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Abstract
Understanding hypernatremia is at times difficult for many
clinicians. However, hypernatremia can often be deciphered
easily with some basic understanding of water and sodium
balance. Here, the basic pathophysiological abnormalities
underlying the development of sodium disorders are reviewed, and case examples are given. Hypernatremia often
arises in the hospital, especially in the intensive care units
due to the combination of (1) not being able to drink water;
(2) inability to concentrate the urine (most often from having
kidney failure); (3) osmotic diuresis from having high serum
urea concentrations, and (4) large urine or stool outputs.

pernatremia not only how much fluid to give is questioned but also what kind of fluid. With hyponatremia,
the problem is usually figuring out what has led to the
abnormal serum sodium concentration. In order to undo
some of this confusion, one first needs to understand why
sodium concentration problems are so difficult.
Sodium concentration problems are difficult because
as far as sodium is concerned the body is comprised of at
least two compartments (the extracellular and the intracellular fluid). If one imagines a one-compartment system where sodium concentration is same in the total
body water, sodium concentration problems would be
simple (fig. 1). In a one-compartment system, the serum
sodium concentration is equal to total body sodium divided by total body water.
[Na] = total body Na/total body water (in a one-compartment system)
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Hyponatremia and hypernatremia are commonly encountered problems both in the outpatient setting and
especially in hospitalized patients. Frequently, confusion
arises as to how best manage these patients with serum
sodium concentration abnormalities. In the case of hy-
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Why Are Serum Sodium Concentration Problems
Difficult?

Imagining this one-compartment system, if the serum
sodium concentration is for example 160 meq/L and total
body water is 40 liter, one can easily see that administering 5.7 liter of pure water will lower the serum sodium
concentration to 140 meq/L (assuming that there is no
sodium or water loss, and no sodium intake). Again, in a
one-compartment system if one starts out with a serum
sodium concentration of 140 meq/L (total body water 40
liter), makes 2 liter of urine with sodium concentration of
40 meq/L in 24 h, and has no intake, then the serum so-
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Fig. 1. Sodium concentration in a one-compartment system.

Fig. 2. A two-compartment model.

dium concentration at the end of the 24-hour period
would be 145 meq/L. In summary, in a one-compartment
system, all sodium concentration problems can be solved
by knowing few simple facts (serum sodium concentration, total body water, urine volume, urine sodium concentration, sodium intake and water intake).

portant. In this system, one will need the total body water, intake of potassium, sodium, and water, output of
potassium, sodium and water and beginning serum sodium concentration to solve the sodium concentration
problem.
The Other Compartments

However, body fluid is not a one-compartment system as far as sodium is concerned, but it is composed of
at least two compartments (fig. 2). In 1958, Edelman et
al. [1] came up with a brilliant idea of making a onecompartment system out of two compartments. Since intracellular potassium concentration is almost the same
as extracellular sodium concentration and vice versa,
they postulated that serum sodium concentration is proportional to total body sodium plus potassium divided
by total body water ([Na] = (total body Na + total body
K)/total body water). They tested their idea and found
good results (correlation coefficient of r = 0.83). Put another way, when we take in potassium which goes mostly intracellularly, the serum sodium concentration will
increase by movement of water (and not of sodium) from
extracellular space to intracellular space [1–3]. As an example, if one has a baseline serum sodium concentration
of 140 meq/L and has total body water of 40 liter, then the
total body sodium plus potassium will be 5,600 meq. If
in the next 24 h that person makes 2 liter of urine which
has a sodium concentration of 40 meq/L and a potassium
concentration of 40 meq/L also and has no intake, then
the serum sodium concentration will be 143 meq/L at the
end of the 24-hour period. Understanding that this formula is not exact because of a variety of reasons is im98
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Because of the Gibbs-Donnan effect, and the fact that
electro-neutrality has to be maintained both in the intravascular and in the interstitial fluid, the interstitial fluid
has a sodium concentration slightly less than the intravascular fluid (139 meq/L rather than 142 meq/L) [4]. The
Gibbs-Donnan effect arises from the fact that the serum
albumin concentration is higher in the intravascular fluid than the interstitial fluid. Thus, in order to maintain
electroneutrality, as albumin is net negatively charged,
there has to be a little more sodium in the intravascular
space than the interstitial space. Thus, the interstitial fluid will constitute a third compartment.
The fourth compartment is the sodium bound to proteins, stored in the skin or in the bone which is in equilibrium with the rest of the body sodium but is not osmotically active [5]. This compartment also contributes
to the serum sodium concentration as it has an effect on
the ability of sodium intake to raise serum sodium concentration. For instance, if this compartment did not exist, intake of 100 meq of NaCl may increase serum sodium from 142 to 144 meq/L, but now 120 meq of NaCl is
necessary to cause the same increase in serum sodium
concentration because 20 meq of the NaCl given, has
been stored in the skin. The last compartment is the sodium deep inside the bone which is not in equilibrium
with the rest of the body water sodium and is not a determinant of serum sodium concentration.
Sam /Feizi
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How to Make a One-Compartment System Out of
Two Compartments

