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Revisión

Resumen

La participación en actividades de resistencia se ha popularizado y está en continuo crecimiento. La hidratación adecuada es 
importante para el rendimiento y para impedir complicaciones médicas. El consumo excesivo de líquidos, en combinación 
con una secreción inadecuada de la hormona arginina vasopresina puede llevar a una hiponatremia asociada al ejercicio 
(EAH). Estos dos factores, son los mecanismos principales en el desarrollo de una EAH, mediante la retención de agua, re-
sultando en una hiponatremia dilucional. La EAH se define bioquímicamente como la concentración de sodio sérico <135 
mmol/L durante o dentro de 24 horas tras el ejercicio. Los atletas pueden estar asintomáticos o sintomáticos, presentado en 
casos leves síntomas inespecíficos como náuseas, vómitos o incremento de peso. En casos severos como es la encefalopatía 
hiponatrémica asociada al ejercicio (EAHE) pueden presentar cefaleas, alteración del nivel de conciencia, convulsiones incluso 
coma, lo que representa una emergencia médica. El tratamiento de elección es la administración de una solución salina hiper-
tónica intravenosa que puede salvar la vida del paciente. Otros factores de riesgo para el desarrollo de EAH son la práctica de 
ejercicio de más de 4 horas, ejercicio en clima caluroso y/o húmedo, inexperiencia en el evento, entrenamiento inadecuado, 
correr a ritmo lento, índice de masa corporal alto o bajo y acceso libre a líquidos durante la carrera. La prevención es posible 
mediante la adherencia a una estrategia de hidratación apropiada como es beber según la sed (drink to thirst). La educación 
de los atletas, entrenadores y personal médico sobre el EAH es importante y puede contribuir a disminuir la incidencia de 
EAH y prevenir consecuencias fatales. 
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Summary

Participation in endurance activities is popular and growing. Proper hydration is important for performance and to avoid 
medical complications. Overconsumption of fluids, in combination with inadequate secretion of the hormone arginine 
vasopressin can lead to exercise associated hyponatremia (EAH). These two factors are the main underlying mechanism for 
the development of EAH, leading to water retention and a dilutional hyponatremia. EAH is defined biochemically by serum 
sodium concentrations < 135 mol/L during or up to 24 hours after exercise. Athletes may be asymptomatic, or symptomatic, 
with mild cases presenting with non-specific symptoms and signs, such as nausea, vomiting or weight gain. Severe cases 
or cases of exercise associated hyponatremic encephalopathy (EAHE) may present with headaches, altered mental state, 
seizures or coma and represent a medical emergency. Treatment is warranted with intravenous hypertonic saline solution 
and can be lifesaving. Other risk factors include exercise duration over 4 hours, exercising in the heat or humid conditions, 
event inexperience, inadequate training, slow running pace, high or low body mass index (BMI) and free availability of fluids 
at races. Prevention can generally be achieved by adhering to appropriate hydration strategies, such as drinking to thirst. 
Education of athletes, coaches and medical personnel about EAH is important and may help reducing the incidence of EAH 
and prevent further fatalities. 
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Introduction

Participation in endurance sports has seen an important rise over 
the last twenty years, especially in activities such as running1-5, but also 
in cross country skiing, triathlons, and cycling6-8. 

Medical problems can be observed in endurance sports, but most 
are minor in nature9-11, however serious medical problems also occur, 
such as cardiovascular issues, exertional heat illness, hypothermia, ac-
cidental falls or exercise associated hyponatremia (EAH)9,12,13. 

EAH is defined as a serum sodium concentration [Na+] below stan-
dard laboratory measurements of < 135mmol/L either during or up to 24 
hours after exercise13. The main mechanisms leading to EAH are overcon-
sumption of fluids and inappropriate secretion of the hormone arginine 
vasopression (AVP)13-16. The result is a positive fluid balance leading to a 
dilutional hyponatremia and EAH15-17. Symptoms can range from mild 
to severe and life threatening13. Mild symptoms are often non-specific 
and can generally be treated with fluid restriction or oral hypertonic 
saline13,15,18. Severe EAH or exercise associated hyponatremia encepha-
lopathy (EAHE) with cerebral oedema is a life-threatening condition 
and prompt treatment with intravenous hypertonic saline is necessary 
to avoid unfavourable outcomes and fatalities15,17,19,20. Prevention, early 
recognition and appropriate treatment of EAH is important to reduce 
the burden of this illness15,16,21,22. 

