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To evaluate the role of fluid and Na� balance in the development
of exercise-associated hyponatremia (EAH), changes in serum Na�

concentrations ([Na�]) and in body weight were analyzed in 2,135
athletes in endurance events. Eighty-nine percent of athletes
completed these events either euhydrated (39%) or with weight
loss (50%) and with normal (80%) or elevated (13%) serum [Na�].
Of 231 (11%) athletes who gained weight during exercise, 70%
were normonatremic or hypernatremic, 19% had a serum [Na�]
between 129–135 mmol�liter, and 11% a serum [Na�] of <129
mmol�liter. Serum [Na�] after racing was a linear function with a
negative slope of the body weight change during exercise. The
final serum [Na�] in a subset of 18 subjects was predicted from the
amount of Na� that remained osmotically inactive at the comple-
tion of the trial. Weight gain consequent to excessive fluid con-
sumption was the principal cause of a reduced serum [Na�] after
exercise, yet most (70%) subjects who gained weight maintained
or increased serum [Na�], requiring the addition of significant
amounts of Na� (>500 mmol) into an expanded volume of total
body water. This Na� likely originated from osmotically inactive,
exchangeable stores. Thus, EAH occurs in athletes who (i) drink to
excess during exercise, (ii) retain excess fluid because of inade-
quate suppression of antidiuretic hormone secretion, and (iii)
osmotically inactivate circulating Na� or fail to mobilize osmoti-
cally inactive sodium from internal stores. EAH can be prevented by
insuring that athletes do not drink to excess during exercise, which
has been known since 1985.

endurance � exchangeable Na� stores � fluid overload � overdrinking �
syndrome of inappropriate ADH secretion

There have been eight reported fatalities from exercise-
associated hyponatremic encephalopathy (EAHE) in marathon

runners (1–6) and Army recruits (7–9) in the past 8 years. All deaths
have occurred in the United States. The incidence of exercise-
associated hyponatremia (EAH) (1, 2, 10–12) has also increased
substantially during the same period in the United States. In
contrast, EAH has become less common in South Africa (13–15),
where the condition was first described (16) and in New Zealand
(17), where it was once more prevalent (17–26). The reasons for this
anomaly clearly invite scientific inquiry.

Some argue that EAH is caused by dehydration associated with
large Na� losses (27–33). In contrast, others propose that the most
dangerous form of EAH, EAHE, occurs only in athletes who retain
fluid in excess during exercise and who do not have a greater Na�

deficit after racing than do control runners without EAH (13, 26,
34) and that the condition can be reproduced in athletes who ingest
fluid to excess at rest even without the development of a significant
Na� deficit (21, 35).

A theoretical diagram explaining how serum Na� concentration
[Na�] will alter with changes in Na� and fluid balance has been
published (figure 6.4 in ref. 36). In this model, weight loss during
exercise causes hyponatremia as a result of dehydration and large,

unreplaced Na� losses (29). In contrast, excessive drinking leading
to weight gain reduces the serum [Na�] by the dilution of the
equally reduced whole-body Na� content in an expanded volume of
total body water (TBW). According to this theory, a plot of serum
[Na�] and body weight change during exercise must be in the form
of an inverted-U (36) (Fig. 4, which is published as supporting
information on the PNAS web site).

There are no reports of EAH before 1981 (37), when athletes
were advised to avoid drinking during exercise (38). Rather athletes
developed elevated serum [Na�] (hypernatremia) during exercise
(39–46). Since the first scientific description of EAH (16), a number
of studies have reported serum [Na�] after exercise and associated
body weight changes in competitors in endurance events, including
42-km marathon footraces (12, 47) and 226-km Ironman triathlons
(13–15, 20, 22, 24, 26, 48). In addition are a large number of
individual case studies of athletes treated for EAHE (5, 18, 23, 25,
27, 34, 49–54). Analysis of these data should be sufficient to identify
the alterations in fluid and Na� balance necessary to cause EAH.

