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ABSTRACT
Blood samples were drawn from 6 National Football League 
players for baseline measures and then prior to morning prac-
tice on days 3, 5, and 9. Mean blood sodium level was lower 
on days 3 (136.9±0.6 mmol·L-1) and day 5 (138.1±0.6 mmol·L-1) 
compared to baseline (140.4±0.4 mmol·L-1) and day 9 (140.3±0.4 
mmol·L-1). Mean blood potassium level was higher on day 5 
(4.16±0.13 mmol·L-1) and day 9 (4.36±0.08 mmol·L-1) compared 
to baseline (3.77±0.15 mmol·L-1). Mean plasma volume was low-
er on day 3 (-4.9%±2.4%) compared to day 5 (4.5%±1.9%), and 
mean mass (days 2 through 9) was below baseline before and af-
ter practices. Blood sodium level declined by day 3 of preseason 
and was maintained at low normal levels at the expense of con-
tracted plasma volume. Increased resting blood potassium levels 
on days 5 and 9 indicated rhabdomyolysis. Increased consump-
tion of sodium is important for professional football players to 
maintain plasma volume during the first week of preseason.

Individual sweat rates vary and are dependent on en-
vironmental conditions such as ambient tempera-
ture, humidity, and airflow,1,2 as well as metabolic 

rate and the insulating effects of equipment.1,3,4 Addi-
tionally, the rate at which athletes sweat is related to body 

mass and body surface area.5,6 We reported higher sweat 
rates in collegiate football players compared to small-
er athletes,7 which likely was due to both genetic and 
physical size factors that determine sweat gland number, 
diameter, and total glandular size.5,8 Furthermore, foot-
ball players have a large body mass and fat-free mass, 
particularly when compared to smaller athletes such as 
runners, which contribute to a high metabolic rate when 
exercising at the same absolute work rate such as run-
ning speed.9,10 Finally, wearing protective equipment 
hinders heat dissipation via dry avenues, resulting in a 
greater reliance on the evaporation of sweat.3,4

Daily sweat losses of >9 L per day (range = 7.0 to 
>14.5 L per day) reported in collegiate players7 caused 
us to question whether electrolyte balance might be im-
portant to study in American football players.5,7,11,12 We 
recently documented sweat sodium losses in 3 groups of 
professional football players and reported average daily 
losses of 7.5±3.9 g per day in backs (n = 18), 9.9±5.3 g 
per day in linebackers and quarterbacks (n = 12), and 
12.5±7.8 g per day in linemen (n = 14).13 The potential for 
substantial sodium losses exists even in mild conditions, 
with mean sweat losses of ~4.5 L per day reported in pro-
fessional players practicing in a thermoneutral environ-
ment (wet-bulb globe temperature = 15.5°-19°C).14

Preseason training for teams in the National 
Football League (NFL) consists of several weeks of 
twice-a-day practices (two-a-days) during July and 
August. Sodium losses >12.5 g per day on consecu-
tive days could make it difficult for these athletes to 
maintain normal serum sodium concentrations, par-
ticularly when players are instructed to drink large 
volumes of fluid to approximate sweat losses. The 
extremely low urine sodium excretion in 4 samples 
per day and decreased plasma volume on the morn-
ing of the second and third day of preseason report-
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ed in collegiate football players would suggest this 
is the case.12 The 1996 American College of Sports 
Medicine exercise and fluid replacement guidelines 
promoted the hydration doctrine of “consume the 
maximal amount that can be tolerated” during ex-
ercise15 (this recently has been updated to include 
the need to be more individualized), and National 
Athletic Trainers’ Association fluid replacement 
guidelines state athletes should “drink about 25% 
to 50% more than sweat losses to assure optimal hy-
dration” after exercise.16 However, substantial sweat 
sodium losses combined with aggressive hydration 
practices aimed at replacing copious sweat losses 
actually could cause blood sodium concentration to 
decline, particularly if players are not consuming a 
high enough quantity of salt in their diet.17 There-
fore, the purpose of this field study was to measure 
blood and urine electrolytes, and to assess changes 
in body mass and plasma volume in NFL players 
who were not consuming sodium in excess of their 
normal diet and who were participating in two-a-
days in a warm and humid environment.

