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[Purpose] Exercise-associated hyponatremia (EAH) 
is a well-known condition among endurance athletes 
at low altitudes. The incidence of EAH during ultramar-
athons at high altitudes warrants further investigation. 
This prospective observational study was conducted 
on the participants of the Leadville Trail 100 run, a 161-
km race held at a high altitude (2,800 m-3,840 m).

[Methods] Venous blood samples were collected 
before and immediately after the race. The participants 
completed an electronic survey after the race. Our 
main outcome measure was the post-race serum sodi-
um ([Na+]) level.

[Results] Of the 672 athletes who started the race, 351 
(52%) successfully completed the event within the 30-
hour cut-off. Post-race blood samples were collected 
from 84 runners (66 finishers). Both pre- and post-race 
blood samples were collected from 37 participants. 
Twenty percent of the post-race participants had EAH. 
Only one post-race participant had a [Na+] level of <130 
mmol/L. All participants with EAH were asymptomatic. 
One participant had an abnormal pre-race [Na+] level 
(134 mmol/L). Female participants had a significantly 
higher rate of EAH than male participants (40% vs. 
16%; p=0.039). Age, body mass index, weight chang-
es, race completion status, nonsteroidal anti-inflam-
matory drug use, and urine specific gravity were not 
associated with the development of EAH. Lower post-
race [Na+] levels were associated with higher serum 
creatine kinase values (R2=0.1, p<0.005).

[Conclusion] High altitude (3,840 m peak) does not 
appear to enhance the incidence of EAH after an ul-
tramarathon footrace. This suggests that ambient tem-
perature (low temperatures reduce risk), sex (female 
predilection), endurance running, and overhydration 
are more prominent risk factors for EAH than high alti-
tude.
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INTRODUCTION
An ultramarathon is defined as any race longer than the classic mara-

thon distance of 42.2 km. As such, the popularity of ultramarathons has 
increased significantly over the past few decades1,2. Our understanding 
of the physiological effects of strenuous endurance exercise continues to 
improve, although significant gaps in our knowledge remain. One of the 
most serious and preventable medical derangements seen after endurance 
sports is exercise-associated hyponatremia (EAH). EAH is biochemically 
defined as a serum sodium ([Na+]) concentration level <135 mmol/L, 
documented during or immediately after exercise3-5. The EAH has been 
reported to occur in <1-51% of the participants after different sporting 
events3-7. EAH can be asymptomatic or symptomatic, with life-threaten-
ing complications, such as seizures and death in severe cases3,5,8,9. The 
risk factors for developing EAH include the duration of exercise, specific 
sporting activity, female sex, high ambient temperature, overdrinking, 
and possibly nonsteroidal anti-inflammatory drug (NSAID) use3,4,7,10. The 
incidence of EAH is higher in ultra-endurance events than in short-du-
ration events6,7,11,12, with more reports of EAH after ultramarathons and 
triathlons than after cycling and running marathons7,13,14. 

The effects of endurance exercise on other electrolytes seem minor15; 
however, further study is required. Additionally, the effects of moderate 
to high altitudes on EAH and electrolyte balance remain underexplored. 
A previous investigation performed on 11 marathon runners demonstrated 
that serum [Na+] was significantly lower (approximately 132 mmol/L) 
after a marathon performed at an altitude of 2,650 m than at sea level 
(approximately 145 mmol/L)16. Symptomatic EAH has also been confirmed 
in an otherwise healthy hiker during a 3-day hike above 2,400 m9. EAH 
may be exacerbated at high altitudes from altitude-mediated, non-os-
motic stimulation of the antidiuretic hormone, arginine vasopressin 
(AVP)16. Non-osmotic AVP stimulation would hypothetically increase 
the risk of EAH in athletes from a syndrome of inappropriate secretion 
of antidiuretic hormone-like pathological mechanism17; although, this 
pathophysiological mechanism has been challenged by other studies18. 
Additionally, hypoxia may exacerbate the development of EAH encepha-
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lopathy, which puts athletes at an enhanced risk of more dire 
EAH-related complications19. Therefore, the primary pur-
pose of this study was to investigate the incidence of EAH 
in the participants of the Leadville Trail 100, a high-altitude 
ultramarathon footrace. The secondary purpose was to eval-
uate additional risk factors for the development of EAH in 
this population. We hypothesized that the incidence of EAH 
would increase at the Leadville Trail 100, compared with the 
incidence of EAH at ultramarathon footraces conducted at 
lower altitudes because of the potential for altitude-induced 
non-osmotic AVP secretion exacerbating fluid retention (and 
dilutional EAH).