We have combined and reanalyzed our previous data as well as
the currently published case reports to answer the following three
questions. First, does a plot of serum [Na�] after racing against body
weight change during exercise confirm the inverted-U relationship
predicted by the theory that EAH is caused by a large Na� deficit
associated with dehydration or overhydration (29, 30, 36)? Second,
do athletes who develop EAHE (1, 3–9) gain or lose weight during
these competitions? Third, is there any evidence that the storage of
osmotically active Na� in an osmotically inactive form contributes
to the development of EAH as occurs in other forms of hypona-
tremia (55, 56)?

Materials and Methods
Definitions of Terms. EAH is defined as the occurrence of hypona-
tremia in individuals engaged in prolonged physical exercise and is
defined as a serum or plasma [Na�] below the reference range for
the laboratory performing the test. For most laboratories, this is a
[Na�] of �35 mmol�liter (57).

Two distinct forms of EAH are recognized (57); this distinction
is made on the basis of specific symptoms indicating altered
function of the CNS. Athletes with any typical CNS symptoms are
considered to have EAHE, whereas subjects without these specific
symptoms but with a serum [Na�] of �135 mmol�liter are diag-
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nosed as having asymptomatic hyponatremia. In view of the ret-
rospective nature of this study, we cannot be absolutely certain that
all cases of EAHE were correctly identified, but misclassification is
likely only in those with either mild or absent CNS symptoms.

Body weight changes and serum [Na�] after racing from eight
recent endurance events [1997 New Zealand 226-km Ironman
triathlon (24); 2000 and 2001 South Africa 226-km Ironman tria-
thlons (14, 15); 2004 New Zealand 226-km Ironman triathlon (48);
2002 Christchurch, New Zealand marathon (47); 2002 Boston
marathon (12); 2003 Houston marathon (unpublished data); 2003
109-km Argus Cycle Tour, Cape Town South Africa (54)] were
analyzed retrospectively for this study. Historical data were also
included: four athletes each in the 1966 Witney, Oxford, United
Kingdom 42-km marathon (40) and the 1970 Commonwealth
Games 42-km marathon in Edinburgh, United Kingdom (41); 13
athletes competing in the 1972 Cape Town 160-km footrace (46);
and 18 athletes in the 1976 42-km Jackie Gibson marathon in
Johannesburg (44).

Additional data collected from all cases of EAHE occurring in
marathon and Ironman triathlon events reported in the literature
(49, 51–54) and in which either the body weight changes during the
race or the fluid balance (difference between volumes of fluids
administered or ingested and urinary losses from the time of
hospital admission until the serum [Na�] normalized) changes
during recovery was reported were also included. The study sample
size is 2,135. Ethical approval was obtained from the Research
Ethics Committee of the Faculty of Health Sciences, University of
Cape Town (13–15, 54); the North Health Ethics Committee (24);
the Canterbury Ethics Committee (47); the Committee on Clinical
Investigation, Children’s Hospital (12); and the Waikato Ethics
Committee (48).

The detailed methodology is described in the published refer-
ences and involved weighing and reweighing athletes before and
after these races with blood drawn for the measurement of serum
[Na�].

At present, the best method to determine the level of dehydration
during exercise is to measure changes in TBW with deuterium oxide
(58). Because this is impractical in large field studies, we used
exercise-induced changes in body weight as a surrogate measure of
each athlete’s hydration status after racing. Because not all of the
weight lost during exercise represents a fluid deficit (22, 43, 59–62),
this method does not predict the exact changes in TBW. Instead on
the basis of the body weight change during exercise and certain
assumptions, we have classified all athletes into different subgroups
based on their probable fluid status at the end of the race. In
addition, we have also included a series of cut-off points for
different serum [Na�] after racing, according to the probability that
such low serum [Na�] levels are clinically important.