We summarized the pertinent literature related to EAH in this edu-
cational review and give an overview of the definition, pathophysiology, 
history, incidence, risk factors, clinical signs and symptoms, diagnosis, 
treatment and prevention of EAH. Further we are giving practical advice 
and recommendations for athletes participating at endurance events, 
as well as for the medical staff caring for those athletes. 

Definition

EAH is defined as a serum sodium concentration [Na+] below stan-
dard laboratory measurements of < 135mmol/L either during or up to 24 
hours after exercise13,15,20. EAH can be classified as mild ([Na+] of 130-134 
mmol/L), moderate ([Na+] of 125-129 mmol/L), or severe ([Na+] <125 
mmol/L)13,15,20. Clinically it may be asymptomatic or symptomatic with 
mild, moderate or severe clinical features13,23,24. Clinical symptoms may 
not correspond to the severity in drop in serum sodium concertation 
but with the speed in which this decline occurs13,20. Severe symptomatic 
EAH or EAHE can present as life-threatening medical emergency and 
prompt recognition and treatment is necessary to avoid fatalities13,21. 
Severe cases can also lead to EAH with pulmonary oedema14.

Pathophysiology

There are several factors involved in the pathophysiology of EAH 
(Figure 1). The main underlying mechanisms are overconsumption of 
fluids and inappropriate secretion of the hormone arginine vasopressin 
(AVP)13,15. Drinking beyond thirst and/or overconsumption of fluids 
beyond fluid losses during exercise (such as sweat, urine or insensible 
fluid losses) lead to a dilutional hyponatremia, resulting in a relative 
excess of body water in relation to the total content of exchangeable 
body sodium13,16. 

Most symptomatic cases have been observed with overcon-
sumption of fluids and weight gain or inadequate weight loss25,26 but 
symptomatic EAH has also been described with dehydration27, although 
this is rare. The other main mechanisms is the inappropriate secretion 
of AVP or anti diuretic hormone (ADH)13. AVP is the main hormone 
regulating the water and fluid balance within the human body. The 
secretion of AVP is regulated through changes in plasma osmolality 
but can also be stimulated via non-osmotic stimuli such as stress, pain, 
nausea, vomiting, hypoglycaemia, heat, non-steroidal anti-inflammatory 
(NSAID) and IL613,15,16. These non-osmotic stimuli, often encountered 
in ultra-endurance events, lead to an inappropriate secretion of AVP 
and can further exacerbate fluid retention, and worsening symptoms 
of EAH13,15,16,28-30. 

There are a number of other contributing factors, which exacerbate 
the development of EAH, such as the rapid absorption of fluids from 
the gastro-intestinal tract after exercise cessation, through an increase 
in splanchnic blood flow15. Other factors that are less well investigated 
include the inability to mobilize the non-osmotic form of sodium which 
is bound to bone, skin and cartilage and the activation of the renin 
angiotensin aldosterone system with decrease in renal filtration and 
reduction in water excretion15,26,31 and sodium losses through sweat 
and urine through elevated levels of atrial natriuretic peptide (ANP) and 
brain natriuretic peptide (BNP)32,33.

EAHE is a severe form of EAH with neurological affectation due 
increased intracranial pressure from cerebral oedema. This form is due 
to a low serum sodium concentration in the cerebral blood flow when 
extra cellular water follows an osmotic gradient into the intracellular 
compartment causing swelling or oedema. This can also occur in the 
lungs, leading to pulmonary oedema13.

Figure 1. Pathophysiological mechanisms leading to exercise 
associated hyponatremia. 

The two larger circles represent the main underlying cause. AVP=arginine vasopressin, 
ANP=atrial natriuretic peptide, BNP=brain natriuretic peptide, GI=gastro-intestinal. 
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Historical perspective

EAH was first described in 1981 by Tim Noakes34 during the Comra-
des Marathon in South Africa. The first scientific publication in 1985 
described four cases of endurance athletes with severe hyponatremia35. 
Shortly afterwards further reports of EAH were published36. Since then, 
a growing number of reports about EAH exists, including cases of fa-
talities14,15,17,19,25. Interestingly, up to 1969, athletes were advised not to 
consume fluids during exercise and to avoid drinking altogether37 and 
no cases of EAH were reported. This advice subsequently changed and 
between 1987-2007 the American College of Sports Medicine (ACSM) 
and the US Military advised to drink as much as tolerable during exercise, 
supported by the drink industry37,38. This may have led to a rise in cases 
of EAH. The current advice is to drink to thirst, which not only provides 
an effective preventative strategy for EAH but also has positive effects 
on performance15,39-42. 

