; Collins, S.L.; Barkan, H. Exertional heat illness and hyponatremia in hikers. Am. .
Emerg. Med. 1999, 17, 532-539.

Rothwell, S.P.; Rosengren, D.]. Severe exercise-associated hyponatremia on the kokoda trail, papua new
guinea. Wilderness Environ. Med. 2008, 19, 42—44.

Lorraine-Lichtenstein, E.; Albert, J.; Hjelmqvist, H. Vatten ar ett farligt gift Tva fall av hyponatremi i
samband med maratonsport och stort vatskeintag. Lakartidningen 2008, 105, 1650-1652.

Mayer, C.U.; Treff, G.; Fenske, W.K,; Blouin, K., Steinacker, ].M.; Allolio, B. High incidence of
hyponatremia in rowers during a four-week training camp. Am. J. Med. 2015, 128, 1144-1151.

Moritz, M.L.; Lauridson, J.R. Fatal hyponatremic encephalopathy as a result of child abuse from forced
exercise. Am. |. Forensic Med. Pathol. 2016, 37, 7-8.

Knechtle, B.; Bamert, ]J.; Rosemann, T.; Nikolaidis, P.T. Exercise-associated hyponatremia during a
self-paced marathon attempt in a 15-year-old male teenager. Medicina 2019, 55, 63.

Koenders, E.E.; Franken, C.P.G.; Cotter, ].D.; Thornton, S.N.; Rehrer, N.J. Restricting dietary sodium
reduces plasma sodium response to exercise in the heat. Scand. ]. Med. Sci. Sports 2017, 27, 1213-1220.
Chorley, J.; Cianca, J.; Divine, ]. Risk factors for exercise-associated hyponatremia in non-elite marathon
runners. Clin. . Sport Med. 2007, 17, 471-477.

Weitkunat, T.; Knechtle, B.; Knechtle, P.; Riist, C.A.; Rosemann, T. Body composition and hydration status
changes in male and female open-water swimmers during an ultra-endurance event. J. Sports Sci. 2012, 30,
1003-1013.

Wagner, S.; Knechtle, B.; Knechtle, P.; Riist, C.A.; Rosemann, T.;, Ward, S.A. Higher prevalence of
exercise-associated hyponatremia in female than in male open-water ultra-endurance swimmers: The
‘marathon-swim’ in lake zurich. Eur. . Appl. Physiol. 2012, 112, 1095-1106.

Knechtle, B.; Gnadinger, M.; Knechtle, P.; Imoberdorf, R.; Kohler, G.; Ballmer, P.; Rosemann, T.; Senn, O.
Prevalence of exercise-associated hyponatremia in male ultraendurance athletes. Clin. |. Sport Med. 2011,
21,226-232.

Riist, C.A.; Knechtle, B.; Knechtle, P.; Rosemann, T. Higher prevalence of exercise-associated
hyponatremia in triple iron ultra-triathletes than reported for ironman triathletes. Chin. J. Physiol. 2012, 55,
147-155.

Knechtle, B.; Knechtle, P.; Rosemann, T. No case of exercise-associated hyponatremia in male
ultra-endurance mountain bikers in the ‘swiss bike masters’. Chin. |. Physiol. 2011, 54, 379-384.

Schenk, K.; Gatterer, H.; Ferrari, M.; Ferrari, P.; Cascio, V.L.; Burtscher, M. Bike transalp 2008: Liquid
intake and its effect on the body’s fluid homeostasis in the course of a multistage, cross-country, mtb
marathon race in the central alps. Clin. ]. Sport Med. 2010, 20, 47-52.

Rogers, I.R.; Hook, G.; Stuempfle, K.J.; Hoffman, M.D.; Hew-Butler, T. An intervention study of oral
versus intravenous hypertonic saline administration in ultramarathon runners with exercise-associated
hyponatremia: A preliminary randomized trial. Clin. J. Sport Med. 2011, 21, 200-203.

Knechtle, B.; Knechtle, P.; Riist, C.A.; Gnddinger, M.; Imoberdorf, R.; Kohler, G.; Rosemann, T.; Ballmer, P.
Regulation of electrolyte and fluid metabolism in multi-stage ultra-marathoners. Horm. Metab. Res. 2012,
44, 919-926.

Brge, J.; Knechtle, B.; Knechtle, P.; Gndinger, M.; Rst, A.C.; Rosemann, T. Maintained serum sodium in
male ultra-marathoners the role of fluid intake, vasopressin, and aldosterone in fluid and electrolyte
regulation. Horm. Metab. Res. 2011, 43, 646-652.