The different serum [Na�] cut-off points are the following: (i)
�145 mmol�liter is referred to as hypernatremia, (ii) 135–144.9
mmol�liter is defined as normonatremia, (iii) 129–134.9 mmol�liter
is defined as biochemical hyponatremia, and (iv) �128.9 mmol�liter
is defined as clinically significant hyponatremia. In addition, EAHE
was defined by the presence of specific CNS symptoms regardless
of the actual serum [Na�]. These cut-off points are based on our
joint clinical experience, which suggests that clinically significant
hyponatremia begins to appear when the serum [Na�] falls below
�129 mmol�liter (50). In chronic hyponatremia, symptoms of
encephalopathy are likely to develop only at even lower serum
[Na�] (55, 56).

The following cut-off points for weight changes were chosen: (i)
Weight gain more than �0.0 kg is a state of overhydration, (ii)
weight change between �0.01 and �3.0% body weight is consid-
ered to be euhydration, and (iii) weight change more than �3%
body weight indicates increasing levels of dehydration. The calcu-
lation for euhydration is based on the evidence that not all of the
weight lost during exercise is due to a fluid loss that needs to be
replaced to ensure euhydration. During a 42-km marathon footrace

or a 226-km Ironman triathlon, a total of �0.6–0.8 kg will be lost
from the irreversible oxidation of fuel reserves with the production
of �0.4 kg of metabolic water (22, 43, 59, 63). In addition, �1.5 kg
of water stored with glycogen will be released without reducing the
exchangeable TBW (43, 59). This water bound to glycogen repre-
sents a store of water that can be lost as sweat but which does not
contribute to any reduction in exchangeable TBW. Thus a total
weight loss of at least 2.2 kg (3.1%) could occur in a 70-kg athlete
who nevertheless completed the 226-km Ironman triathlon without
a change in TBW, that is, in a state of euhydration.

Detailed analysis was also performed of the fluid and electrolyte
balance of 18 subjects who were studied during recovery from EAH
of various severity (Tables 2 and 3, which are published as sup-
porting information on the PNAS web site). During recovery, these
athletes received either 0.9% saline i.v. (26, 34), oral food and fluids
for which the Na� content was known (23, 26), or nothing (13). The
details of these calculations are described in Supporting Text, which
is published as supporting information on the PNAS web site.

Statistical Analysis. Data were analyzed with STATISTICA 5.5 (Stat-
Soft, Tulsa, OK). A Pearson’s product moment correlation coef-
ficient was used to determine the relationship between serum [Na�]
after racing and the percentage change in body weight relative to
starting body weight before and after the endurance event. To
standardize data for differences in body weight, serum [Na�] after
racing was plotted against the percentage of weight change during
exercise. Statistical significance was accepted as P � 0.05.

Results
Fig. 1 shows the distribution of serum [Na�] after racing versus
relative weight changes (%) for the total group of 2,135 athletes.
There is a significant (P � 0.0001) linear relationship with a
negative slope between these two variables so that increasing levels
of weight loss are associated with higher serum [Na�]. There is no
evidence for an inverted-U-shaped relationship as required by the
alternate hypothesis of Armstrong (36) (Fig. 4).

Table 1 provides the detailed breakdown of all 2,135 athletes
classified into one of four groups on the basis of their serum [Na�]
after racing and into one of three groups on the basis of their
hydration state after racing. Table 1 shows that 1,712 athletes (80%
of total) finished these races with serum [Na�] between 135–145
mmol�liter, defined as normonatremia. The majority (51%) of
athletes with normonatremia were dehydrated (numbers read
horizontally). Of all of the athletes, 269 (13%) completed these
races hypernatremic with serum [Na�] of �145 mmol�liter. The
majority (59%) of these athletes were dehydrated.

One hundred twenty-three athletes (6% of total) finished with
serum [Na�] after racing of �135 mmol�liter but �128.9 mmol�
liter, defined as biochemical hyponatremia. Of athletes in this
group, 69% were either overhydrated (36%) or euhydrated (33%).
Six of these athletes were symptomatic, three of whom were
overhydrated; one was euhydrated; and two lost between �3.3 and
�5.3% body weight.