The original Edelman equation is: SNa = 1.11 (total
body Na + total body K)/total body water – 25.6 [1]. This
equation was simplified in 1986 by Rose to SNa = (total
exchangeable body Na + total exchangeable body K)/total body water [6]. The modified formula has become the
preferred formula clinically, and from it the electrolytefree water excretion formula is derived. The formula for
electrolyte-free water excretion is V ! {1 – (U Na+ UK)/
[Na]}, where V is the flow rate of urine. This formula
determines if part of the urine has the same sodium plus
potassium concentration as the serum sodium concentration, how much urine is just free water. For example,
if urine output is 2 l/day, urine Na concentration is 35
meq/L, urine potassium concentration is also 35 meq/L,
and serum sodium concentration is 140 meq/L, then
half of the urine has a urine sodium plus potassium concentration of 140 meq/L (the same as the serum sodium
concentration) and half of the urine is just free water.
Thus the electrolyte-free water excretion would be 1 l/
day, meaning that the patient needs to drink 1 l/day of
free water to keep the serum sodium concentration the
same.
More recently, Kurtz and Nguyen have tried to make
sense of slope and the y-intercept of the original Edelman
formula, and have derived more complicated formulas
[7–8]:

0.94. G/Ø is thus 1.11, which is the slope of the original
Edelman’s equation.
Most of the equation (the portion in bold) reflects the
y-intercept of 25.6. First, if sodium salt is given, and this
sodium goes inside the osmotically inactive part of the
bone or is osmotically inactive bound to serum proteins,
then it will not raise the serum sodium concentration and
thus needs to be subtracted from the calculated serum
sodium concentration. This sodium does contribute to
the serum sodium concentration though because now we
need more sodium intake to have the same effect on the
serum sodium concentration. Second, if we give a substance that goes intracellularly or interstitially, that substance will raise the serum sodium concentration by
drawing water out of the intravascular space and thus
raise the serum sodium concentration (much in the same
way as potassium administration). Third, any substance
(other than sodium) given that stays intravascularly (including the small portion of the potassium given) will
tend to lower the serum sodium concentration by drawing water into the intravascular space.
Are Sodium and Potassium Completely Equivalent
in Determining Serum Sodium Concentration?

pw = plasma water, Nae = exchangeable Na, Ke = exchangeable potassium, G = Gibbs-Donnan effect, TBW =
total body water, Ø = osmotic coefficient of Na+ salts,
Naosm inactive = osmotically inactive sodium, Kosm inactive =
osmotically inactive potassium, osmolICF = osmotically
active non-sodium and non- potassium intracellular osmoles, osmolECF = osmotically active non-sodium, nonpotassium extracellular osmoles, Vpw = plasma water volume, VISF = interstitial fluid volume.
In this equation, G is about 1.04. Ø is for the fact that
sodium salts do not completely dissolve in plasma and
thus the osmolality of Na+ is not exactly one but about

