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CHAPTER 56 

Disorders of Sodium and Water Balance
Christian Overgaard-Steensen and Troels Ring

OBJECTIVES
This chapter will:
1. Present an overview of what determines serum sodium 

concentration.
2. Discuss the approach to hyponatremia and propose a 

treatment algorithm.
3. Describe the approach to hypernatremia and propose a 

treatment algorithm.
4. Address prevention of hypo- and hypernatremia in the 

intensive care unit.

Disorders of sodium (Na+) and water balance are encountered 
commonly in critically ill patients.1–5 Critical illness, 
multiple-organ dysfunction, fluid therapy, and the numerous 
additional interventions applied in the routine care of 
patients admitted to the intensive care unit (ICU) can 
interfere with the complex mechanisms that maintain total 
body sodium and water homeostasis.6

Sodium is the principal osmolyte in the extracellular 
fluid and hence determines the size of the extracellular 
volume. Loss of sodium and water can cause life-threatening 
hypovolemia, and resuscitation with sodium-containing 
fluids is essential. In contrast, gain of sodium and water 
expands the extracellular volume and can cause significant 
morbidity resulting from respiratory, circulatory, and renal 
failure.

Besides the effect on extracellular volume, sodium and 
water balance determines extracellular tonicity. Cells are 
bathed in salt water, and normonatremia—normal tonicity—
is pivotal for optimal cell size and function. Disorders of 
sodium and water balance disturb the cellular environment 
by causing hyponatremia or hypernatremia. Hyponatremia 
and hypernatremia are frequent in the critically ill patient 
and associated with significant morbidity and mortality.3–5,7–9 
A rapid change in serum sodium concentration can result 
in brain damage and death resulting from brain edema or 
osmotic demyelination.10

Addressing disorders of sodium and water balance, 
including the safe treatment of patients admitted to the 
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which can result in a transient intracellular water flux 
(dialysis disequilibrium syndrome) and brain edema.15 This 
can be fatal in patients with preexisting increased intra-
cranial pressure, and precautions must be taken.16

In critically ill patients, a type of hyponatremia has been 
observed that cannot be explained by changes in external 
cation and water balances. A phenomena called sick cell 
syndrome attributed to cellular damage by which either 
leak organic osmolytes or have a reduced intracellular 
production that results in an increased osmolar gap.17,18 
The frequency and importance of sick cell syndrome are 
not known. Osmotic activation or inactivation of sodium 
in the skin also would influence SNa, independent of 
external cation and water balances.19,20

Finally, the clinician always must be aware of the 
uncertainty of SNa measurements and that errors can occur.21 
Among these is pseudohyponatremia, which is due to a 
measurement error of SNa in situations of hyperlipidemia/
proteinemia in which ECV tonicity is normal.

OVERVIEW OF SODIUM AND  
WATER BALANCE

Total body water and sodium change over a life span primar-
ily because of alterations in the composition of muscle and 
fat in the body,22 but the resulting SNa is remarkably stable 
in the individual.23

Sodium balance is determined by intake minus output.24 
In the critically ill patient, sodium input is controlled largely 
by the physician’s prescription of fluids, including nutrition 
and dissolved drugs. Sodium is lost together with water in 
urine, gastrointestinal fluids, bleeding, wounds, drainage 
of extracellular fluids (e.g., pleural effusions, ascites, CSF, 
dialysis), and sweat. Sodium balance is regulated primarily 
by the kidneys, in terms of a narrowly regulated urine 
sodium excretion. This happens through the interaction of 
numerous neurohormonal mechanisms, including the renin-
angiotensin-aldosterone system (RAAS), the sympathetic 
nervous system, and the presence of atrial natriuretic peptide 
and brain natriuretic peptide. With reduced perfusion (e.g., 
hypovolemia), the RAAS and the sympathetic nerve system 
are activated, resulting in reduced sodium excretion.25 In 
contrast, urine sodium excretion is increased as a response 
to a sodium load (increases ECV).12