Thirty-one athletes (1% of total) finished races with serum [Na�]
of �128.9 mmol�liter, defined as clinically significant hyponatre-
mia. All of these athletes were either overhydrated (81%) or
euhydrated (19%); none were dehydrated. Eighteen of these ath-
letes were overhydrated and four were euhydrated (Fig. 1). Thus,
of the 24 athletes diagnosed with EAHE, the majority (75%) were
overhydrated and only 5% were dehydrated. It is possible that some
subjects with mild hyponatremia were incorrectly classified as
EAHE.

When analyzed by fluid status after racing, 231 athletes (11% of
total) finished these races overhydrated. Of this group, 70% had
serum [Na�] of �135 mmol�liter and were either hypernatremic
(5%) or normonatremic (65%). Of the remaining 30% of athletes
who were overhydrated, 19% developed biochemical hyponatre-
mia, but only 11% developed clinically significant hyponatremia.
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Of the total number of athletes, 827 (39%) finished these races
euhydrated, 82% of which also had normal serum [Na�]; 12% were
hypernatremic, 5% had biochemical hyponatremia, and six athletes
(1%) had serum [Na�] of �128.9 mmol�liter.

There were 1,077 athletes (50% of total) who completed these
races in a dehydrated state, 82% of which had normal serum [Na�];
15% were hypernatremic, and only 3% (38 athletes) had serum
[Na�] between 129 and 134.9 mmol�liter. No dehydrated athlete
had a serum [Na�] of �128.9 mmol�liter (Fig. 1).

The mean � SD serum [Na�] was 136.1 � 6.4 mmol�liter for
athletes who gained weight during these races; 140.5 � 3.7 mmol�
liter for those who finished the race euhydrated; 141.1 � 3.7
mmol�liter for those who were dehydrated and 140.3 � 4.3 mmol�
liter for the total group (Fig. 5, which is published as supporting
information on the PNAS web site). Serum [Na�] was therefore

significantly lower in the overhydrated group than in the euhydrated
(P � 0.001) or dehydrated (P � 0.001) groups. Serum [Na�] was
also significantly different between the euhydrated and dehydrated
groups (P � 0.001). Notably, the SD was much greater in the group
that gained weight during the race compared with the other groups.

Table 2 lists data from 18 athletes hospitalized for the treatment
of EAHE and in whom both the Na� deficit and whole-body fluid
excess was measured during their hospital recovery (23, 26, 34). The
mean Na� deficit (�E mmol) was �104 � 87 mmol (mean � SD).
Thirteen athletes had a Na� deficit less than �133 mmol, and the
largest Na� deficit was �307 mmol. This range of Na� deficit is not
different from values measured in a control group of runners who
completed ultramarathon races in South Africa with a mean Na�

deficit of 187 � 37 (mean � SEM) but who did not develop
hyponatremia (34, 64). The average fluid excess excreted during

Fig. 1. The relationship between the se-
rum [Na�] after racing and the weight
change during exercise in the 2,135 athletes
in this study is a linear function with a neg-
ative slope (P � 0.0001). Asymptomatic ath-
letes are denoted by F, and athletes with
symptoms considered compatible with
EAHE are denoted by E.

Table 1. Classification of 2,135 athletes on the basis of four different serum [Na�] and three
different states of hydration after racing

Category Hypernatremia Normonatremia
Biochemical

hyponatremia

Clinically
significant

hyponatremia Total

Overhydration
n 11 151 44 25 231
% [Na�] group 4 9 36 81 —
% BW group 5 65 19 11 —
% total 0.5 7 2 1 11

Euhydration
n 100 680 41 6 827
% [Na�] group 37 40 33 19 —
% BW group 12 82 5 1 —
% total 5 32 2 0.5 39

Dehydration
n 158 881 38 0 1,077
% [Na�] group 59 51 31 0 —
% BW group 15 82 3 0 —
% total 7 41 2 0 50