METHODS

Participants
Six football players from the same professional team 
who had a mean 3.8±2.5 years of playing experience in 
the NFL participated in the study. Seven players origi-
nally were recruited; however, one player sustained 
an injury and did not practice for several days, and 
therefore he was excluded from the study. The players 
represented a variety of positions: defensive back (2), 
receiver (1), special teams (1), and linemen (2). Physi-
cal characteristics of the participants are displayed in 
Table 1. All players were apprised of the risks involved 
with the study and signed consent forms. The study 

was approved by the lead author’s (SFG) institutional 
review board for human subjects subcommittee.

Procedures
Venous blood samples were collected from participants 
for baseline measures on arrival to camp. Blood was 
drawn from an antecubital vein via a 20-gauge needle 
while participants were seated in a chair for 10 minutes. 
Subsequent blood samples were obtained using the same 
technique prior to the morning practice on the third, 
fifth, and ninth days of preseason training camp. Urine 
samples were also collected from the players when base-
line blood samples were collected. Because urine elec-
trolyte excretion can be quite variable, a second urine 
sample was collected before practice on the first morn-
ing; this sample was averaged with the baseline sample 
and used for baseline measures to provide a better indi-
cation of electrolyte excretion instead of using a single 
sample. Subsequent urine samples were collected before 
and after all practices on days 3, 5, and 9. Baseline mass 
was recorded with the players dressed in dry shorts 
the day they reported to camp; under the supervision 
of a research assistant, all players were weighed before 
and after all practices while dressed in dry shorts or a 
towel.

Blood and Urine Measurements
Blood samples were analyzed immediately for sodium 
(Na+), potassium (K+), magnesium (Mg++), and ionized 
calcium (Ca++) by ion-selective electrode (AVL 988; 
Roche Diagnostics, Roswell Ga). Additionally, blood 
was placed in capillary tubes and spun in triplicate 
for determination of hematocrit, and hemoglobin was 
determined by a portable hemoglobin analyzer (He-
moCue, Mission Viejo, Calif). Percent change in plasma 
volume (%ΔPV) was calculated as described previously 
by Dill and Costill18 using hematocrit and hemoglobin. 
Urine samples also were analyzed for Na+ and K+, and 
for urine specific gravity by refractometry. Daily urine 

TA B l e  1

Physical Characteristics of the Players
ChARACTeRiSTiC MeAn±SD

Age (y) 25.5±2.6

Height (cm) 186.3±5.5

Mass (kg) 104±17.6

BSA (m2) 2.28±0.19

BSA·mass (cm2·kg-1) 222.2±11.9

BSA = body surface area.

TA B l e  2

Ambient Temperature, Relative 
humidity, and Wet-Bulb Temperatures

AM PRACTiCe PM PRACTiCe

Ambient temperature (°C) 20.6±0.4 26±1.8

Relative humidity (%) 87.3±8.1 68.0±19.2

Wet-bulb temperature (°C) 19.9±0.8 22.0±1.3
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measures for Na+ and K+ concentration were the aver-
age of 3 to 4 samples per day.

The dependent variables (blood and urine elec-
trolytes, urine specific gravity, %ΔPV, and change in 
body mass) were analyzed using 1-way ANOVA with 
repeated measures on the time factor (baseline and 
days 3, 5, and 9). Tukey’s post hoc testing was used 
when a significant F value was obtained with the alpha 
level set a priori at P < .05.

Team’s Hydration Protocol
The sports medicine staff for this professional team uses 
an aggressive hydration program, and the players are well 
educated about fluid replacement. Prior to each prac-
tice, cups of cold Gatorade® (Na+ = 19.1 mEq·L-1, K+ = 
3.4 mEq·L-1, and sugar from sucrose and high fructose 
corn syrup = 58 g per day, Chicago, Ill) are offered to all 
players as they enter the practice field. During practice, 
squeeze bottles of cold water and cups of Gatorade® are 
offered to players between nearly every repetition, and 
players can request that additional electrolytes (Gator-
lytes) be added to individual bottles of cold Gatorade®. 
After practice, bottles of water and Gatorade® with and 
without Gatorlytes are offered to players as they exit the 
field and are available in the locker rooms and athletic 
training room. Additionally, players have nearly constant 
access to fluids outside of the practice facility. Bottled wa-
ter and Gatorade® are available in the dining hall, outside 
of the meeting rooms, in the lobby of the dorms, and in 
the players’ refrigerators in their rooms.