Rogers, I.R.; Grainger, S.; Nagree, Y. Exercise-associated hyponatremic encephalopathy in an endurance
open water swimmer. Wilderness Environ. Med. 2015, 26, 59-61.

Chlibkova, D.; Rosemann, T.; Posch, L.; Matousek, R.; Knechtle, B. Pre- and post-race hydration status in
hyponatremic and non-hyponatremic ultra-endurance athletes. Chin. ]. Physiol. 2016, 59, 173-183.

Rust, C.A.; Knechtle, B.; Knechtle, P.; Rosemann, T. No case of exercise-associated hyponatraemia in top
male ultra-endurance cyclists: The ‘swiss cycling marathon’. Eur. |. Appl. Physiol. 2012, 112, 689-697.



Medicina 2019, 55, 537 20 of 23

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Khodaee, M.; Luyten, D.; Hew-Butler, T. Exercise-associated hyponatremia in an ultra-endurance
mountain biker: A case report. Sports Health 2013, 5, 334-336.

Martinez-Cano, J.P.; Cortes-Castillo, V.; Martinez-Villa, J.; Ramos, J.C.; Uribe, J.P. Dysnatremia among
runners in a half marathon performed under warm and humid conditions. BM] Open Sport Exerc. Med.
2018, 4, e000351.

Siegel, A.J.; D'Hemecourt, P.; Adner, M.M.; Shirey, T.; Brown, J.L.; Lewandrowski, K.B. Exertional
dysnatremia in collapsed marathon runners: A critical role for point-of-care testing to guide appropriate
therapy. Am. J. Clin. Pathol. 2009, 132, 336-340.

Kao, W.F.; Shyu, C.L;; Yang, XW.; Hsu, T.F.; Chen, ].J.; Kao, W.C.; Polun, C.; Huang, Y.J.; Kuo, F.C.;
Huang, C.I; et al. Athletic performance and serial weight changes during 12- and 24-h ultra-marathons.
Clin. ]. Sport Med. Off. ]. Can. Acad. Sport Med. 2008, 18, 155-158.

Reid, S.A.; Speedy, D.B.; Thompson, ].M.; Noakes, T.D.; Mulligan, G.; Page, T.; Campbell, R.G.; Milne, C.
Study of hematological and biochemical parameters in runners completing a standard marathon. Clin. J.
Sport Med. Off. ]. Can. Acad. Sport Med. 2004, 14, 344-353.

Spormann, R.; Harding, U.; Stuhr, M.; Rother, ].; Piischel, K.; Reifferscheid, F. Serious complications
following a marathon run-interactivecase report of a dramatic course. Anasthesiol. Intensivmed. Notf.
Schmerzther. 2012, 47, 696-702.

Davis, D.P.; Videen, ]J.S.; Marino, A.; Vilke, GM.; Dunford, J.V.; Van Camp, S.P.; Maharam, L.G.
Exercise-associated hyponatremia in marathon runners: A two-year experience. |. Emerg. Med. 2001, 21,
47-57.

Holtzhausen, L.M.; Noakes, T.D. The prevalence and significance of post-exercise (postural) hypotension
in ultramarathon runners. Med. Sci. Sports Exerc. 1995, 27, 1595-1601.

Pereira, E.R.; de Andrade, M.T.; Mendes, T.T.; Ramos, G.P.; Maia-Lima, A.; Melo, E.S.; Carvalho, M.V _;
Wilke, C.F.; Prado, L.S.; Silami-Garcia, E. Evaluation of hydration status by urine, body mass variation and
plasma parameters during an official half-marathon. J. Sports Med. Phys. Fit. 2017, 57, 1499-1503.

Reid, S.A.; King, M.J. Serum biochemistry and morbidity among runners presenting for medical care after
an australian mountain ultramarathon. Clin. J. Sport Med. 2007, 17, 307-310.

Hew-Butler, T.; Jordaan, E.; Stuempfle, K.J.; Speedy, D.B.; Siegel, A.J.; Noakes, T.D.; Soldin, S.J.; Verbalis,
J.G. Osmotic and nonosmotic regulation of arginine vasopressin during prolonged endurance exercise. J.
Clin. Endocrinol. Metab. 2008, 93, 2072-2078.

Scotney, B.; Reid, S. Body weight, serum sodium levels, and renal function in an ultra-distance mountain
run. Clin. ]. Sport Med. 2015, 25, 341-346.