Total
n 269 1,712 123 31 2,135
% total 13 80 6 1 100

Values listed for ‘‘% BW group’’ refer to percentages of the groups of athletes categorized as overhydration,
euhydration, and dehydration, which are defined as changes in fluid level of less than �0%, between �3% and
�0.01%, and more than �3%, respectively. BW, body weight. Values listed for ‘‘% [Na�]’’ refer to percentages
of the groups of athletes categorized as hypernatremia, normonatremia, biochemical hyponatremia, and
clinically significant hyponatremia, which are defined as �145, 135–144.9, 129–134.9, and �128.9 mmol�liter
[Na�], respectively. Values for ‘‘% total’’ are percentages of the total group of 2,135 athletes.
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recovery in these subjects (�TBW) was 2.5 � 1.5 liters, indicating
that all were overhydrated (Table 2).

Predicted serum [Na�] after racing based on fluid and electrolyte
balance during the race exceeded the measured concentrations in
14 of these 18 athletes (Table 2, [Na�

2p] - [Na�
1p]), indicating the

loss of osmotically active Na� unaccounted for by external losses
incurred during the race. This loss most likely occurred through the
inactivation of osmotically active Na�. The amounts of Na� so
inactivated ranged from to �23 to �368 mmol and the mean � SD
of Na� inactivation for all 18 athletes was �82.9 � 154.3 mmol
(Table 2). The range of osmotic activation in the four runners who
showed the opposite response was from �9 to �214 mmol�liter.
These amounts can be compared with the estimated average of 9
mmol of Na� per kg of body weight that is likely to be osmotically
active but exchangeable (Supporting Text).

Table 3 uses the same calculations and logic to calculate the
amount of Na� that was osmotically activated or inactivated during
the period of recovery (Table 3) when the patient’s symptoms had
resolved (athletes 3, 7,12, and 14) or the serum [Na�] had returned
to the normal range (�135 mmol�liter). Eight athletes exhibited
osmotic activations of 27–357 mmol (mean, 152.9 � 110.0 mmol)
during recovery, whereas the remaining 10 athletes showed osmotic
inactivation of �5 to 382 mmol of Na� during recovery (mean,
�180.0 � �129.4 mmol). Differences in the extent of osmotic
activation or inactivation between groups were significant (P �
0.0001).

Subjects who osmotically activated sodium during recovery (Ta-
ble 3) finished the trial with significantly (P � 0.005) higher serum
[Na�] after racing than did those who osmotically inactivated Na�

during recovery (Table 3). Subjects who inactivated Na� during
recovery completed the trial with net Na� deficit compared with
the start of the trial because of persisting Na� inactivation (Table
3). As a result, total Na� balance from before the race to after
recovery was significantly different between groups (P � 0.005) and
was positive in the group that activated sodium during recovery.
There also was a significant linear relationship between the [Na�]
after recovery and the magnitude of the residual osmotic inactiva-
tion of Na� during exercise and recovery (Fig. 2).

Fig. 6, which is published as supporting information on the PNAS
web site, shows the risk to athletes of developing hyponatraemia of
various severity with different degrees of body weight change. Thus,
the probability was zero that an athlete who lost �6% body weight
would develop either a serum [Na�] � 135 mmol�liter or EAHE.
The risk that EAH would develop first arose at a body weight loss
of �6 to �2% and increased to �10% at a body weight change of
�2 to 0%. Thereafter, the risk rose progressively so that those with

a weight gain �4% had an �85% probability of developing EAH,
including a 45% probability of developing EAHE.

Fig. 3 summarizes the factors that explain how EAH develops.
Line A divides those who gained weight (to the left of the line) from
those who lost weight during exercise (to the right of the line). The
area between lines B and C defines serum [Na�] in the normal
range between 135 and 145 mmol�liter (normonatremia). Serum
[Na�] levels above line B are elevated above the normal range
(hypernatremia), whereas concentrations below line C are reduced
below the normal range (hyponatremia). Also indicated in Fig. 3 are
six zones, labeled D–I, that demarcate different combinations of
body weight change and serum [Na�]. This relationship is also
indicated for four different athletes (labeled w–z).