Water balance is determined by intake, metabolic water, 
and loss.24 In the capable individual, input is regulated by 
thirst and the availability of water. Only a modest increase 
in extracellular tonicity induces an intensive sensation of 
thirst from osmosensing cells in the hypothalamus.26,27 The 
critically ill often are debilitated and must rely on fluid 
administration. Renal water excretion involves sufficient 
perfusion and sufficient amounts of osmolytes (urea, salt) 
because the kidneys cannot excrete pure water (maximal 
diluted urine in the healthy kidney has an osmolality of 50 
to 100 mOsm/kg).28 Water excretion in the normal kidney 
is regulated primarily by arginine vasopressin (AVP). AVP 
reduces the renal water excretion by increasing passive water 
reabsorption in the collecting ducts through the action of 
aquaporin 2.27 AVP can cause urine to be concentrated up 
to 1200 mOsm/kg. AVP secretion from the neurohypophysis 
is stimulated—as thirst—by hypertonicity (dehydration = 
reduced TBW = hypernatremia according to Eq. 1).26 In addi-
tion, AVP secretion can also be stimulated nonosmotically. 
This can happen as a response to hypoperfusion or because 
of fairly common conditions in hospitalized patients, such 

ICU and the prevention of fluid and electrolyte imbalances, 
is essential in critical care therapy. To achieve this, clinicians 
must have a solid understanding of what determines serum 
sodium concentration in the individual patient.

SERUM SODIUM CONCENTRATION

Sodium is the quantitatively most important osmolyte in 
the extracellular volume (ECV). Therefore sodium content 
determines the size of the ECV, including the plasma volume, 
which plays an important role in maintaining the circulation. 
Potassium is the principal osmolyte in the intracellular 
volume (ICV). In contrast to water, sodium and potassium do 
not freely cross the cell membrane. They therefore are called 
effective osmolytes, which means that they determine the 
distribution of water over the cell membrane and therefore 
serum sodium concentration. The relation between serum 
sodium concentration (SNa), exchangeable sodium (eNa+), 
exchangeable potassium (eK+), and total body water (TBW) 
was demonstrated within a population of heterogeneous 
patients by Edelman according to Eq. 111:

SNa
eNa eK

TBW
= ++ +

Equation 1

According to Eq. 1, hypo- and hypernatremia develop when 
the proportion between cations (eNa+ + eK+) and water 
changes.

Eq. 1 is not readily useful at the bedside. However, it 
has been demonstrated that the relation is valid in the 
individual and that the changes in SNa (changes from SNa1 
to SNa2) are determined by changes in external cation 
balances (Δ[Na+ + K+]) and water balances (ΔTBW) according 
to Eq. 2, where TBW is total body water12,13:
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Equation 2

In other words, SNa is influenced by the sodium and potas-
sium balances, which are determined by the difference 
between the input (controlled by the intensivist) and the 
output of Na+ and K+. Likewise, SNa is determined by the 
water balance (input of water minus output, e.g., urine), 
which can be estimated roughly from the fluid chart and 
measured by weight changes. Understanding Eq. 2 is 
essential to guide fluid therapy.

Eqs. 1 and 2 assume that SNa determines the tonicity 
of the ECV. This is by far the most common situation. A 
clinically important exception is hyperglycemia. A large 
number of glucose molecules in the ECV increases tonicity, 
and water is driven osmotically out of the cells, which 
leads to a decrease in measured SNa despite hypertonicity. 
Therefore SNa always should be corrected for hyperglycemia 
(SNa decreases approximately 0.4 mmol/L per mmol/L 
increase in plasma glucose concentration above 5 mmol/L).14 
Hypertonic hyponatremia caused by hyperglycemia is termed 
translocational hyponatremia. Treatment with osmotic active 
substances such as mannitol also will cause translocational 
hyponatremia, but without the possibility to correct SNa 
because serum mannitol is not easily measured clinically.

Urea readily crosses the cell membrane and is normally 
an ineffective osmolyte that does not influence tonicity; 
therefore it is not part of Eq. 1. An important exception is 
the rapid clearance of urea from the ECV during dialysis, 



330  Section 12 / Fluid and Electrolytes

cation balances and therefore Eq. 2. Other outputs, such 
as gastrointestinal loss, are also of importance, especially 
when large, and quantifying cation and water loss can be 
valuable for guiding fluid therapy.