Knechtle, B.; Senn, O.; Imoberdorf, R.; Joleska, I.; 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. ]. Clin. Nutr. 2010, 19, 83-90.

Knechtle, B.; Knechtle, P.; Rosemann, T. Low prevalence of exercise-associated hyponatremia in male 100
km ultra-marathon runners in switzerland. Eur. . Appl. Physiol. 2011, 111, 1007-1016.

Rist, C.; Knechtle, B.; Joleska, I.; Knechtle, P.; Wirth, A.; Imoberdorf, R.; Senn, O.; Rosemann, T. Is the
prevalence of exercise-associated hyponatremia higher in female than in male 100-km ultra-marathoners?
Hum. Mov. 2012, 13, 94-101.

Winger, J.M.; Hoffman, M.D.; Hew-Butler, T.D.; Stuempfle, K.J.; Dugas, J.P.; Fogard, K.; Dugas, L.R. The
effect of physiology and hydration beliefs on race behavior and postrace sodium in 161-km ultramarathon
finishers. Int. |. Sports Physiol. Perform. 2013, 8, 536-541.

Hoffman, M.D.; Fogard, K., Winger, J.; Hew-Butler, T.; Stuempfle, KJ. Characteristics of 161-km
ultramarathon finishers developing exercise-associated hyponatremia. Res. Sports Med. 2013, 21, 164-175.
Lewis, D.P.; Hoffman, M.D.; Stuempfle, K.J.; Owen, B.E.; Rogers, LR.; Verbalis, ].G.; Hew-Butler, T.D. The
need for salt: Does a relationship exist between cystic fibrosis and exercise-associated hyponatremia. .
Strength Cond. Res. 2014, 28, 807-813.

Lebus, D.K,; Casazza, G.A.; Hoffman, M.D.; Van Loan, M.D. Can changes in body mass and total body
water accurately predict hyponatremia after a 161-km running race? Clin. ]. Sport Med. 2010, 20, 193-199.
Newmark, S.R.; Toppo, F.R.; Adams, G. Fluid and electrolyte replacement in the ultramarathon runner.
Am. |. Sports Med. 1991, 19, 389-391.

Knechtle, B.; Knechtle, P.; Wirth, A.; Alexander Rust, C.; Rosemann, T. A faster running speed is associated
with a greater body weight loss in 100-km ultra-marathoners. J. Sports Sci. 2012, 30, 1131-1140.



Medicina 2019, 55, 537 21 of 23

157.

158.

159.

160.
161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Valentino, T.R.; Stuempfle, KJ; Kern, M.; Hoffman, M.D. The influence of hydration state on
thermoregulation during a 161-km ultramarathon. Res. Sports Med. (Print) 2016, 24, 212-221.

Knechtle, B.; Senn, O.; Imoberdorf, R.; Joleska, I.; Wirth, A.; Knechtle, P.; Rosemann, T. No fluid overload
in male ultra-runners during a 100 km ultra-run. Res. Sports Med. (Print) 2011, 19, 14-27.

Landman, Z.C; Landman, G.O.; Fatehi, P. Physiologic alterations and predictors of performance in a
160-km ultramarathon. Clin. ]. Sport Med. Off. ]. Can. Acad. Sport Med. 2012, 22, 146-151.

Brouns, F. Heat-sweat-dehydration-rehydration: A praxis oriented approach. J. Sports Sci. 1991, 9, 143-152.
Kaminsky, L.A.; Paul, G.L. Fluid intake during an ultramarathon running race: Relationship to plasma
volume and serum sodium and potassium. J. Sports Med. Phys. Fit. 1991, 31, 417-419.

Costa, R.J.; Teixeira, A.; Rama, L.; Swancott, AJ.; Hardy, L.D.; Lee, B.; Camoes-Costa, V.; Gill, S.;
Waterman, J.P.; Freeth, E.C.; et al. Water and sodium intake habits and status of ultra-endurance runners
during a multi-stage ultra-marathon conducted in a hot ambient environment: An observational field
based study. Nutr. ]. 2013, 12, 13.

Noakes, T.D.; Carter, ].W. The responses of plasma biochemical parameters to a 56-km race in novice and
experienced ultra-marathon runners. Eur. J. Appl. Physiol. Occup. Physiol. 1982, 49, 179-186.

Oh, R.C; Galer, M.; Bursey, M.M. Found in the field v a soldier with heat stroke, exercise-associated
hyponatremia, and kidney injury. Curr. Sports Med. Rep. 2018, 17, 123-125.