Discussion
There was a linear relationship with a negative slope between the
serum [Na�] after racing and the degree of weight loss in 2,135
athletes who completed 42-km marathon, 109-km cycling, or
226-km Ironman triathlon events on four continents (Fig. 1). This
finding refutes the prediction that a large acute Na� deficit asso-
ciated with weight loss is an important cause of EAH (29–31, 36).
Were that theory correct, this relationship would be in the form of
an inverted U (Fig. 4).

Instead, the reconfirmation (14, 15, 19, 20, 24, 33) of this linear
relationship with a negative slope in the largest sample yet reported
proves that factors determining body weight changes during exer-
cise are the principal determinants of the serum [Na�] after
exercise. Increasing levels of weight gain during exercise increased
the probability that EAH would occur (Fig. 5). Thus, athletes who
gained �4% body weight during exercise had a 45% probability of
developing EAHE.

Fig. 2. A significant linear (r2 � 0.85; P � 0.0001) relationship exists between
the serum [Na�] and the calculated residual sodium that remained osmotically
inactivated at the end of the study. Fig. 3. Three abnormalities are required for the development of EAH. The

majority of subjects maintain normal serum [Na�] (normonatremia) (groups E
and H between lines B and C), although they lose or gain weight during
prolonged exercise. For the serum [Na�] to fall to �129 mmol�liter, (most)
subjects must increase TBW by gaining weight (blocks D, E, and F to the left of
Line A) as a result of overdrinking with the development of SIADH. However,
the majority (70%) of athletes who gain weight during exercise nevertheless
maintain normal or elevated serum [Na�]. This extra Na� must originate from
the osmotically inactive, exchangeable sodium body stores. In addition, ath-
letes who develop severe EAH show inactivation of osmotically active Na�

during exercise (Table 2), with evidence for reactivation during recovery in
some athletes (Table 3). Subjects who develop hyponatremia without an
increase in TBW (Group I) may lose excessive amounts of Na� during exercise.
It is more likely that these athletes also osmotically inactivate Na� during
exercise or fail to activate osmotically inactive sodium to buffer the normal
sweat and urinary Na� losses during exercise. Points w, x, y, and z refer to
individual athletes as described in the text.
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The primary cause of such weight gain can only be the overcon-
sumption of fluid during exercise (4, 12) because of an exaggerated
thirst drive during exercise or because of behavioral conditioning
(65). However, even in the face of significant overconsumption of
fluid, weight gain should not normally occur (57). The maximum
excretory capacity of the kidneys is between 750 and 1,440 ml�h (21,
35, 66). Because the rate of sweating is �500 ml�h, even in slow
marathon runners (67), athletes should be able to safely ingest fluid
at rates in excess of 1.5 liters�h without the development of EAH.

Instead, it seems likely that fluid retention occurs at substantially
lower rates of fluid overconsumption (23, 26, 54, 68, 69) because of
the syndrome of inappropriate ADH secretion (SIADH) (55–57,
70, 71).

Thus, Fig. 3 shows that the inadequate suppression of ADH
secretion would produce the fluid retention that causes subjects
who drink to excess during exercise to gain weight and, thus, to
finish to the left of line A drawn at a weight change of 0%. Two lines
of evidence argue that the overconsumption of fluid and SIADH
cannot be the sole etiological factors for this condition.

First is the finding that only 69 (30%) of the 231 subjects who
completed these races with a positive weight gain (Fig. 3, blocks
D–F, and corresponding data in Fig. 1 and Table 1) developed EAH
(Fig. 3, block F, and corresponding data in Fig. 1 and Table 1). Thus,
another factor protected 70% of those who overdrank and gained
weight during exercise from developing EAH.

Second is the finding that at any degree of weight loss or gain, the
range of serum [Na�] after racing varied by as much as 34
mmol�liter (athletes with a weight loss of 0.5% in Fig. 1). For a
TBW of 40 liters, this difference in serum [Na] represents a
difference of 1,360 mmol (31 g of Na� or 80 of NaCl) in their
respective exchangeable, ionized Na� stores. There is no evidence
that such large differences in serum [Na�] exist before exercise in
healthy athletes (14, 15, 46, 51); thus, they must develop during
exercise. Nor could these differences be due to individual differ-
ences in Na� intake (usually �300 mmol) or Na� losses (usually
�300–500 mmol) (Table 2) during exercise.