Edelman’s equation assumes sodium and potassium
are completely equivalent in determining serum sodium
concentration. However, this is unlikely to be the case,
although they may be fairly close to being equivalent. In
order to try to answer this question, one has to assume
several factors: (1) a two-compartment system for sodium; (2) ions (sodium) having an osmolality of one (complete dissolution of ions in the plasma); (3) complete osmotic equilibrium between intravascular, interstitial and
intracellular fluids (may not be complete because of the
Gibbs-Donnan effect); (4) the nonexistence of non-osmotically active sodium and potassium; (5) no intercompartmental movement of sodium or potassium with administration of potassium or sodium, respectively, and
(6) intracellular fluid constitutes 55%, extracellular fluid
constitutes 45% of total body water [9].
With the above assumptions, if one makes a further
assumption that all of the administered KCl will go intracellularly and all of the administered NaCl stays extracellularly, then giving 100 meq of KCl will raise the serum
sodium concentration from 142 to 144.4 meq/L (fig. 3). If
one gives 100 meq of KCl (100 mosm K, 100 mosm Cl),
that would raise the plasma osmolality from 300 to 305
mosm/l, as there are now 200 more mosms {[(300 mosm/l
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Modifications of Edelman’s Equation
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Fig. 5. Electrolyte concentration before and
after administration of 100 meq of KCl. Assuming: (1) two-compartment model, (2)
ionic osmolality of 1.0, (3) complete osmotic equilibrium between the compartments,
(4) KCl distributes in intracellular and extracellular fluids, (5) no intercompartmental movement of Na with K administration.
Ignoring: (1) the Gibbs-Donnan effect, (2)
non-osmotically active Na and K.
Fig. 6. Electrolyte concentrations before and
after administration of 100 meq of NaCl.
Assuming: (1) two-compartment model, (2)
ionic osmolality of 1.0, (3) complete osmotic
equilibrium between the compartments, (4)
NaCl distributes in intracellular and extracellular fluids, (5) no intercompartmental
movement of K with Na administration. Ignoring: (1) the Gibbs-Donnan effect, (2)
non-osmotically active Na and K.
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! 40 l) + 200 mosm]/40 l}. If all the KCl goes intracellularly, the total number of osmoles extracellularly has remained the same, and thus the extracellular water has
decreased from 18 to 17.7 l [(300 mosm/l ! 18 l)/305
mosm/l]. The serum sodium concentration has now increased from 142 to 144.4 meq/L [(142 meq/L ! 18 l)/
17.7 l]. Similarly, 100 meq of NaCl will raise it from 142 to
144.3 meq/L (fig. 4). Again, giving 100 meq of NaCl will
increase the plasma osmolality from 300 to 305 mosm/l
{[(300 mosm/l ! 40 l) + 200 mosm]/40 l}. If all the NaCl
Am J Nephrol 2012;36:97–104