Incidence according to type of sports 

EAH develops during exercise, with less than 1% of athletes having 
low pre-race sodium concentrations13. The incidence of EAH varies 
among sports with the highest numbers being reported in rowers, 
during a four week training camp43. In running the incidence seems 
to increase with an increase in exercise duration14,44,45. For example, no 
reports are available in half-marathon distance runners46 whereas in ma-
rathon running, reports range from 0 to 22% with an average incidence 
of around 8%14. In ultra-endurance distances the average incidence in 
races below 100 km is <1%, in 100 km races < 3% and races with 100 
miles distances this grows to over 20%14 with some races reporting inci-
dences of up to 51%24. In multi stage ultra-distance events the incidence 
goes up to 42%, however all of those athletes were asymptomatic23.

Similarly, for triathlon, the incidence of EAH increases with increa-
sing race distance. The incidence in Ironman triathlons has been repor-
ted to be around 20%47 whereas in Triple Iron ultra-triathlon distance 
this goes up to 26%48. 

In long-distance open-water swimming, 36% of women and 8% of 
men showed biochemical signs of EAH49. In road cycling and mountain 
biking, the incidence is generally lower ranging from no reported cases 
to 12%32,50-52, but severe cases of EAH53 and EAHE can occur27. Incidence 
among rugby players has been reported to be 33% after a rugby match15. 

Fatalities are rare but have been reported in runners, triathletes, 
canoeists, hikers, American football players, soldiers and the police14-16,54.

Risk factors

The development of EAH is multifactorial and several risk factors 
have been described (Table 1). However, the main risk factor is overhy-
dration13. Exercise duration over 4 hours, event inexperience, inadequate 
training, slow running pace, high or low body mass index (BMI), availa-
bility of fluids at races are all associated risk factors13,15,16. 

The first case of EAH was documented in a women34,35 but apparent 
sex differences with an increased incidence in women is not statistically 
significant13. Women may be more at risk however due to an increased 
fluid intake compared to men55,56. Extreme temperature range seems to 
be a risk factor, especially in thermal stressing environments especially 

in the heat but also in extreme cold57,58. Heat seems to be a risk factor 
with more cases reported in extreme environmental conditions23,24,58-61. 
Humidity may also be a risk factor62. In temperate climates, EAH is relati-
vely uncommon14,48,51,63,64. Interestingly enough, the geographic location 
seems to have an influence on EAH incidence, as races in Northern 
America14,24,45,60,65,66 have shown higher numbers of EAH compared to 
European races14,51,67. In other geographical areas such as South Africa, 
Asia or Oceania cases of EAH are less likely and rare14,28,49,68,69. 

Clinical signs and symptoms

In the early stages of EAH, symptoms are fairly non-specific13,15 and 
are summarized in Table 2. A high index of suspicion of EAH should be 

Table 1. Risk factors for the development of exercise associated 
hyponatraemia.

	− Overconsumption of fluids

	− Exercise duration over 4 hours

	− Event inexperience

	− Inadequate training

	− High or low body mass index (BMI)

	− Female sex

	− Use of non-steroidal anti-inflammatory drugs (NSAID)

	− Thermal stressing environment (extreme heat, cold, humidity)

	− Geographical location where race is held

Table 2. Symptoms of mild symptomatic cases of exercise-asso-
ciated hyponatremia (EAH) and treatment.

Symptoms 

Often non-specific and can vary between athletes
	− Nausea

	− Vomiting

	− Dizziness

	− Weakness

	− Light headiness

	− Adynamia

	− Fatigue

Treatment

−	Restrict oral fluid intake until free-flowing urination

−	If athlete is alert and able to tolerate oral fluids provide oral 
hypertonic fluids

−	Oral hypertonic fluids may include 3% NaCl (100ml) or other 
hypertonic solutions with high sodium concentrations (e.g. 
concentrated bouillon) 

−	If athlete is unable to tolerate oral fluids or symptoms are not 
improving or are progressing use intravenous bolus of 100 mL 3% 
NaCl (hypertonic saline) as per severe cases of EAH

	− Bloatedness

	− Increase in body weight

	− Tremor

	− Muscle cramps

	− Puffiness

	− Headache

	− Oliguria
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warranted especially if there is a history of overhydration. Care must 
also be taken not to miss other medical conditions that may present 
in a similar way12,70. Onsite [Na+] measurement can aid in the correct 
diagnosis but this is not always available or possible70. If symptoms 
progress or in cases of EAHE or rapid decrease in serum sodium levels 
symptoms may include confusion, agitation, altered mental state, 
dyspnoea or phantom running (Table 3). This may progress to seizure 
activities or coma, which constitutes a medical emergency and prompt 
recognition and treatment is warranted13,15,16,19. Deaths have also been 
reported from EAH13.