Kanjanauptom, P.; Cheek, J.A. Drinking water and disorientation: The perils of a long, hot, australian
summer. EMA-Emerg. Med. Australas. 2017, 29, 370-371.

Tan, D.W.; Yap, S.H.; Wang, M.; Fan, PW_; Teo, Y.S.; Krishnasamy, P.; Krishna, L.; Hew-Butler, T.; Lee,
J.K.W. Body mass changes across a variety of running race distances in the tropics. Sports Med.-Open 2016,
2, 26.

Oh, R.C; Malave, B.; Chaltry, ].D. Collapse in the heat-from overhydration to the emergency room-three
cases of exercise-associated hyponatremia associated with exertional heat illness. Mil. Med. 2018, 183,
e225—e228.

Stuempfle, K.J.; Lehmann, D.R.; Case, H.S; Bailey, S.; Hughes, S.L.; McKenzie, J.; Evans, D. Hyponatremia
in a cold weather ultraendurance race. Alsk. Med. 2002, 44, 51-55.

Lau, M.Y; Choi, Y.F. Exercise-associated hyponatremia: A local case report. Hong Kong J. Emerg. Med. 2009,
16, 88-92.

Knechtle, B.; Knechtle, P.; Rosemann, T. No exercise-associated hyponatremia found in an observational
field study of male ultra-marathoners participating in a 24-h ultra-run. Physician Sportsmed. 2010, 38,
94-100.

Cuthill, J.A,; Ellis, C; Inglis, A. Hazards of ultra-marathon running in the scottish highlands:
Exercise-associated hyponatraemia. Emerg. Med. ]. 2009, 26, 906-907.

Stachenfeld, N.S.; Taylor, H.S. Sex hormone effects on body fluid and sodium regulation in women with
and without exercise-associated hyponatremia. J. Appl. Physiol. 2009, 107, 864-872.

Chlibkova, D.; Nikolaidis, P.T.; Rosemann, T.; Knechtle, B.; Bednar, ]J. Maintained hydration status after a
24-h winter mountain running race under extremely cold conditions. Front. Physiol. 2018, 9, 1959.
Nikolaidis, P.T.; Onywera, V.O.; Knechtle, B. Running performance, nationality, sex, and age in the 10-km,
half-marathon, marathon, and the 100-km ultramarathon iaaf 1999-2015. J. Strength Cond. Res. 2017, 31,
2189-2207.

Richter, S.; Betz, C.; Geiger, H. Severe hyponatremia with pulmonary and cerebral edema in an ironman
triathlete. Dtsch. Med. Wochenschr. (1946) 2007, 132, 1829-1832.

El Ghoch, M.; Calugi, S.; Dalle Grave, R. Management of severe rhabdomyolysis and exercise-associated
hyponatremia in a female with anorexia nervosa and excessive compulsive exercising. Case Rep. Med. 2016,
2016, 8194160.

Shapiro, S.A.; Ejaz, A.A.; Osborne, M.D.; Taylor, W.C. Moderate exercise-induced hyponatremia. Clin. .
Sport Med. 2006, 16, 72-73.

Severac, M.; Orban, J.C.; Leplatois, T.; Ichai, C. A near-fatal case of exercise-associated hyponatremia. Am.
J. Emerg. Med. 2014, 32, e811-e813.

Wellershoff, G. Hyponatremic encephalopathy with non-cardiogenic pulmonary edema: Development
following marathon run. Med. Klin.-Intensivmed. Notf. 2013, 108, 234-238.

Trautwein, S.; Hartwich, M.; Schulze Uphoff, U.; Ferbert, A.; Tryba, M. Cerebral edema due to marathon
run. Notf. Rett. 2009, 12, 287-289.



Medicina 2019, 55, 537 22 of 23

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Shopes, E.M. Drowning in the desert: Exercise-induced hyponatremia at the grand canyon. J. Emerg. Nurs.
1997, 23, 586-590.

Myers, T.M.; Hoffman, M.D. Hiker fatality from severe hyponatremia in grand canyon national park.
Wilderness Environ. Med. 2015, 26, 371-374.

Sedgwick, P.E.; Wortley, G.C.; Wright, ].M.; Asplund, C.; Roberts, W.O.; Usman, S. Medical clearance for
desert and land sports, adventure, and endurance events. Clin. J. Sport Med. 2015, 25, 418-424.

Bennett, B.L.; Hew-Butler, T.; Hoffman, M.D.; Rogers, L.R.; Rosner, M.H. Wilderness medical society
practice guidelines for treatment of exercise-associated hyponatremia: 2014 update. Wilderness Environ.
Med. 2014, 25, S30-542.