Na = 142
K = 4.2
Cl = 108
osm = 300
H2O = 18 l

100 meq of NaCl

5

100

ICF

Na = 144.4
K = 4.4
Cl = 109.9
osm = 305
H2O = 17.7 l

ECF

ECF

100 meq of NaCl
17 meq intracellular
83 meq extracellular
ICF

Na = 14.9
K = 141.3
Cl = 4.8
osm = 305
H2O = 21.8 l

Na = 145.0
K = 4.2
Cl = 111
osm = 305
H2O = 18.2 l

ECF

stays extracellularly, the total number of osmoles intracellularly has remained the same, and thus the intracellular water has decreased from 22 to 21.6 l [(300 mosm/l
! 22 l)/305 mosm/l]. Thus, the extracellular water has
increased from 18 to 18.4 l. The serum sodium concentration has now increased from 142 to 144.3 meq/L {[(142
meq/L ! 18 l) + 100 meq]/18.4 l}.
If one makes the five assumptions above but assumes
that KCl and NaCl will distribute evenly in the intracellular and extracellular space according to their preexistSam /Feizi
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Fig. 3. Electrolyte concentration before
and after administration of 100 meq of
KCl. Assuming: (1) two-compartment
model, (2) ionic osmolality of 1.0, (3) complete osmotic equilibrium between the
compartments, (4) all administered KCl
goes intracellularly, (5) no intercompartmental movement of Na with K administration. Ignoring: (1) Gibbs-Donnan effect, (2) non-osmotically active Na and K.
Fig. 4. Electrolyte concentrations before
and after administration of 100 meq of
NaCl. Assuming: (1) two-compartment
model, (2) ionic osmolality of 1.0, (3) complete osmotic equilibrium between the
compartments, (4) all administered NaCl
goes extracellularly, (5) no intercompartmental movement of K with Na administration. Ignoring: (1) the Gibbs-Donnan effect, (2) non-osmotically active Na and K.

4

Na = 14
K = 140
Cl = 4
osm = 300
H2O = 22 l

147.9 meq of Na
move from
intracellular
to extracellular
ICF

Na = 7.5
K = 149.2
Cl = 1.8
osm = 305
H2O = 21.3 l

Na = 142
K = 4.2
Cl = 108
osm = 300
H2O = 18 l

ECF

100 meq of KCl
98.6 meq intracellular
1.4 meq extracellular

Na = 144.6
K = 4.1
Cl = 106.6
osm = 305
H2O = 18.7 l

ECF

Fig. 7. Electrolyte concentrations before and after administration
of 100 meq of KCl. Assuming: (1) two-compartment model, (2)
ionic osmolality of 1.0, (3) complete osmotic equilibrium between
the compartments, (4) KCl distributes in intracellular and extracellular fluids, (5) intercompartmental movement of Na with K
administration. Ignoring: (1) the Gibbs-Donnan effect, (2) nonosmotically active Na and K.

Table 1. Sodium concentration of some bodily fluids

Bodily fluid
Urine
Stool
Sweat
Spit

Na concentration, meq/L
40–60
<50
36–56
15

ing concentrations in the compartments, then the following will happen. Administration of 100 meq of KCl, will
lead to 98.6 meq to go intracellularly and 1.4 meq to stay
extracellularly. This will lead to an increase in serum sodium concentration from 142 to 144.4 too (fig. 5). Administration of 100 meq of NaCl on the other hand, will lead
to 83 meq to stay extracellularly and 17 meq to go intracellularly. The corresponding rise in serum sodium concentration would be from 142 to 145 meq/L (fig. 6).
Finally, if one assumes the first four assumptions
above, but then assumes that for every 2 molecules of potassium moving intracellularly, 3 molecules of sodium
will move out of the cell as happens with the Na/K ATPase,
then the following will happen. Administration of 100
Sodium Disorders

meq of KCl, will lead to 147.9 meq of Na to move extracellularly, and serum sodium concentration will increase
from 142 to 144.6 meq/L (fig. 7).
Although the modifications made to the Edelman
equation and the equivalence of sodium and potassium
help us understand the complexities of sodium concentration problems, the newer equations are so far not useful
clinically as there are so many assumptions made with
these equations that the simpler formulas may prove to be
just as accurate in predicting serum sodium concentration.
Normal Sodium Balance

Amazingly, the body is able to maintain serum sodium concentration within a very narrow range (140 8
1 meq/L). Understanding the mechanism of this regulation is crucial in order to comprehend disease states. On
a qualitative basis we take in hyponatric fluid and we excrete hyponatric fluid too, thus maintaining normal serum sodium concentration. Simply, we drink water rather than isotonic saline. This is not always the case with
patients in the intensive care unit unable to drink who
normally receive high intravenous rates of isotonic saline.
Not only urine sodium concentration is almost always
significantly below 140 meq/L, but also the same is true
for stool, sweat, saliva and other bodily fluids (table 1) [10,
11]. More importantly, the urine sodium plus potassium
concentration is also usually below 140 meq/L.
On a quantitative basis, if the serum sodium concentration increases from 140 to 141 meq/L, the sense of
thirst will make us drink water and subsequently lower
the serum sodium concentration to 140 meq/L again
(fig. 8). Thus, it is easy to see that the only way to become
hypernatremic is to have lost the sense of thirst or access
to water. On the other hand, if serum sodium concentration goes from 140 to 139 meq/L, then vasopressin secretion would be shut off and water excretion in the kidneys
will bring the serum sodium concentration back to 140
meq/L. Again, one can see that abnormalities in vasopressin secretion are the main reason for hyponatremia,
whether it is appropriate or inappropriate.
Hypernatremia