Diagnosis

The correct diagnosis is made biochemically with serum sodium 
concentrations of < 135 mmol/L13. However, on-site sodium measure-
ments during competitions are not always available or feasible in remote 
environments. Empirical treatment is recommended in the absence of 
biochemical results13.

Treatment

Treatment strategies depend on clinical symptoms. Asymptomatic 
athletes generally do not require any active form of treatment but ad-
vice about proper fluid consumption is advisable (e.g. drink to thirst). 
Fluids can be restricted until onset of urination or oral hypertonic saline 
solutions may be given in order to reduce the risk of progression to 
symptomatic EAH13,16. 

Treatment strategies for mild symptomatic cases of EAH are sum-
marized in Table 213. If patients are not improving or are unable to tolerate 
oral fluids, intravenous administration of fluids is recommended, as in 
severe cases of EAH or EAHE (Table 3)13. If onsite [Na+] measurement 
is not available, empirically lifesaving treatment with intravenous hy-
pertonic saline solution should be given as this empirical treatment is 
unlikely to cause any harm even if the presumed diagnosis is wrong13,15. 
Emergency transfer to the nearest hospital should be arranged, espe-
cially if recovery is slow or delayed13. 

Prevention

As the main mechanism for the development of EAH is the 
overconsumption of fluids the most effective preventative measure 
is an adequate fluid intake. This can be achieved through drinking to 
thirst13-15,37,66. It is important to know that sports drinks are hypotonic 
when compared to plasma and overconsumption can also lead to 
EAH and do not offer any protection13. In the past the sports industry 
heavily promoted the consumption of sports drinks and overzealous 
fluid consumption71. Care needs to be taken when replacing sodium 
losses with salt tablets, although offering theoretical benefits and 
possibly slowing down the development or progression of EAH, salt 
tablets can increase thirst and thus lead to overconsumption of fluids 
thus aiding in the development of EAH25,72. Another contributing factor 
for the development of EAH is the use of NSAID13, which is widely used 
among ultra-endurance athletes73. An important aspect of prevention 
is education and information about EAH is available on trusted websites 
in English and Spanish (www.ultrasportsscience.org).

Advice for athletes

It is important for athletes and coaches to be aware of proper hy-
dration strategies during ultra-endurance events and that the current 
guidance of drinking to thirst are followed, which effectively can prevent 
the development of EAH without decrements in performance13 (Table 
4). Although sport drinks are often used with the belief that replacing 
lost electrolytes or sodium can prevent EAH this is however not correct, 

Table 3. Symptoms and treatment of severe cases of exercise-asso-
ciated hyponatremia (EAH) and exercise associated hyponatraemic 
encephalopathy (EAHE). ABC (Airway, Breathing, Circulation).

Symptoms 

	− Fatigue 

	− Confusion

	− Agitation

	− Lethargy

	− Altered mental state

	− Disorientation

Treatment

−	Emergency assessment (ABC)
−	Onsite serum sodium concentration [Na+] measurement if 

available
−	If measurement unavailable treat empirically
−	Intravenous access (i.v.)
−	I.v. bolus of 100 mL 3% NaCl (hypertonic saline), every 10 min at 

least twice or until clinical improvement 
−	Alternatively, other comparable solution containing sodium can be 

used (e.g. 10 mL of 20% NaCl)
−	Arrange emergency transport to nearest medical facility

	− Somnolence

	− Dyspnoea

	− Gait disorders

	− Change of personality

	− Seizures

	− Coma

Table 4. Practical advice on exercise associated hyponatraemia 
(EAH) for athletes and coaches. NSAID (non-steroidal anti-inflam-
matory drugs).

	− Drink to thirst
	− Overconsumption of fluids is the main risk factor
	− Sports drinks cannot prevent EAH when overconsumption takes 

place
	− Salt tablets do not offer protection so use with caution
	− Do not use NSAID in training or competition
	− Be well prepared for competition
	− Acclimatize when competing in hot environments
	− Educational material is available on trusted websites
	− EAH can kill and knowledge about this condition and recognition 

is vital for everyone involved in endurance sports

	− Alert and teach other athletes and coaches about EAH
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as sports drinks are hypotonic and when overconsuming can lead to 
EAH. This also applies to the ingestion of salt tablets that may slow 
down the development of EAH, but the high salt content can increase 
thirst which again leads to overhydration and EAH. Athletes also need 
to be aware of certain medications, especially NSAID, that can aid the 
development of EAH. EAH is a serious medical conditions and deaths 
have been reported so being aware of this condition, its symptoms and 
signs and risk factors is important for athletes. When talking to other 
athletes sharing the knowledge about this is paramount. This will be 
important in reducing the medical complications arising from EAH and 
help reducing the incidence of EAH. 