There were no other electrolyte-containing fluids 
available to the players except for pickle juice that was 
kept in the athletic training room and provided on re-

quest in 2-oz portions before practice. Participants were 
instructed not to consume pickle juice, but other than 
that, there was no intervention for participants as they 
were told not to alter their preseason dietary and fluid 
replacement habits in anyway.

Preseason Schedule
Players participated in physical testing on the morning 
of day 1 and then practiced in shorts and helmets in the 
afternoon. All of the players practiced 2 times per day 
on days 2, 3, and 4. They wore full pads (helmet, shoul-
der pads, football pants with pads and jersey) for the 
morning practices and shorts and shells (lighter weight 
foam shoulder pads without the plastic outer shell) with 
a jersey for the afternoon practices. On days 5, 7, and 9, 
the entire team practiced in full pads in the morning and 
then there was special teams only practice (shorts and 
shells) in the afternoon. On Days 6 and 8, all of the play-
ers practiced twice, full pads in the morning and then 
shorts and shells in the afternoon. Three of the 6 partici-
pants were special team players and therefore practiced 
a total of 17 times from day 1 through day 9, whereas 
the other 3 players practiced a total of 14 times.

RESULTS

Environmental Conditions
Wet-bulb measures (Table 2) were calculated from am-
bient temperature and humidity readings recorded at 
the beginning, middle, and end of each practice from 

Figure 1. Mean blood sodium levels at baseline and on days 3, 5, and 
9. *Significantly different from baseline (P < .01) and day 9 (P < .05). 
(Normal range for blood sodium is 135-144 mmol/L). 

1

Figure 2. Mean blood potassium levels at baseline and on days 3, 5, 
and 9. *Significantly different from baseline (P < .01) and †significantly 
different from day 3 (P < .01). (Normal range for blood potassium is 
3.5-5.0 mmol/L).

2
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day 1 through day 9.

Blood and Urine Measures
Significant differences existed over time in both blood 
Na+ (F3,23 = 12.1, P = .0003) and K+ (F3,23 = 13.7, 
P = .0001). Blood Na+ on day 3 was significantly lower 
than baseline and day 9 (P <.01) but was not differ-
ent from day 5, which also was different from both 
baseline and day 9 (P < .05) (Figure 1). Compared to 
baseline, blood K+ was higher on days 5 and 9, and day 
9 was higher than day 3 (P < .01 for all) (Figure 2). 
No differences existed for either ionized Ca++ or blood 
Mg++. There was a significant difference for %ΔPV 
over time (F3,23 = 4.98, P = .013) as plasma volume was 
below baseline (~5%) on day 3 and significantly dif-
ferent from day 5 (4.5%±1.9% above baseline, P <.01) 
(Figure 3).

Urine Na+ concentration also differed over time 
(F3,23 = 4.5, P = .019) and was lower on days 3 and 
5 compared to baseline (P < .05), whereas urine K+ 
(F3,23 = 4.2, P = .024) was elevated above baseline (30±16 
mmol·L-1) by day 9 (69±28 mmol·L-1) (Figures 4 and 
5). Urine specific gravity across days (baseline = 1.012, 
day 3 = 1.0233, day 5 = 1.0213 and day 9 = 1.0252) ap-
proached but did not reach significance (P = .06).

Changes in Mass
Body mass recorded pre-morning (pre-AM) and post-
morning (post-AM) practice, and pre-afternoon (pre-
PM) and post-afternoon (post-PM) practice on days 2 
through 9 were analyzed as the percent change from 
baseline and were collapsed across days (F4,239 = 41.1, 
P < .0001) (Figure 6). Mass changed significantly from 

baseline at pre-AM (P < .05), and at post-AM, pre-
PM, and post-PM (P < .01 for all). Change in mass 
also was greater post-AM and post-PM compared to 
both pre-AM and pre-PM (P < .01).