HYPONATREMIA

Hyponatremia is commonly defined as a serum sodium 
concentration less than 135 mmol/L; however, this defini-
tion may vary between different institutional laboratories. 
Hyponatremia is frequent in the critically ill patient and 
associated with a higher overall mortality.1–4,8,35 It is not 
known whether this association is causal or whether ill 
patients fail to regulate SNa.36 However, it is well known 
that a rapid decrease in SNa causes brain edema, and 
delayed treatment can result in brain damage and death 
(Fig. 56.1).6,37 The first section therefore deals with the 
treatment of hyponatremia with severe cerebral symptoms. 
Next, measures to control SNa are discussed because overcor-
rection of hyponatremia can cause brain damage as a result 
of osmotic demyelination (Fig. 56.2).37,38 Finally, mechanisms 
of hyponatremia are discussed to ensure lasting correction. 
A treatment algorithm is proposed in Fig. 56.3.

PATIENT WITH SEVERE  
CEREBRAL SYMPTOMS

A rapid decrease in SNa causes increased brain water and 
edema39 with severe cerebral symptoms: altered level of 

as critical illness, infectious disease, cancer, as well as 
postoperatively and as a consequence of drug administration 
(Table 56.1).29–31

In the ICU patient, preexisting reduced renal dilution/
concentrating capacity (e.g., in the elderly),24,32 current 
disease (e.g., sepsis),33 and exposure to nephroactive drugs 
such as diuretics also influence the kidney’s handling of 
sodium and water.

According to Eq. 2, the kidney’s overall effect on SNa 
can be evaluated by the electrolyte-free water clearance 
(EFWC), in which UNa + UK constitute the urine cation 
concentration12,28:

EFWC urin
UNa UK

SNa
evolumen= × − +
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Equation 3

With a urine cation concentration (UNa + UK) greater 
than SNa, electrolyte-free water is retained, and the overall 
renal effect is a reduction in SNa; vice versa, the urine 
increases SNa when EFWC is positive.

It is important to realize that free water clearance (FWC) 
cannot be used to evaluate the impact of urine on SNa. 
According to Eq. 4, FWC is based on the osmolality measured 
in plasma (Posm) and urine (Uosm) and includes the ineffective 
osmolyte urea, which does not affect the distribution of 
water and hence not the SNa12,34:

FWC urin
U
P

evolumen
osm

osm
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Equation 4

Although the impact of urine is of great importance, it 
is not the only output that influences a patient’s water and 

TABLE 56.1 

Drugs Associated With Hyponatremia

GROUPS SIADH MECHANISM OTHER MECHANISMS

Diuretics Thiazides Thiazides
Indapamide Indapamide

Antidepressant agents SSRI
TCA (mirtazapine)
SNRI (venlafaxine/duloxetine)

Antipsychotic agents Phenothiazine
Butyrophenones
Risperidone
Clozapine

Anti-seizure drugs Carbamazepine, oxcarbazepine, valproate
Nicotine
Clofibrate

Antineoplastic agents Cyclophosphamide
Vincristine
Ifosfamide

Cisplatin

V2-receptor agonist Desmopressin, vasopressin, oxytocin
Terlipressin

Miscellaneous NSAIDs
Voriconazole
Methylenedioxymethamphetamine (ecstasy)
Nicotine
Prostaglandin synthesis inhibitors
Angiotensin-converting inhibitors
Omeprazole
Chlorpropamide
Trimethoprim

NSAIDs

Hypotonic fluids

SIADH, Syndrome of inappropriate antidiuretic hormone secretion; SNRI, serotonin-norepinephrine reuptake inhibitors; SSRI, selective serotonin-
reuptake inhibitor; TCA, tricyclic antidepressants.
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sugar (ABCD approach). This is crucial to treat or rule out 
hypoxia, hypercapnia, hypotension, and/or hypoglycemia 
as causes behind the altered level of consciousness and to 
reduce secondary brain damage.38 Next, swift determination 
of electrolytes must be prioritized together with the 
diagnosis/treatment of other possible causes of the cerebral 
symptoms (e.g., meningitis). The diagnosis of hypotonic 
hyponatremia is based on the presence of a reduced SNa 
value corrected for eventually hyperglycemia.14