Advice for medical personnel

Medical personnel should be aware of EAH, its symptoms, patho-
genesis and treatment (Table 5). It may be difficult to recognise EAH 
in its early stages, but prompt recognition and appropriate treatment 
can reduce the disease burden. When planning for medical care it is 
therefore important to have all the necessary medical equipment (in-
travenous giving set, hypertonic saline solution etc.) within the medical 
facilities and depending on competition onsite blood analysers. Pre-race 
planning should include evacuation procedures and knowledge and 
contact details of the nearest hospitals. An information leaflet about EAH 
accompanying the patient to the hospital with pertinent treatment may 
be helpful as receiving staff at these facilities may not be aware of EAH 
and its treatment. Liberal fluid availability at some races has promoted 
the development of EAH, so careful planning when organising a race is 
important13. Educating other health care professionals or giving advice 
on proper hydration on race websites can also be an important factor 
in reducing the incidence of EAH. Leaflets, online teaching resources or 
congresses are available to train and update medical staff. 

Conclusion

Endurance activities are popular, and participation is growing. 
Proper hydration is important for performance and avoiding medical 
problems. Overconsumption of fluids is the main mechanism, in combi-
nation with inadequate secretion of the hormone arginine vasopressin, 
in the development of exercise associated hyponatraemia (EAH). Most 
cases of EAH are mild but serious compilations and deaths have occu-
rred. Intravenous administration of hypertonic saline solution can be 
lifesaving in severe cases. Prevention focuses on adopting a hydration 
strategy where fluids are consumed by drinking to thirst. Educating 
athletes, coaches and medical personnel about EAH is important. 

Conflict of interest

The authors declare no conflict of interest.

Bibliography
	 1. 	 Ahmadyar B, Rüst CA, Rosemann T, Knechtle B. Participation and performance trends 

in elderly marathoners in four of the world’s largest marathons during 2004–2011. 
Springerplus. 2015;4:465.

	 2. 	 Knechtle B, Scheer V, Nikolaidis PT, Sousa CV. Participation and performance trends 
in the oldest 100-km ultramarathon in the world. Int J Environ Res Public Health. 
2020;17:1719. 

	 3. 	 Scheer V. Participation trends of ultra endurance events. Sports Med Arthrosc Rev. 
2019;27:3–7. 

	 4. 	 Scheer V, Di Gangi S, Villiger E, Rosemann T, Nikolaidis PT, Knechtle B. Participation 
and performance analysis in children and adolescents competing in time-limited 
ultra-endurance running events. Int J Environ Res Public Health. 2020;17:1628. 

	 5. 	 Vitti A, Nikolaidis PT, Villiger E, Onywera V, Knechtle B. The “New York City Marathon”: 
participation and performance trends of 1.2M runners during half-century. Res Sports 
Med. 2019;1–17. 

	 6. 	 Nikolaidis PT, Knechtle B. Pacing profiles in age group cross-country skiers in the 
Vasaloppet 2012-2016. Chin J Physiol. 2017;60:293–300. 

	 7. 	 Gloor RU, Knechtle B, Knechtle P, Rüst CA, Haupt S, Rosemann T, et al. Sex-related trends 
in participation and performance in the ‘Swiss Bike Masters’ from 1994–2012. Percept 
Mot Skills. 2013;116:640–54. 

	 8. 	 Knechtle B, Knechtle P, Lepers R. Participation and performance trends in ultra-triathlons 
from 1985 to 2009. Scand J Med Sci Sports. 2011;21:e82-90. 

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

	 10. 	 Scheer BV, Murray A. Al Andalus Ultra Trail: an observation of medical interventions 
during a 219-km, 5-day ultramarathon stage race. Clin J Sport Med. 2011;21:444–6. 

	 11. 	 Scheer BV, Reljic D, Murray A, Costa RJS. The enemy of the feet: blisters in ultraendurance 
runners. J Am Podiatr Med Assoc. 2014;104:473–8. 

	 12. 	 Scheer BV, Murray DA. Ultramarathon running injuries. In: Doral MN, Karlsson J, editors. 
Sports Injuries. Springer Berlin Heidelberg. 2015:2889–98.

	 13. 	 Hew-Butler T, Rosner MH, Fowkes-Godek S, Dugas JP, Hoffman MD, Lewis DP, et al. 
Statement of the 3rd international exercise-associated hyponatremia consensus 
development conference, Carlsbad, California, 2015. Br J Sports Med. 2015;49:1432–46. 