DiSCUSSiOn
In response to the hypovolemia and extremely low uri-
nary sodium concentrations reported in college foot-
ball players,12 we hypothesized blood sodium levels 
would decline in NFL players during the first week of 
two-a-days. These players likely incur substantial so-
dium losses from consecutive days of heavy sweating 
but may not be attentive to increasing dietary sodium 
intake while consuming hypotonic fluids. Therefore, 
we were not surprised blood sodium was significantly 
lower on days 3 and 5 compared to baseline levels in 
these professional players who practiced in the heat 2 
times per day on consecutive days. We recently found a 
mean sweat (Na+) of 50.3±21.0 mmol·L-1 (range = 15 to 
99 mmol·L-1) in 44 professional football players during 
preseason training camp,13 which was similar (20 to 80 
mmol·L-1) to that reported in young, healthy men and 
women using total body washdown technique.19 Dur-
ing two-a-days, the average sodium loss in the linemen 
was 12.5 g, with one player losing >30 g in 1 day. Re-
placing 30 g of sodium (15 tsp of table salt) in the diet 
would be extremely difficult and clearly impossible to 
consume in a sports drink as it would require the con-
sumption of 65 L of Gatorade® (adding 13,742 kcal to 
the diet).13 Sodium losses of this magnitude without 
adequate replacement would help to explain the lower 
blood sodium concentrations on days 3 and 5 compared 
to baseline in these NFL players.

Figure 3. Percent change in plasma volume from baseline on days 3, 
5, and 9. *Significantly different from day 3 (P < .01).

3

Figure 4. Urine sodium excretion at baseline and on days 3, 5, and 9. 
*Significantly different from baseline and day 9 (P < .05).

4
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Importantly, to preserve a state of fluid and electrolyte 
homeostasis, the body will maintain blood sodium levels 
within a normal range (135 to 145 mmol·L-1) by reducing 
(or expanding as in the case of fluid overload) the volume 
of solvent (plasma) in which the sodium is dissolved.20 
This was shown by Romero et al21 who sodium deprived 
subjects (dietary Na+ <5 mEq per day) for a 6-day pe-
riod and measured plasma renin activity, aldosterone, 
sodium, and potassium well as blood volume and urine 
sodium excretion. Although renin activity and aldoste-
rone were both higher after sodium deprivation, blood 
volume (-6%) and urine sodium excretion were both sig-
nificantly lower. Plasma sodium showed a tendency to 
decline but not significantly and was likely maintained 
by the drop in blood volume.21 Although the football 
players in our study were not sodium restricted, our data 
support this as blood sodium concentration appeared to 
be maintained (>135 mmol·L-1) on the morning of the 
third day at the expense of plasma volume, which was 
~5% below baseline. Notably, if plasma volume had ac-
tually been maintained in our NFL players, their blood 
sodium likely would have been even lower on day 3.

Low dietary sodium intake has also been shown by 
Armstrong et al22,23 to affect plasma volume expansion 
during exercise and heat acclimatization compared to 
high sodium intake. When participants ingested a high-
sodium diet (9 g per day) during 9 days of exercise and 
heat exposure, plasma volume increased >16 % by day 
4 and was different from when they consumed a low-so-
dium diet (2.25 g per day) and showed no significant ex-
pansion of plasma volume. Additionally, blood Na+ was 
significantly higher on day 4 when participants consumed 

a high-sodium diet compared to a low-sodium diet (138.8 
mmol·L-1 versus 136.8 mmol·L-1, respectively).24 Interest-
ingly, our blood sodium data on day 3 (136.9 mmol·L-1) 
was identical to that reported by Armstrong et al22 on the 
4th day in their low-sodium group; however, the critical 
dissimilarity between our present investigation and this 
acclimatization study was the unlikelihood that our foot-
ball players were consuming a diet low in sodium content 
(< 3 g per day).

Alternatively, if sodium consumption had matched 
sodium losses, plasma volume may have expanded by 
the third day as expected.22-26 Of note is that participants 
in previous acclimatization studies exhibited plasma vol-
ume expansion beginning on the first day of exercise in 
the heat.24-26 Average-sized males clad in minimal cloth-
ing did not experience an initial decline in plasma vol-
ume prior to subsequent expansion as documented in our 
NFL players.22-26 Similar to previously studied collegiate 
players, our NFL subjects began intensive 2-hour bouts 
of exercise in the heat on the 3rd morning of preseason 
mildly hypovolemic.12 We believe this is due to large dai-
ly sweat and therefore sodium losses replaced with hypo-
tonic fluids without adequate salt intake. Although some 
authors suggest sodium supplementation is unnecessary 
due to large body reserves and excess salt consumption in 
the average American diet, our data indicate large profes-
sional football players who engage in consecutive days 
of strenuous exercise for ~4 hours in the heat may be an 
exception to this thinking.27,28

Sodium supplementation during prolonged exercise 
has been investigated.29,30,31 However, the hypovolemia 
observed in our participants and in other football play-

Figure 5. Urine potassium excretion at baseline and on days 3, 5, and 
9. *Significantly different from baseline (P < .05).