The best way to understand the management of hypernatremia is to categorize it into 2 different circumstances
most commonly encountered in clinical medicine. The
Am J Nephrol 2012;36:97–104
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and potassium concentration and the urinary volume
(another words the electrolyte free water excretion). In
our opinion, this patient should have his/her serum sodium concentration corrected very slowly and may not
necessarily need to go home with a normal serum sodium
concentration. On the other hand if a similar patient
drinks 200 ml of water a day and takes in 1 g/day of sodium and potassium each, makes 500 ml of urine/day
which has a sodium concentration of 40 meq/L and potassium concentration of 30 meq/L and has total body
water of 30 liter, the calculation for development of hypernatremia is over 12 days only. However, the former
situation is probably more frequent, as the latter situation
will require an abrupt change in mental status as the fluid intake is so low.
Next is the patient in the intensive care unit who has
developed acute renal failure [13]. He is intubated and on
mechanical ventilation and does not have free access to
water. At the beginning of his illness when he first developed sepsis and hypotension, he received many liters of
isotonic saline. At this time he had developed acute renal
failure and was not making much urine. His serum sodium concentration has remained normal despite having
an intake consisting mainly of isotonic saline because of
his low urine output (serum sodium concentration stays
at the normal level because he is not losing much hypotonic fluids even though he is receiving isotonic fluids).
The hypernatremia arises when he starts recovering renal
function, making 3–4 liter a day of urine with low sodium
and potassium concentration. At this time, he is still reSam /Feizi
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management is similar but slightly different in each of
these situations, emphasizing that in all of these cases the
patient has either lost the sense of thirst or is unable to
access water (i.e. intubated in the intensive care unit).
The typical patient in the first situation is the elderly
nursing home resident with dementia who has lost the
sense of thirst. The patient is brought to the emergency
room and has a serum sodium concentration of for instance 170 meq/L, and there may or may not be coexisting
acute illnesses. The development of hypernatremia in this
patient has occurred slowly over many days and the treatment should thus be gradual. In fact, if one assumes that
the patient drinks 450 ml of water a day and takes in 0.5
g/day of sodium and potassium each (patient is hardly
eating and drinking), makes 500 ml of urine/day (patient
is oliguric because of dehydration) which has a sodium
concentration of 40 meq/L and potassium concentration
of 30 meq/L and has total body water of 30 liter, one can
calculate that the development of hypernatremia has occurred over 138 days (or almost 5 months). It is clear that
we should not correct this patient’s serum sodium concentration rapidly. In fact even the recommended correction of 10 meq/L/day may be too fast pending further
studies [12]. The latter patient is dehydrated and volume
depleted, and since sodium correction should be slow, it
is probably indicated to begin treatment with isotonic saline and then switch to a less hypertonic solution depending on the response of serum sodium concentration. The
isotonic saline infusion can result in an increase in serum
sodium concentration depending on the urine sodium