	 14. 	 Knechtle B, Chlíbková D, Papadopoulou S, Mantzorou M, Rosemann T, Nikolaidis PT. 
Exercise-associated hyponatremia in endurance and ultra-endurance performance-
aspects of sex, race location, ambient temperature, sports discipline, and length of 
performance: a narrative review. Medicina (Kaunas). 2019;26:55.

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

	 16. 	 Scheer V, Hoffman M. Exercise-associated hyponatremia: practical guide to its re-
cognition, treatment and avoidance during prolonged exercise. Dtsch Z Sportmed. 
2018;2018:311–8. 

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

	 18. 	 Bridges E, Altherwi T, Correa JA, Hew-Butler T. Oral hypertonic saline is effective in 
reversing acute mild-to-moderate symptomatic exercise -associated hyponatremia. 
Clin J Sport Med. 2018: 23.

Table 5. Practical advice of exercise associated hyponatraemia 
(EAH) for medical personnel.

	− EAH can kill
	− Knowledge about EAH and recognition of clinical signs is 

paramount for the medical team involved in endurance sports
	− Consider availability of equipment for on-site serum sodium [Na+] 

measurement during competition
	− Consider providing pre-race briefing about proper hydration 

(drink to thirst) and advice on EAH to athletes and coaches
	− Consider adequate fluid availability at event 
	− Pre-race planning of evacuation procedures and nearest medical 

facilities
	− Consider preparing information leaflets on EAH for receiving 

medical team when transferring patient, as they may not be 
familiar with this condition

	− Online learning resources and congress are available for further 
advice

	− Hypertonic saline should be part of the mandatory medical 
equipment of health care professional providing care at 
endurance events



Exercise associated hyponatremia in endurance sports: a review with practical recommendations

265Arch Med Deporte 2020;37(4):260-265

	 19. 	 Nolte HW, Hew-Butler T, Noakes TD, Duvenage CSJ. Exercise-associated hyponatremic 
encephalopathy and exertional heatstroke in a soldier: High rates of fluid intake during 
exercise caused rather than prevented a fatal outcome. Phys Sportsmed. 2015;43:93-8. 

	 20. 	 Hew-Butler T, Anley C, Schwartz P, Noakes T. The treatment of symptomatic hypona-
tremia with hypertonic saline in an Ironman triathlete. Clin J Sport Med. 2007;17:68–9.

	 21. 	 Knechtle B, Chlíbková D, Nikolaidis PT. Exercise-associated hyponatremia in endurance 
performance. Praxis (Bern 1994). 2019;108:615–32. 

	 22. 	 O’Connor RE. Exercise-induced hyponatremia: causes, risks, prevention, and manage-
ment. Cleve Clin J Med. 2006;73:S13-18. 

	 23. 	 Costa RJS, Teixeira A, Rama L, Swancott AJM, Hardy LD, Lee B, et al. Water and sodium in-
take 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 J. 
2013;12:13.

	 24. 	 Hoffman MD, Hew-Butler T, Stuempfle KJ. Exercise-associated hyponatremia and 
hydration status in 161-km ultramarathoners. Med Sci Sports Exerc. 2013;45:784–91.

	 25. 	 Hoffman MD, Stuempfle KJ, Sullivan K, Weiss RH. Exercise-associated hyponatremia 
with exertional rhabdomyolysis: importance of proper treatment. Clin Nephrol. 
2015;83:235–42. 

	 26. 	 Noakes TD, Sharwood K, Speedy D, Hew T, Reid S, Dugas J, et al. Three independent 
biological mechanisms cause exercise-associated hyponatremia: evidence from 
2,135 weighed competitive athletic performances. Proc Natl Acad Sci USA. 2005 
20;102:18550–5. 

	 27. 	 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;16:289–93. 

	 28. 	 Hew-Butler T, Jordaan E, Stuempfle KJ, Speedy DB, Siegel AJ, Noakes TD, et al. Osmotic 
and nonosmotic regulation of arginine vasopressin during prolonged endurance 
exercise. J Clin Endocrinol Metab. 2008;93:2072–8. 

	 29. 	 Hew-Butler T. Arginine vasopressin, fluid balance and exercise: is exercise-associated hy-
ponatraemia a disorder of arginine vasopressin secretion? Sports Med. 2010;40:459–79. 

	 30. 	 Wade CE. Response, regulation, and actions of vasopressin during exercise: a review. 
Med Sci Sports Exerc. 1984;16:506–11. 

	 31. 	 Hew-Butler T, Stuempfle KJ, Hoffman MD. Bone: an acute buffer of plasma sodium 
during exhaustive exercise? Horm Metab Res. 2013;45:697–700.