5
Figure 6. Change in body mass (in percent) from baseline measures. 
*Significantly different from baseline (P < .05) and †significantly differ-
ent from pre-AM and pre-PM (P < .01). (Abbreviations: pre-AM, before 
morning practice; post-AM, after morning practice; pre-PM, before 
afternoon practice; post-PM, after afternoon practice.)

6
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ers, which could be due to low blood sodium (hypo-
natremia), might be different from the hyponatremia 
that ultra-endurance athletes occasionally develop. This 
later phenomenon is well-documented in marathon-
ers, triathletes, and military personnel; however, hy-
pervolemic hyponatremia is almost always associated 
with weight gain.32-37 It is clearly not advantageous for 
the ultra-distance athlete to consume too much of any 
sodium-poor fluid prior to or during an event.32- 37 This 
advice also may be true for American football players 
who represent a unique population with respect to fluid 
and electrolyte homeostasis, particularly during pre-
season when they practice and play in the heat.7,12,13

The sodium losses that these players can incur due to 
several consecutive days of heavy sweating suggests it is 
possible for sodium stores to become depleted and mild 
hyponatremia to develop without necessarily overdrink-
ing.38 This may question the belief that the normal diet, 
even when it includes the increased number of calories 
necessary for large athletes, contains adequate sodium 
for football players.28 We believe when sodium losses are 
considerable, with or without excessive fluid intake, sub-
stantial sodium consumption is likely necessary so that 
fluid and electrolyte balance can be maintained in these 
athletes. This not only will allow plasma volume to be 
maintained but should also promote expansion as expect-
ed during heat acclimatization.22-25 Additionally, this may 
prevent the onset of symptoms such as nausea, headache, 
fatigue, and weight loss that often are associated with hy-
povolemic hyponatremia.7

Sodium replacement should be in the form of both 
sodium-rich fluids and increased dietary consumption of 
salt in amounts adequate enough to offset the individual 
players’ sodium losses.13,17 Some researchers believe bev-
erages may need to contain a sodium content of 50 to 100 
mmol·L-1, which is notably higher than commercial sports 
drinks (Na+ ~20 mmol·L-1).17 Importantly, Ray et al39 
showed restoration of plasma volume after dehydration 
was significantly better when fluid consumption occurred 
in combination with either chicken broth or chicken 
noodle soup compared to a carbohydrate and electrolyte 
drink or water.39 Plasma volume returned to baseline by 2 
hours postexercise in both the chicken broth and soup tri-
als but remained below baseline in the carbohydrate and 
electrolyte drink (-4.1 %) and water (-5.6%) trials.

In addition to the important finding of low blood 
sodium and hypovolemia was the discovery of elevated 
blood K+ after several consecutive days of two-a-days. 

We previously reported high urinary excretion of K+ 
(>120 mmol·L-1) in football players, particularly at the 
end of the day so the slow rise in blood K+ over the 9-day 
period was not unforeseen. Elevated blood potassium on 
days 5 and 9 was likely a consequence of rhabdomyolysis 
associated with the rigors of playing football in the heat. 
Ehlers et al41 reported a significant rise in creatine kinase, 
which peaked at 5125 U·L-1 on the 4th day of two-a-
days, indicating muscle cell damage does occur in foot-
ball players during preseason training. Furthermore, we 
have reported proteinuria in collegiate and NFL players 
particularly after practices and games played in hot and 
humid conditions,40,42,43 which would explain both the 
rise in blood K+ and high urinary K+ excretion in players 
after consecutive days of two-a-days.11,12,40,42,43