METHODS
The study was conducted during the Leadville Trail 100 

run near Leadville, Colorado, in August 2014. We used 
data from weather stations near the course to determine the 
meteorological conditions during the race. At the start (4:00 
AM) of the race on August 16, 2014, the temperature was 
2°C with light wind. The temperature rose to approximately 
22°C, and the wind speed was approximately 16 km/h by 
late afternoon. There was no precipitation and the average 
humidity was 57% (range: 22-92%). Runners had to pass 
the finish line within 30 h to successfully complete the race. 
The weather was similar on August 17, 2014. All runners 
were weighed using digital scales a day before the race at 
the 50-mile aid station and the finish line. The study was 
open to all runners who were interested in participating. A 
total of 111 runners volunteered to participate in the study. 
Of the samples collected, 64 were pre-race and 84 were 
post-race samples. We collected both pre- and post-race 
blood samples from 37 runners. Information on urine anal-
ysis has been published elsewhere20. There was no compen-
sation for participating in the study; however, the athletes 
were informed about their test results. We recruited partici-
pants during the pre-race medical check-in (a day before the 
race) meeting and at the post-race finish aid station. Blood 
samples were collected on the morning of the day before 
the race and at the finish line to determine whether the run-
ners finished the race or dropped out of the race. However, 
we collected blood samples from a substantial number of 
non-finishers at the 50-mile aid station, as it was the major 
drop-out location. Blood samples were collected within 30 

min after the completion of the race or when the participants 
dropped out at the 50-mile aid station. For runners who 
dropped out in the second half of the race and participated 
in the study, blood collection occurred within 2 h of drop-
ping out. A total of 3 mL of blood was drawn into heparin-
ized tubes through the antecubital vein while the participant 
was seated. The samples were refrigerated and transported 
to the University of Colorado Hospital laboratory within 24 
h. Blood test analysis included analysis of a comprehensive 
metabolic panel (e.g., serum electrolytes, serum renal and 
liver function tests) and serum creatine kinase (CK) levels.

Runners’ characteristics, medical history, and race per-
formance were available through online pre- and post-race 
questionnaires and other studies associated with the race. 
Runners who provided post-race blood samples were eval-
uated by clinicians at the finish line or other medical aid 
stations. All runners who provided blood samples were con-
tacted for any symptoms through an electronic survey 1-2 
weeks after the race. More information on the methodology 
and other analyses of this study are available elsewhere21, 22. 
The Colorado Multiple Institutional Review Board and the 
Leadville Race Series approved the study. The runners pro-
vided written informed consent before participating in this 
study.

Statistical analyses were conducted using IBM SPSS 
(version 26.0, SPSS, Inc., Chicago, IL, USA). Descriptive 
statistics were used to examine the frequency, mean, medi-
an, and range of all variables. As [Na+] and other electro-
lytes were not normally distributed (one-sample Kolmogor-
ov-Smirnov test was p<0.001), non-parametric (Wilcoxon 
and Mann-Whitney U tests) analyses were performed. 
Bivariate nominal comparisons were made using the chi-
square test. A Wilcoxon matched-pairs test for paired sam-
ples was used to assess the impact of the race on the data 
obtained in the two predetermined moments (pre- and post-
race). Statistical significance was set at p<0.05. A binary 
multiple logistic regression was used to evaluate the associ-
ations between several variables and the presence of EAH.

RESULTS
Of the 669 athletes who started the ultramarathon, 352 

(53%) successfully completed the race in <30 h (Table 1 and 
Fig. 1). Most runners were males (84%). We collected both 

Participant characteristics
Participants with 
pre-race samples

(n=64)

Participants with 
post-race samples

 (n=84)

Participants with 
both pre- and post-
race samples (n=37)

All runners  
in the race

(n=669)
Age (year); mean ± SD* 42.7 ± 9.6 42.1 ± 9.0 43.1 ± 10.0 40.3 ± 8.6
Sex; n (%)
       Male 51 (79.7) 69 (82.1) 29 (78.4) 560 (83.7)
       Female 13 (20.3) 15 (17.9) 8 (21.6) 109 (16.3)
BMI (kg/m2); mean ± SD 23.3 ± 2.4 22.8 ± 2.1 22.7 ± 2.4 23.4 ± 2.3
Race completion status; n (%)
       Finished 30 (46.9) 66 (78.6) 28 (75.7) 352 (52.6)
       Did not finish 34 (53.1) 18 (21.4) 9 (24.3) 317 (47.4)

Table 1. Demographic information of the participants.