	 32. 	 Harris G, Reid S, Sikaris K, McCrory P. Hyponatremia is associated with higher NT-proBNP 
than normonatremia after prolonged exercise. Clin J Sport Med. 2012;22:488–94. 

	 33. 	 Zelingher J, Putterman C, Ilan Y, Dann EJ, Zveibil F, Shvil Y, et al. Case series: hyponatremia 
associated with moderate exercise. Am J Med Sci. 1996;311:86–91.

	 34. 	 Rosner MH, Kirven J. Exercise-associated hyponatremia. Clin J Am Soc Nephrol. 2007;2: 
151–61. 

	 35. 	 Noakes TD, Goodwin N, Rayner BL, Branken T, Taylor RK. Water intoxication: a possible 
complication during endurance exercise. Med Sci Sports Exerc. 1985;17:370–5. 

	 36. 	 Frizzell RT, Lang GH, Lowance DC, Lathan SR. Hyponatremia and ultramarathon running. 
JAMA. 1986;255:772–4. 

	 37. 	 Noakes TD. Is drinking to thirst optimum? Ann Nutr Metab. 2010;57:9–17. 

	 38. 	 Cotter JD, Thornton SN, Lee JK, Laursen PB. Are we being drowned in hydration advice? 
Thirsty for more? Extrem Physiol Med. 2014;3:18. 

	 39. 	 Tam N, Nolte HW, Noakes TD. Changes in total body water content during running races 
of 21.1 km and 56 km in athletes drinking ad libitum. Clin J Sport Med. 2011;21:218–25. 

	 40. 	 Hoffman MD, Snipe RMJ, Costa RJS. Ad libitum drinking adequately supports hy-
dration during 2 h of running in different ambient temperatures. Eur J Appl Physiol. 
2018;118:2687–97. 

	 41. 	 Goulet EDB. Effect of exercise-induced dehydration on time-trial exercise performance: 
a meta-analysis. Br J Sports Med. 2011;45:1149–56.

	 42. 	 Goulet EDB. Dehydration and endurance performance in competitive athletes. Nutr 
Rev. 2012;70:S132-136. 

	 43. 	 Mayer CU, Treff G, Fenske WK, Blouin K, Steinacker JM, Allolio B. High incidence of hy-
ponatremia in rowers during a four-week training camp. Am J Med. 2015;128:1144–51. 

	 44. 	 Urso C, Brucculeri S, Caimi G. Physiopathological, epidemiological, clinical and thera-
peutic aspects of exercise-associated hyponatremia. J Clin Med. 2014;3:1258–75.

	 45. 	 Rogers IR, Hook G, Stuempfle KJ, Hoffman MD, 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;21:200–3. 

	 46. 	 Martinez-Cano JP, Cortes-Castillo V, Martinez-Villa J, Ramos JC, Uribe JP. Dysnatremia 
among runners in a half marathon performed under warm and humid conditions. 
BMJ Open Sport Exerc Med. 2018;4:e000351. 

	 47. 	 Speedy DB, Campbell R, Mulligan G, Robinson DJ, Walker C, Gallagher P, et al. Weight 
changes and serum sodium concentrations after an ultradistance multisport triathlon. 
Clin J Sport Med. 1997;7:100–3. 

	 48. 	 Rüst CA, 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;55:147–55.

	 49. 	 Wagner S, Knechtle B, Knechtle P, Rüst CA, Rosemann T. Higher prevalence of exercise-
associated hyponatremia in female than in male open-water ultra-endurance swim-
mers: the “Marathon-Swim” in Lake Zurich. Eur J Appl Physiol. 2012;112:1095–106. 

	 50. 	 Hew-Butler T, Dugas JP, Noakes TD, Verbalis JG. Changes in plasma arginine vasopres-
sin concentrations in cyclists participating in a 109-km cycle race. Br J Sports Med. 
2010;44:594–7. 

	 51. 	 Knechtle B, Knechtle P, Rosemann T. No case of exercise-associated hyponatremia 
in male ultra-endurance mountain bikers in the “Swiss Bike Masters.” Chin J Physiol. 
2011;54:379–84. 

	 52. 	 Chlíbková D, Rosemann T, Posch L, Matoušek R, Knechtle B. Pre- and post-race hydration 
status in hyponatremic and non-hyponatremic ultra-endurance athletes. Chin J Physiol. 
2016;59:173–83. 

	 53. 	 Khodaee M, Luyten D, Hew-Butler T. Exercise-associated hyponatremia in an ultra-
endurance mountain biker: a case report. Sports Health. 2013;5:334–6. 