The only possibility is that some athletes can mobilize the same
amount of Na� from internal sodium sources, the so-called osmot-
ically inactive, exchangeable sodium stores (72). Alternatively, some
athletes may prevent the inappropriate osmotic inactivation of Na�

during exercise. Already in 1936, Harrison et al. (73) reported that
‘‘about one-fourth of the total sodium in the body must exist in bone
and cartilage either in an insoluble compound or in a compound in
which the sodium is not dissociated’’ (p. 528), that is, in an
osmotically inactive form. Subsequently, a growing collection of
papers have considered the role of the osmotically inactive but
exchangeable sodium stores in health and disease (e.g., refs. 74–76).
Redistribution of Na� within these different stores during exercise
could explain the logical anomalies identified in Fig. 1.

Indeed, the data presented in Tables 2 and 3 provide evidence for
osmotic inactivation of Na� during exercise in 14 of 18 subjects who
developed EAH and whose fluid and Na� balance was studied
during recovery (Table 2). There was also evidence for reactivation
of osmotically inactive sodium during recovery in eight of these
subjects (Table 3). In general, the extent of inactivation (Table 2)
and subsequent reactivation (Table 3) was greatest in those with the
lowest serum [Na�] after racing so that the two athletes with the
lowest serum [Na�] after racing (113 mmol�liter) (Tables 2 and 3,
athletes 1 and 2) inactivated 368 and 262 mmol, respectively, during
the 90-km Comrades marathon and then reactivated essentially the
same amounts (357 and 228 mmol, respectively) during recovery.

Na� inactivation continued during recovery in 10 athletes (Table
3) so that there was a significant inverse relationship between the
serum [Na�] at the end of the study and the total amount of sodium
that remained osmotically inactivated at that time (Fig. 2). The
gradient of this relationship is defined by the size of the TBW for
this group and predicts a TBW of 48.8 liters compared with the
likely real TBW of 38.5 liters (Table 2). Thus, the amount of

electrolyte that were osmotically modified during recovery was
underestimated by �27%. Simultaneous osmotic inactivation of
Na� and K� in a molar ratio of �2:1 would explain this finding.

We are not the first to identify the possible contribution of
osmotic inactivation of Na� in acute hyponatraemia (72). The
original studies of SIADH (56, 70, 71) reported that the quantities
of the Na� lost and the water retained could not explain the extent
by which serum [Na�] was reduced in severely hyponatraemic
patients or the extent to which it increased during recovery (56).
Rather, the conversion of osmotically active Na� to stored osmot-
ically inactive sodium was the probable explanation (56, 72) with
reactivation of osmotically inactive exchangeable sodium during
recovery (55), as we also show in our subjects (Table 3).

Thus, the 70% of athletes who overconsumed fluid in this study
maintained their serum [Na�] despite an increase in TBW during
exercise and sizeable Na� losses in sweat, because (i) they osmot-
ically activated sodium from exchangeable stores and (ii) they did
not osmotically inactivate Na� (and K�) during exercise. In con-
trast, athletes with the most severe EAH osmotically inactivated
substantial Na� during exercise (Table 2).

A failure to mobilize these exchangeable sodium stores to
compensate for the inevitable Na� losses would also explain why
the serum [Na�] can fall in some athletes who do not gain weight
during exercise (Fig. 3, block I, and relevant data in Fig. 1 and Table
1).

The magnitude of this effect is remarkable. For example, to
achieve their measured serum Na� concentrations after racing, the
athletes identified as w and x in Fig. 3 must have mobilized 588 and
�700 mmol Na� from the osmotically inactive stores over and
above the normal losses of �200 mmol Na� expected in the 42-km
marathon race that each ran. Similarly, the athlete with the lowest
serum [Na�] after racing (Table 3, athlete 1) reactivated 357 mmol
Na� during recovery.