When hyponatremia with severe symptoms is present, 
immediate ICP reduction is best induced with one or more 
boluses of 2 mL/kg 3% (0.5 mmol/mL) NaCl (e.g., 200 mL 
in a patient weighing 100 kg [220 lb]) or a corresponding 
dose of more hypertonic NaCl given intravenously or 
intraosseously (see Fig. 56.3).10,40,41 One 2 mL/kg 3% NaCl 
bolus causes an increase in SNa of approximately 2 mmol/L. 
The bolus can be repeated at 5-minute intervals. Cerebral 
symptoms/ICP decreases sufficiently when SNa increases 
4 to 6 mmol/L; therefore no more than three boluses should 
be given.6,10 Crucially, 0.9% NaCl should not be used to 
acutely increase SNa in patients with severe symptoms. 
The resulting SNa is unpredictable, and the hyponatremia 
may worsen in the patient with the syndrome of inappropri-
ate antidiuretic hormone secretion (SIADH) (see section 
about mechanisms).6,12 Neither should V2-receptor antagonists 
be used acutely, because they do not induce a controllable 
and rapid increase in SNa, and the induction/worsening 
of hypovolemia can be hazardous.42–44

The relative reduction in SNa in the individual patient 
causes the brain water increase.39 Thus there is no set 
SNa level below which severe symptoms arise: a rapid 
reduction from long-lasting low SNa levels (e.g., from 122 
to 104 mmol/L) causes as much brain edema as a rapid 
reduction from normal SNa levels (e.g.144 to 122 mmol/L). In 
addition, patients with concomitantly increased intracranial 
pressure (e.g., because of meningitis or intracranial bleeding 
[Box 56.1]), are more vulnerable, and even slight decreases 
in SNa (4–6 mmol/L, e.g., from 138 to132 mmol/L) can be 
dangerous.45 On the other hand, very low levels of SNa can 
be present without severe symptoms, and a more hesitant 
approach is appropriate (see Fig. 56.3).37,40,41

MEASURES TO AVOID OVERCORRECTION  
OF HYPONATREMIA

The brain adapts to the increased water content caused by 
the hyponatremia. Acutely, cerebrospinal fluid and blood 
are squeezed out of the rigid skull because of the increased 
intracranial pressure (ICP), and blood volume is decreased 
further by hyperventilation. Together, this reduction in brain 
ECV (and therefore brain sodium content) counteracts the 
increase in ICP. This should not be mistaken for the acute 
large brain sodium loss seen in animal models, which is 
probably model dependent.46 After a period of time, arbi-
trarily defined as hyponatremia lasting more than 48 hours, 
cerebral symptoms wane in parallel with a reduced cerebral 
content of potassium, organic osmolytes, and water, making 
the brain vulnerable to increased tonicity.47,48 Therefore a 
rapid increase in SNa can result in osmotic brain damage 
and death resulting from osmotic demyelination (OD) (see 
Fig. 56.2).38,49 In relation to hyponatremia, the course of 
OD is biphasic: first, a reduction in cerebral symptoms and 
second, a gradual neurologic worsening. Lesions in the 
pons can result in unconsciousness, paraplegia, and respira-
tory failure. The course of OD and the mechanisms leading 

consciousness, seizures, and/or rigidity.6,37 This is a medical 
emergency, and delayed treatment can be fatal because of 
increased intracranial pressure (see Fig. 56.1). The first 
priority when treating a patient with an altered level of 
consciousness is to ensure a patent airway, adequate breath-
ing, and circulation and to undertake a brief evaluation of 
the patient’s neurologic disability and measurement of blood 

FIGURE 56.1 Computed tomography scan of patient suffering severe 
brain edema resulting from hyponatremia. 

FIGURE 56.2 Osmotic demyelination. Magnetic resonance imaging, 
T2-weighted FLAIR, demonstrating osmotic demyelination in the 
central region of the pons in a woman resulting from rapid serum 
sodium concentration correction of hospital-acquired hyponatremia 
(developed within 48 hours). FLAIR, Fluid-attenuated inversion 
recovery. 
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to OD are not well understood but could in part be an 
autoimmune reaction.50 OD is associated strongly with the 
cerebral adaption to hyponatremia over time. However, OD 
is also seen when a rapidly developed hyponatremia is 
swiftly corrected (see Fig. 56.2)51,52 and in rapidly developed 
hypernatremia.10,53 Therefore SNa correction should be 
controlled in all patients. The increase in SNa should be 
of no more than 10 mmol/L in the first 24 hours and less 
than 8 mmol/L every 24 hours thereafter and hypernatremia 
avoided.10,40 In patients with additional risk factors of OD 
(very low SNa, hypokalemia, malnutrition, alcoholism, and 
advanced liver disease), the increase should be maximally 
6 mmol/L in every 24 hours.10,40,41

Controlling the correction of hyponatremia can be a 
challenging task and demands a high level of observation 
(see Fig. 56.3).