SD, standard deviation; BMI, body mass index. 
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pre- and post-race blood samples from 37 runners. 
Of the 84 runners whose blood samples were collected 

after the race, 18 did not successfully complete the race (Ta-
ble 1 and Fig. 1). Of the 37 runners who provided us with 
pre- and post-race samples, the mean serum [Na+] levels 
decreased (Table 2 and Figure 2) from 138.4 ± 1.7 mmol/
L (range; 134-142 mmol/L) to 135.8 ± 3.0 mmol/L (range; 
131-141 mmol/L) (p<0.001).

The mean post-race [Na+] level (Table 3 and Figure 2) 
of all 84 runners was 136.4 ± 2.7 mmol/L (range; 129-143 
mmol/L). 

Of the 84 runners with post-race samples, 17 (20%) had 
EAH (Table 4). On average, finishers lost 0.84% (standard 
deviation ± 2.34%) of their weight after completing the 
race. Table 4 summarizes the association between individual 
variables and the incidence of EAH. 

None of the runners in the study reported any symp-
toms after the race through our post-race electronic survey 
(92% response rate). The binary multiple logistic regression 
showed that only post-race serum CK levels were signifi-
cantly correlated with the incidence of EAH. We also found 
that there was no association between the average months of 

Figure 1. Venn diagram of the race and study participants.
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Figure legends 

Figure 1. Venn diagram of the race and study participants 

 

Figure 2. Box plot of the serum sodium [Na+] levels among runners with both pre- and post- race samples, runners with pre-race samples, and 
runners with post-race samples.
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Figure 2. Box plot of the serum sodium [Na
+

] levels among runners with both pre- and post- race samples, runners with pre-race samples, 

and runners with post-race samples 

 

 

Table 2. Changes in the serum electrolyte levels of 37 runners before and after the race.

Laboratory (RR) Pre-race mean ± SD  
(range)

Post-race mean ± SD 
(range)

p value 
(Wilcoxon)

Sodium (135-145 mmol/L) 138.4 ± 1.7 (134-142) 135.8 ± 3.0 (131-141) 0.000*
Potassium (3.5-5.1 mmol/L) 4.3 ± 0.4 (3.8-5.4) 4.1 ± 0.4 (3.4-5) 0.069
Chloride (98-108 mmol/L) 103.9 ± 1.7 (100-107) 100.5 ± 3.7 (94-108) 0.000*

Carbon dioxide (21-31 mmol/L) 27.1 ± 1.9 (23-32) 24.4 ± 3.0 (17-30) 0.000*
Calcium (8.6 - 10.3 mg/dL) 9.8 ± 0.3 (9.0-10.4) 9.6 ± 0.4 (8.7-10.3) 0.047*

RR, reference range; SD, standard deviation; *statistically significant but clinically non-significant changes.
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training and previous attempts (successful or unsuccessful) 
to complete any 161-km ultramarathons and the incidence 
of EAH. The incidence of EAH in the univariable logistic 
regression was higher among female than among male run-
ners (40% vs. 16%; p<0.05) (Table 4). However, this minor 
difference disappeared (p=0.066) when binary multiple lo-
gistic regression analyses were performed (Table 4). There 
was a linear correlation between lower [Na+] levels and 
higher CK levels post-race (R2=0.1, p<0.005), which has 
been published elsewhere21. Only two runners had potassi-
um ([K+]) levels beyond the reference range (3.4 mmol/L 
and 5.2 mmol/L) post-race (Table 5). 

The means and ranges of other electrolytes post-race 
among the runners are summarized in Table 5. Results from 
other blood and urine tests are reported in detail in our pre-

vious studies20-23. Based on the electronic survey conducted 
1-2 weeks after the race, none of the athletes whose blood 
samples were collected visited an emergency department or 
a physician’s office after the race. 

DISCUSSION
Our data indicated that the incidence of EAH was lower 

than anticipated based on previous reports16. As mentioned 
in the Introduction, in another study conducted at a high 
altitude, 11 well-trained high-altitude natives (born, raised, 
and trained at 2,600 m) participated in two standard distance 
marathons (42.2 km), one at a high altitude (2,650 m), and 
the other at a low altitude (470 m)16. In the high altitude 

Table 4. Relative risk estimates predicting exercise-associated hyponatremia (n=17) among 84 runners after the race.

SD, standard deviation; BMI, body mass index; NSAIDs, nonsteroidal anti-inflammatory drugs; CK, creatine kinase; *statistically significant; †used χ2 for categorical 
variables and non-parametric test (Mann-Whitney U test) for continuous variables; €specific gravity was categorized as 1=1.000, 2=1.005, 3=1.010, 4=1.015, 5=1.020, 
6=1.025, 7=1.030.