In contrast, athletes y and z (Fig. 3) must either have lost in urine
and sweat or osmotically inactivated �700 and 448 mmol of Na� to
explain their respective serum Na� concentrations after racing.
Similarly, the subset of subjects who developed the most severe
EAH, osmotically inactivated �300 mmol of Na� during exercise
(Table 2) or up to 450 mmol during recovery (Table 3).

Accordingly, these data establish that EAH occurs as a result of
at least three different biological mechanisms working in tandem:
overdrinking; inappropriate ADH secretion; and a failure to mo-
bilize Na� from the osmotically inactive, exchangeable sodium
stores or, alternatively, osmotic inactivation of Na� as reported in
other conditions (72, 77, 78). Only in the presence of all three
abnormalities can athletes move from the normal response (Fig. 3,
Group H) to one in which fluid overload develops but the serum
[Na�] is protected (Fig. 3, Group E) or even increased (Fig. 3,
Group D) to the group in which EAH occurs (Fig. 3, Group F).

These findings have important clinical implications.
First, the vast majority (80%) of athletes (Table 1) homeostati-

cally regulate their serum [Na�] between 135–145 mmol�liter
despite losing or gaining TBW, even within the range of body weight
changes of �12 to �6% body weight (Fig. 1). This effective
homeostasis must result from the buffering effect of the exchange-
able osmotically inactive body sodium stores in response to the loss
of osmotically active Na� in urine and sweat during exercise and
simultaneous changes in TBW (78).

Second, subjects who maintained their serum [Na�] in the
presence of fluid overload (Fig. 3, blocks D and E, and relevant data
in Fig. 1 and Table 1) remained asymptomatic.

Third, it is frequently claimed that the ingestion of sports drinks
during prolonged exercise will prevent EAH (29, 32, 79–81).
However, persons with an increased TBW as a result of SIADH
retain fluid but excrete any Na� present in the ingested or infused
fluids (56) as a result of (i) suppression of aldosterone secretion
consequent to an increase in the extracellular fluid volume; (ii) an
increase in the filtered load of Na� resulting from an increase in the
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glomerular filtration rate; or (iii) suppression of proximal tubular
reabsorption of Na� in response to expansion of the extracellular
fluid volume, the so-called ‘‘third factor’’ effect. This third factor is
now considered to result from intrarenal hemodynamic factors, in
particular, an increased renal perfusion pressure (82).

Fluid retention with Na� excretion when hypotonic sports
drinks are ingested by athletes with SIADH must produce a
progressive hyponatremia as confirmed clinically (3, 12) and
experimentally (67, 83) and predicted mathematically (84).
Instead, athletes with SIADH and an increase in TBW can
increase their serum [Na�] only if they receive markedly hyper-
tonic Na� solutions orally or i.v. (1, 10), in part also to normalize
the TBW (as a result of the resulting osmotic diuresis). Only the
mobilization of the osmotically active exchangeable sodium
stores can prevent EAH in those who overdrink and those who
develop SIADH during prolonged exercise.

In summary, three independent mechanisms explain why some
athletes develop EAH and EAHE during and after prolonged
exercise: (i) overdrinking due to biological or psychological factors;
(ii) inappropriate ADH secretion, in particular, the failure to
suppress ADH secretion in the face of an increase in TBW; and (iii)

a failure to mobilize Na� from the osmotically inactive sodium
stores or alternatively inappropriate osmotic inactivation of circu-
lating Na�. Because the mechanisms causing factors ii and iii are
currently unknown, it follows that the prevention of EAH and
EAHE requires that athletes be encouraged to avoid overdrinking
during exercise, which has been known since 1985 (16) and clinically
proven since 1991 (34).

Guidelines that encourage overdrinking during exercise (32, 79,
80) should be modified (85) to negate the significant threat that
these guidelines continue to pose to the health of active exercisers
(4, 12, 18, 86).
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