The primary cause of overcorrection in the hyponatremic 
patient is the excretion of a large volume of diluted urine 

Initial patient assessment
ABCDa

SNa <130 mmol/Lb

Severe symptoms:
Decreased consciousness

Seizures

Muscle rigidity

No severe symptoms

Bolus 2 mL/kg 3% NaClc

Bolus 2 mL/kg 3% NaCl

Bolus 2 mL/kg 3% NaCl

Avoid overcorrection

Monitor SNa

Monitor urine volume

Maximal correction
every 24 hours:

High OD riskd: 6 mmol/L

Others: 10 mmol/L

Final diagnosis/correction

SNa increases too rapidlye

Give water orally/5%
glucose IV/0.45% NaCl IV

Desmopressin can be
used to control brisk

diuresisf

a A=airway, B=breathing, C=circulation, D=disability. Treat potential ABCD problems and other potential causes of severe symptoms, 
including hypo-/hyperglycemia.

b Higher levels in patients with intracranial pathology/known hypernatremia

c Bolus=IV/IO infusion in a few minutes. Response to a bolus is observed after 5 minutes if symptoms decrease. Go to “no severe 
symptoms” if severe symptoms persist and infuse a maximum of three boluses. 3% NaCL=0.5 mmol/mL NaCl.

d High OD (osmotic demyelination) risk: Very low SNa, hypokalemia, malnutrition, alcoholism, and advanced liver disease

e Large diuresis creating a negative water balance is the most common cause of overcorrection. Additionally, K+ substitution 
increases SNa.

f Proposed desmopressin dose: 1–2 µg IV every 6–8 hours

Always consider and treat
alternative causes of

severe symptoms
simultaneously

FIGURE 56.3 Hyponatremia treatment algorithm. OD, Osmotic demyelination; SNa, serum sodium concentration. 

BOX 56.1 

Conditions With Potentially Increased Intracranial 
Pressure and Vulnerability to Small Decreases in SNa

Infection: meningitis, abscess, encephalitis
Head injury: bleeding, edema, contusion
Subarachnoid hemorrhage
Subdural hematoma
Intracerebral hemorrhage
Stroke
Ischemia/anoxia (e.g., after successful heart arrest 

resuscitation)
Intracranial tumor
Acute liver failure
Hydrocephalus
Status epilepticus
Hypertensive crisis
Hyponatremia
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disease. The mechanisms leading to CSW are not clear.60,61 
Diagnostic difficulties are rooted in the problem of determin-
ing the presence of hypovolemia (to distinguish it from 
SIADH)59 and in the fact that neurointensive patients often 
receive large amounts of normal and hypertonic saline to 
avoid hypovolemia and hyponatremia and to treat elevated 
intracranial pressure.60,62 This sodium loading induces 
diuresis and natriuresis in the normal kidney.63,64 The 
primary treatment of CSW is hypertonic saline, at times in 
combination with fludrocortisone (e.g., 0.2–0.4 mg/day).65

Thiazide-induced hyponatremia is common.66 The 
mechanisms are not clear. In contrast to loop diuretics, 
thiazides do not reduce the medullary concentration gradient 
necessary for concentrating urine because of their action 
in the distal tubules. Thiazides induce desalination by their 
action on the NaCl transporter, but increased thirst and the 
worsening of a preexisting dilution defect independent of 
AVP also may contribute to the hyponatremia in susceptible 
individuals.67 Cessation of thiazides can result in a rapid 
increase in SNa.