Participants 
with EAH  

(n=17)

Participants 
without EAH  

(n=67)

Significance (p-value) 
of univariable logistic 

regression†

Significance (p-value) of 
binary multiple logistic 

regression
Age (year); mean ± SD 43.1 ± 8.4 41.8 ± 9.2 0.582 0.391
Sex; n (%) 0.039* 0.066
       Male 11 (15.9) 58 (84.1)
       Female 6 (40.0) 9 (60.0)
BMI (kg/m2); mean ± SD 22.3 ± 1.8 22.9 ± 2.2 0.564 0.691
Race completion status; n (%) 0.836 1.000
       Finished 13 (19.7) 53 (80.3)*
       Did not finish 4 (22.2) 14 (77.8)
Race completion time (h:min); 
mean ± SD 27:33 ± 2:10 27:42 ± 1:52 0.635 0.389

Percentage of weight change only 
among finishers ± SD -0.33 ± 1.71 -1.56 ± 2.15 0.148 0.083

Use of NSAIDs 1-2 days before the 
race 0 (0.0) 16 (100.0) 0.024* 0.999

Use of NSAIDs during the race 3 (17.6) 14 (82.4) 0.745 0.965
Post-race CK (U/L); mean ± SD 21,890 ± 24,665 11,028 ± 10,570 0.000* 0.039*
Post-race urine specific gravity€; 
mean ± SD 5.1 ± 1.8 4.8 ± 1.8 0.551 0.347

Table 5. Post-race serum electrolyte levels of finishers vs. non-finishers (n=84).

RR, reference range; SD, standard deviation; * statistically significant but clinically non-significant differences.

Laboratory (RR) Finishers mean ± SD (n=66) Non-finishers mean ± SD (n=18) p-value (Mann-Whitney U test)
Sodium (135-145 mmol/L) 136.4 ± 2.6 136.3 ± 2.9 0.882

Potassium (3.5-5.1 mmol/L) 4.0 ± 0.3 4.3 ± 0.4 0.003*
Chloride (98-108 mmol/L) 100.9 ± 3.3 101.1 ± 3.6 0.926

Carbon dioxide (21-31 mmol/L) 23.8 ± 2.7 25.4 ± 3.2 0.024*
Calcium (8.6-10.3 mg/dL) 9.7 ± 0.4 10.0 ± 0.4 0.003*

Table 3. Serum electrolyte levels of 84 runners after the race.

RR, reference range; SD, standard deviation. 

Laboratory (RR) Mean ± SD Range Number of runners with out-of-range levels
Sodium (135-145 mmol/L) 136.4 ± 2.7 129-143 17 below the RR (20.2%)

Potassium (3.5-5.1 mmol/L) 4.1 ± 0.4 3.4-5.2 1 below (1.2%) and 1 above the RR (1.2%)
Chloride (98-108 mmol/L) 101.0 ± 3.4 93-108 10 below the RR (11.9%)

Carbon dioxide (21-31 mmol/L) 24.2 ± 2.9 17-30 9 below the RR (10.7%)
Calcium (8.6-10.3 mg/dL) 9.7 ± 0.4 8.7-10.8 6 above the RR (7.1%)
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marathon, the mean post-race serum [Na+] for the entire 
cohort was 131.7 mmol/L (pre-race 144.3 mmol/L), where-
as after the low altitude marathon, the post-race [Na+] was 
144.7 mmol/L (pre-race 142.9 mmol/L)16. The authors of 
that study originally hypothesized that dysnatremia might 
occur from enhanced renal water and [Na+] excretion as a 
physiological adaptation to high altitude and hypothesized it 
as a potential risk factor in their study16.

In the current study, only 20% of the 84 runners tested 
at the end of the race were biochemically diagnosed with 
hyponatremia (serum [Na+] <135 mmol/L). In our study, the 
20% incidence of asymptomatic EAH was lower than the 
incidence of EAH reported after other ultramarathon races 
conducted closer to the sea level. For example, Seal et al.24 
documented a 65% incidence of EAH after a 246 km race, 
whereas Lebus et al.25 confirmed that 51.2% of 45 race fin-
ishers developed asymptomatic EAH by the end of the race. 
Additionally, Cairns et al.26 demonstrated that 66.7% of 15 
participants developed asymptomatic EAH at some point 
during an ultramarathon (and continued running), whereas 
only 26.7% of these runners had post-race EAH. Another 
study investigating EAH at high altitude (2,780 m) in ultra-
marathon (44 km) runners documented an 8% (5/62 run-
ners) incidence of biochemical EAH at the end of the race27. 
Thus, it appears that altitude alone is not a pathogenic risk 
factor in the development of EAH and that other factors, 
such as high temperature24-26,28 and overdrinking4, are likely 
to have greater pathophysiological significance in the patho-
genesis of EAH.