	 54. 	 Myers TM, Hoffman MD. Hiker fatality from severe hyponatremia in Grand Canyon 
National Park. Wilderness Environ Med. 2015;26:371–4. 

	 55. 	 Weitkunat T, Knechtle B, Knechtle P, Rüst CA, Rosemann T. Body composition and 
hydration status changes in male and female open-water swimmers during an ultra-
endurance event. J Sports Sci. 2012;30:1003–13. 

	 56. 	 Baker LB, Munce TA, Kenney WL. Sex differences in voluntary fluid intake by older 
adults during exercise. Med Sci Sports Exerc. 2005;37:789–96. 

	 57. 	 Stuempfle KJ, Lehmann DR, Case HS, Hughes SL, Evans D. Change in serum sodium 
concentration during a cold weather ultradistance race. Clin J Sport Med. 2003;13:171–5. 

	 58. 	 Stuempfle KJ, Lehmann DR, Case HS, Bailey S, Hughes SL, McKenzie J, et al. Hypona-
tremia in a cold weather ultraendurance race. Alaska Med. 2002;44:51–5. 

	 59. 	 Backer HD, Shopes E, Collins SL, Barkan H. Exertional heat illness and hyponatremia in 
hikers. Am J Emerg Med. 1999;17:532–9. 

	 60. 	 Oh RC, Malave B, Chaltry JD. Collapse in the heat - from overhydration to the emergency 
room - three cases of exercise-associated hyponatremia associated with exertional 
heat illness. Mil Med. 2018 01;183:e225–8. 

	 61. 	 Lebus DK, Casazza GA, Hoffman MD, Van Loan MD. Can changes in body mass and 
total body water accurately predict hyponatremia after a 161-km running race? Clin 
J Sport Med. 2010;20:193–9. 

	 62. 	 Tan DW, Yap SH, Wang M, Fan PW, Teo YS, Krishnasamy P, et al. Body mass changes 
across a variety of running race distances in the tropics. Sports Med Open. 2015;2:26. 

	 63. 	 Knechtle B, Knechtle P, Rüst CA, Gnädinger M, Imoberdorf R, Kohler G, et al. Regulation 
of electrolyte and fluid metabolism in multi-stage ultra-marathoners. Horm Metab Res. 
2012;44:919–26. 

	 64. 	 Bürge J, Knechtle B, Knechtle P, Gnädinger M, Rüst CA, Rüst AC, et al. Maintained serum 
sodium in male ultra-marathoners--the role of fluid intake, vasopressin, and aldosterone 
in fluid and electrolyte regulation. Horm Metab Res. 2011;43:646–52. 

	 65.	 Chorley J, Cianca J, Divine J. Risk factors for exercise-associated hyponatremia in non-
elite marathon runners. Clin J Sport Med. 2007;17:471–7. 

	 66. 	 Hoffman MD, Stuempfle KJ, Rogers IR, Weschler LB, Hew-Butler T. Hyponatremia in the 
2009 161-km Western States Endurance Run. Int J Sports Physiol Perform. 2012;7:6–10. 

	 67. 	 Rüst CA, Knechtle B, Joleska I, Knechtle P, Wirth A, Imoberdorf R, et al. Is the prevalence 
of exercise-associated hyponatremia higher in female than in male 100-km ultra-
marathoners? Hum Mov. 2018;13:94–101.

	 68. 	 Lee JKW, Nio AQX, Ang WH, Johnson C, Aziz AR, Lim CL, et al. First reported cases of 
exercise-associated hyponatremia in Asia. Int J Sports Med. 2011;32:297–302. 

	 69. 	 Scotney B, Reid S. Body Weight, Serum sodium levels, and renal function in an ultra-
distance mountain run. Clin J Sport Med. 2015;25:341–6. 

	 70. 	 Hoffman MD, Pasternak A, Rogers IR, Khodaee M, Hill JC, Townes DA, et al. Medical 
services at ultra-endurance foot races in remote environments: medical issues and 
consensus guidelines. Sports Med. 2014;44:1055–69. 

	 71. 	 Beltrami FG, Hew-Butler T, Noakes TD. Drinking policies and exercise-associated hypo-
natraemia: is anyone still promoting overdrinking? Br J Sports Med. 2008;42:796–801.

	 72. 	 Hoffman MD, Myers TM. Case study: symptomatic exercise-associated hyponatremia in an 
endurance runner despite sodium supplementation. Int J Sport Nutr Exerc Metab.;25:603–6.

	 73. 	 Scheer BV, Burgos EV. The hidden danger of endurance races: analgesic use among 
ultramarathon runners. Br J Sports Med. 2013;47:e3. 