Hoffman, M.D.; Pasternak, A.; Rogers, L.R.; Khodaee, M.; Hill, ].C.; Townes, D.A.; Scheer, B.V.; Krabak,
B.J.; Basset, P.; Lipman, G.S. Medical services at ultra-endurance foot races in remote environments:
Medical issues and consensus guidelines. Sports Med. 2014, 44, 1055-1069.

Bennett, B.L.; Hew-Butler, T.; Hoffman, M.D.; Rogers, L.R.; Rosner, M.H. In reply to clinical practice
guidelines for treatment of exercise-associated hyponatremia. Wilderness Environ. Med. 2013, 24, 468—471.
Chlibkova, D.; Rosemann, T.; Knechtle, B.; Nikolaidis, P.T.; Zékovské, A.; Sudi, K. Description of three
female 24-h ultra-endurance race winners in various weather conditions and disciplines. Chin. J. Physiol.
2017, 60, 231-241.

Soto-Ruiz, K.M.; Peacock, W.F. Exercise-associated hyponatremia and the varon-ayus syndrome. Crit. Care
Shock 2009, 12, 104-108.

McKechnie, J.K.; Leary, W.P.; Noakes, T.D.; Kallmeyer, J.C.; MacSearraigh, E.T.; Olivier, L.R. Acute
pulmonary oedema in two athletes during a 90-km running race. S. Afr. Med. |. Suid-Afrik. Tydskr. Geneeskd.
1979, 56, 261-265.

Acosta, P.; Varon, ]. Life-threatening hyponatremia in marathon runners: The varon-ayus syndrome
revisited. Crit. Care Shock 2005, 8, 23-27.

Moritz, M.L.; Ayus, ].C. Exercise-associated hyponatremia: Why are athletes still dying? Clin. . Sport Med.
2008, 18, 379-381.

Chlibkova, D.; Rosemann, T.; Knechtle, B.; Sengeis, M.; Posh, L.; Tomaskova, I. Pre-race characteristics and
race performance in hyponatremic and normonatremic finishers of czech ultra-races. Acta Gymnica 2016,
46, 109-116.

Chlibkova, D.; Knechtle, B,; Rosemann, T., Tomaskova, I; Novotny, ], Zé&kovska, A.; Uher, T.
Rhabdomyolysis and exercise-associated hyponatremia in ultra-bikers and ultra-runners. J. Int. Soc. Sports
Nutr. 2015, 12, 29.

Chlibkova, D.; Nikolaidis, P.T.; Rosemann, T.; Knechtle, B.; Bednar, ]. Fluid metabolism in athletes running
seven marathons in seven consecutive days. Front. Physiol. 2018, 9, 91.

Lee, J K.W.; Nio, A.Q.X.; Ang, W.H.; Johnson, C.; Aziz, A.R.; Lim, C.L.; Hew-Butler, T. First reported cases
of exercise-associated hyponatremia in asia. Int. |. Sports Med. 2011, 32, 297-302.

Page, A.].; Reid, S.A.; Speedy, D.B.; Mulligan, G.P.; Thompson, J. Exercise-associated hyponatremia, renal
function, and nonsteroidal antiinflammatory drug use in an ultraendurance mountain run. Clin. . Sport
Med. 2007, 17, 43-48.

Western States 100-mile endurance run. Available online: www.wser.org/weather/ (accessed on 24 July
2019).

Average Weather in Biel/Bienne. Available online:
https://weatherspark.com/y/56439/Average-Weather-in-Biel-Bienne-Switzerland-Year-Round  (accessed
on 25 August 2019).

Hoffman, M.D.; Bross, T.L., III; Hamilton, R.T. Are we being drowned by overhydration advice on the
internet? Physician Sportsmed. 2016, 44, 343-348.



Medicina 2019, 55, 537 23 of 23

200. Sawka, M.N.; Burke, L.M.; Eichner, E.R.; Maughan, R.J.; Montain, S.J.; Stachenfeld, N.S. American college
of sports medicine position stand. Exercise and fluid replacement. Med. Sci. Sports Exerc. 2007, 39, 377-390.

201. Speedy, D.B.; Rogers, LR.; Noakes, T.D.; Thompson, ].M.; Guirey, ].; Safih, S.; Boswell, D.R. Diagnosis and
prevention of hyponatremia at an ultradistance triathlon. Clin. ]. Sport Med. Off. ]. Can. Acad. Sport Med.
2000, 10, 52-58.

© 2019 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access

@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).