In summary, four factors combine to lead to hypernatremia in a great majority of patients who develop this
disorder. First and foremost, the patient has lost the sense

of thirst or access to water. If this was not the case, the
patient would drink their way out of hypernatremia in
spite of the presence of other factors that may lead to hypernatremia. Because of this factor, hypernatremia in the
hospital mostly occurs in patients in the ICU, intubated
on mechanical ventilation. Less commonly, confused patients on the regular hospital wards can get hypernatremic. Second, there usually is an impaired ability to
concentrate the urine. Even though this happens in cases
of diabetes insipidus, it is much more common in the setting of renal failure whether it is acute or chronic. If a
person with normal renal function and normal renal concentrating ability receives high rate of isotonic saline
(2 l/h) for 1 h, their urine osmolality would be in the order
of 600–700 mosm/l, their urine sodium concentration in
the order of 110–200 meq/L and their urine potassium
concentration would be in the order of 40 meq/L [14].
Thus, they would not develop significant hypernatremia
despite making large amounts of urine even if there is an
impairment in the sense of thirst. Patients with kidney
disease are unable to concentrate their urine to 600–700
mosm/l and in fact most often their urine osmolality is
only in the order of 300–450 mosm/l [13]. This limits the
patient’s ability to excrete the extra sodium compared to
people with normal kidney function. Volume-depleted
patients, as happens in the nursing home patients, may
also be unable to excrete large sodium loads because of
the kidneys’ role in trying to correct the low volume state
by reabsorbing sodium (although this occurs much less
commonly). Third, the high serum urea concentration
leads to urea competing with sodium to be excreted in the
urine. We rather think of it as urea competing with electrolytes than urea inducing osmotic diuresis, because
here the urine osmolality is limited by the renal failure.
Thus, even though the high urea excretion may lead to
more water excretion, it would not lead to more electrolyte excretion as the osmolality of the urine is fixed at
300–450 mosm/l. One can think of it as: the high serum
sodium and urea concentrations lead them to compete to
get out into the urine which has limited ability to excrete
osmoles. Lastly, the large output, whether it is urine (most
commonly) or stool, leads to a large water excretion which
is not balanced by large sodium and potassium excretion.
Even though the larger the output the more likely it is that
hypernatremia will develop, increases in serum sodium
concentration can happen with outputs as low as one liter
per day.
Often, patients with hypernatremia in the intensive
care unit are not volume depleted despite having large
outputs as they have received large volumes of fluid ear-
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ceiving isotonic fluid for the most part, while losing many
liters of relatively electrolyte-free urine, leading to an increase in serum sodium concentration. The serum sodium concentration rises by 4–6 meq/L/day. For example,
this patient may be making 2 liter of urine with a urine
Na concentration of 32 meq/L and urine K concentration
of 45 meq/L. Assuming a starting serum sodium concentration of 140 meq/L, the electrolyte-free water excretion
would be 0.9 liter. If the patient does not have any intake
and has no other output, then the serum sodium concentration the next day would be 142.6 meq/L (the total body
water is 50 liter as the patient has anasarca from earlier
saline administration), [(140 meq/L ! 50 l) – (45 meq/L
+ 32 meq/L) ! 2]/48 l.
This situation is probably by far more common than
the nursing home patient. The treatment of this patient
should consist of mainly free water and correction of serum sodium quickly is not to be feared as hypernatremia
has developed over a few days too. This patient should
have as little sodium intake as possible as he has massive
amount of extra sodium already (even half isotonic saline
should be avoided). Also this patient is not volume depleted as earlier he has received many liter of fluids without making much urine and has extensive edema and often anasarca. The usual mistake in this case is not giving
enough free water. Four factors combine to cause the hypernatremia in this patient. First, the patient is unable to
access water as he is intubated. In fact, a similar patient
who is not in the intensive care unit will not develop hypernatremia as they would be able to drink water. Second,
this patient has renal failure (thus limiting the ability of
the kidneys to make concentrated urine). With normal
renal function, we are able to maximally concentrate our
urine and have large excretion of sodium and potassium
(people with normal renal function can increase urine
sodium concentration dramatically with saline administration). Third, this patient is losing large amounts of fluid (at least 1–2 l/day). Most commonly, this occurs in the
setting of high urine output after recovery of tubular necrosis, but can also happen with even large amounts of
diarrhea. Fourth, commonly this patient has a high serum urea concentration which competes with sodium
and potassium for urinary excretion.

lier in the course of their illness and have had much less
output for many days [13]. Thus, hypernatremia often develops in the setting of large outputs and not in the setting
of volume depletion.
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