The current results also identified female sex and NSAID 
ingestion as risk factors for the development of EAH in 
our asymptomatic cohort. Female sex has been widely 
speculated to be a risk factor for the development of severe 
consequences of EAH6,8. However, another study clarified 
that women were at greater risk for developing dilutional 
hyponatremia, primarily due to their smaller body mass 
index and slower race times29. Additionally, although one 
study has confirmed that NSAIDs augment fluid retention 
during exercise30, data directly implicating NSAIDs in the 
development of EAH remain conflicted4 and are more likely 
to represent a permissive factor of overdrinking. 

The runners in the current cohort who developed EAH 
also lost the least body weight (-0.33 kg) compared with 
runners who did not develop EAH (-1.56 kg), although this 
difference was not statistically significant (p=0.08). This 
trend towards maintaining body weight (rather than losing 
weight during a 161-km run) suggests that overdrinking 
with or without fluid retention was likely to contribute to-
wards EAH4 while also highlighting the difficulties of using 
body weight as an accurate surrogate measure of natremia 
in longer races31. 

Notably, no significant difference in serum [Na+] was 
documented between finishers and non-finishers. The in-
cidence of EAH in non-finishers is largely unknown, as 
biochemical testing during races remains logistically prob-
lematic. Only Cairns et al. have been able to measure serum 
[Na+] during an ultramarathon race. Although Cairns et al. 
discovered that 66.7% of their small cohort became hypona-

tremic at least once during (or immediately following) the 
ultramarathon race, their entire cohort managed to complete 
the event. Future studies should investigate serum electro-
lyte derangements in non-finishers along the course to more 
fully evaluate whether EAH is a risk factor for dropping out 
of races. 

The current study also assessed changes in other ions, 
([K+], chloride, and carbon dioxide [CO2] –a surrogate 
measure for bicarbonate) thought to contribute to osmotic 
equilibrium32, as well as the divalent cation, calcium/[Ca2+], 
to assess possible overall dilution of ions within the vascular 
space. Although natremia mathematically drives osmotic 
equilibrium33, the contribution of other monovalent ions to 
actual clinical sequelae remains underexplored. Curiously, 
we found that race finishers demonstrated a decrease in all 
ions (Table 2), which would hypothetically represent an 
overall dilution within the vascular space rather than selec-
tive electrolyte depletion through sweat34. We also found 
that non-finishers demonstrated significant increases in 
serum [K+], [Ca2+], and [CO2] than race finishers (Table 5). 
These extracellular ionic changes (beyond highly regulated 
natremia changes) between finishers and non-finishers re-
quire further pathophysiological and clinical clarification in 
the future15. 

Future studies should also investigate the incidence of 
EAH in high-altitude races between natives of high- and 
low-altitude areas, which may partially explain the differ-
ences between our results (largely non-natives) vs. those of 
Schmidt et al. (high-altitude natives)16. Although none of the 
participants with EAH in the present study were symptom-
atic, the potential differences between severe symptomatic 
EAH9 and acute mountain sickness19 warrant further inves-
tigation because there is the potential for overlap and misdi-
agnosis between the two potentially fatal entities35.

Our study has several limitations. First, as this was an 
observational study, we could not make a definitive state-
ment on the causality of the abnormal results. Second, using 
a convenient sample size, we may have an underpowered 
sample. However, we were able to recruit a considerable 
number of participants (including drop-outs) compared 
with previous studies. Third, as we did not measure the he-
moglobin and hematocrit, we were unable to calculate the 
plasma volume, which may have some potential effects on 
the serum [Na+] level. Fourth, we did not possibly account 
for certain unknown confounders. Fifth, as we were unable 
to measure the runners’ fluid and electrolyte intake, this 
may have affected the results of serum electrolytes. Finally, 
because every ultramarathon race is unique, we cannot com-
pletely extrapolate these results to other races. 

In summary, we found that the incidence of EAH was 
lower in this ultramarathon than that reported in previous 
studies. We believe this is possibly due to the relatively 
cooler temperatures during this race compared with sim-
ilar races. There was also a significant difference in EAH 
between the sexes, which was no longer significant in the 
multiple logistic regression analyses. The effect of altitude 
on EAH appears to be minimal; however, it warrants further 
investigation with larger cohorts, a more critical assessment 
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of natives vs. non-natives, and acclimatization status. We 
recommend that ultramarathon medical teams establish a 
protocol to assess the feasibility and usefulness of measur-
ing serum [Na+] levels in suspected athletes, particularly at 
the finish line for each specific race36,37. 
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