Urinary excretion of both sodium and potassium in 
our professional players parallels and therefore supports 
the blood electrolyte data. Urinary excretion of Na+ was 
lower on days 3 and 5 compared to baseline and day 9, 
indicating sodium conservation during the first week of 
preseason, which is partially explained by acclimatization, 
and is normal and expected.11,12,21-23 Conversely, urine K+ 
excretion slowly increased from baseline, reaching a sig-
nificantly higher level on day 9 likely due to rhabdomy-
olysis as previously discussed. Increased urinary excre-
tion of potassium would also be partially explained by 
greater renal secretion by the proximal tubule subsequent 
to aldosterone-mediated sodium reabsorption. Extreme-
ly low urine sodium concentrations were reported in par-
ticipants who were sodium deprived21 and those consum-
ing a low-sodium diet during acclimatization,23 as well as 
collegiate football players during the first several days of 
consecutive two-a-day practices in preseason training 
camp.13 In several of the collegiate football participants, 
urine sodium was undetectable (<1.0 mmol·L-1) in all 4 
urine samples provided and the urine was extremely con-
centrated (mean specific gravity range = 1.022 to 1.032).12 
Low urine sodium excretion on days 3 and 5 in our NFL 
players was predictable; however, unlike the college play-
ers, urinary sodium was undetectable on only a couple 
of occasions. This may be due to dietary differences and 
the fact that the professional players on this team had 24-
hour access to unlimited volumes of Gatorade® with and 
without added electrolytes, whereas the college players 
did not.12

The body mass data is an interesting and relevant 
clinical finding that further supports the argument that 
professional football players struggle to replace fluid 
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and electrolyte losses during preseason as seen in col-
legiate players.12 The inability of our NFL participants 
to return to baseline body mass prior to practices dur-
ing the 9-day period supports the premise that they 
were not in sodium balance. We were somewhat sur-
prised by this finding because the players were provid-
ed 4 meals per day and had unlimited access to water, 
Gatorade®, and Gatorade® with added Gatorlytes, 
which is an indication that accessibility alone will not 
ensure appropriate fluid restoration. The physiological 
responses of the NFL players were strikingly similar 
to those of college players who did not have unlimited 
access to electrolyte drinks but were chronically hy-
pohydrated during preseason.12 In addition, the urine 
specific gravity data appear to support the body mass 
findings as the mean daily urine specific gravity was 
clinically elevated (>1.020) on all days except base-
line.

CLiniCaL iMPLiCaTiOnS anD COnCLUSiOn
Professional NFL players may be challenged to main-
tain fluid and electrolyte homeostasis and normal body 
mass during preseason training due to large sweat so-
dium losses. Low blood sodium and below baseline 
plasma volume during the first few days of preseason 
training may be of clinical importance. Mild signs and 
symptoms related to hypovolemic hyponatremia might 
go unnoticed or the illness might be misdiagnosed as vi-
ral or gastrointestinal in nature.7 Consequently, we con-
tend that a diet high in sodium content is likely necessary 
for the average professional football player during the 
first several days of two-a-days to assure blood sodium 
is maintained, allowing for appropriate plasma volume 
expansion. Sodium intake should be with fluids that 
contain considerably higher concentrations of sodium 
than found in common fluid replacement drinks, play-
ers must ingest substantial amounts of extra salt in their 
diet, or both.17,39 Importantly, the rise in resting levels of 
blood K+ and subsequent elevation in urinary K+ excre-
tion in players are likely a consequence of muscle cell 
damage due to the physical stresses of practicing football 
twice a day in the heat and warrants further study.

Proper maintenance of plasma volume requires a cor-
rect balance between Na+ and water in the body. Football 
players participating in twice-a-day practice sessions in 
hot weather can lose large amounts of Na+, which can 
be difficult to replace via normal dietary intake and the 
consumption of hypotonic fluids, including commercial 

sports drinks. The Na+ needs in these athletes are best 
determined on an individual basis, thus allowing for indi-
cated increases in dietary sodium intake, Na+ supplemen-
tation, or both. Reported increases in blood K+ associat-
ed with consecutive days of twice-a-day football practice 
sessions may indicate the need for caution regarding the 
consumption of products containing K+.

Low blood Na+ concentrations can cause an athlete 
to feel ill. Clinicians should exclude any athlete exhibit-
ing signs or symptoms of illness from strenuous activ-
ity in hot weather until the cause is ascertained, correctly 
treated, and eliminated. n
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