Hyponatremia With Increased Total Body Sodium
In conditions such as congestive heart failure and cirrhotic 
liver failure, hyponatremia is caused by nonosmotic stimula-
tion of AVP secretion and thirst because of hypoperfusion. 
In addition, RASS and the sympathetic nervous system are 
activated, resulting in a low urine sodium concentration. 
Optimizing the hemodynamics is the cornerstone of treat-
ment in these situations. This includes reduction of sodium 
and water overload by diuretics and sodium restriction.25 
These patients are at risk of hospitalized-acquired hypo-
natremia if treated with large amounts of hypotonic fluids 
(e.g., 5% dextrose).45

Hyponatremia Despite Suppressed  
Arginine Vasopressin
Normally functioning kidneys have an enormous capacity 
to excrete water (1 L/hr), so excessive water input (e.g., 
polydipsia) must exceed this to produce hyponatremia. 
Much less water intake can produce hyponatremia when 
the kidney’s ability to excrete water is reduced. Low solute 
(protein, cations) intake in severe malnutrition (e.g., cancer, 
anorexia nervosa, beer potomania) reduces the kidney’s 
ability to excrete water because pure water cannot be 
excreted.28 Urine osmolality is low. In this situation, 
loop diuretics will increase the risk of hyponatremia by 
obliterating the kidneys ability to produce diluted urine. A 
reduced glomerular filtration rate with increasing age puts 
the elderly at risk of hyponatremia.32 Treatment should take 
into account any polydipsia, malnutrition, and/or reduced 
renal function.

Hyponatremia With Normal Total Body Sodium: 
Syndrome of Inappropriate Antidiuretic Hormone
In SIADH, nonosmotic AVP secretion and thirst are present 
despite normal perfusion.29,68,69 The combination of non-
osmotic AVP secretion and no hemodynamic activation of 
the RASS/sympathetic nervous system can result in a very 
negative EFWC: UNa + UK ≫ SNa. This puts the patient 
at high risk of hyponatremia when hypotonic fluids, such 
as water, 5% dextrose, or half-strength Darrow’s solution 
with 5% dextrose, are prescribed or ingested.70 When urine 

resulting from a decrease in the action of AVP.54,55 In this 
situation, the excretion of electrolyte-free water ([UNa + 
UK] ≪ SNa) will restore normonatremia, and a rapid 
increase in SNa may result. If the rise in SNa cannot be 
controlled by hypotonic fluids such as water given orally 
or 5% glucose IV, the V2-receptor agonist desmopressin is 
effective in reducing EFWC (e.g., 1–2 µg desmopressin iv 
every 6 to 8 hours).

The patient represents a dynamic system, and exact 
prediction of SNa based on formulas is uncertain.55,56 The 
safest way is to closely monitor SNa and urine output, and 
adjust fluid and eventual desmopressin treatment according 
to Eq. 2.

One special situation is the hyponatremic patient in 
need of acute dialysis. In this situation, measures must be 
taken to avoid rapid overcorrection (e.g., reducing the blood 
flow or diluting the fluids given).6

MECHANISMS CAUSING HYPONATREMIA 
AND LASTING CORRECTION

When the initial therapy has stabilized the patient and 
measures to avoid overcorrection have been undertaken, 
mechanisms behind the hyponatremia must be identified 
in the critically ill patient. This can be challenging because 
(1) multiple combined causes are common,57,58 (2) the initial 
mechanisms causing hyponatremia can be evanescent, and 
(3) hypovolemic and normovolemic hyponatremia (SIADH) 
can seldom be separated clinically.59 Therefore the diagnosis 
goes hand-in-hand with the treatment response, and the 
causes of the hyponatremia may overlap.

To support the diagnosis, the patient’s history is impor-
tant: current disease, exploration of thirst feeling, known 
comorbidities (e.g., heart failure, liver failure, and renal 
impairment), medications (see Table 56.1), and a meticulous 
history of fluid and food intake and output. The vital signs 
are determined and the patient examined for signs of chronic 
illness. A urine sample should be obtained as soon as 
possible and analyzed for UNa and UK to calculate EFWC 
and hence the kidneys’ contribution to the hyponatremia. 
Daily weight is essential to monitor water balance, and in 
complicated cases cation balance should be studied accord-
ing to Eq. 2.

Hyponatremia With Reduced Total Body Sodium
Loss of sodium (e.g., gastrointestinal, renal, blood, wounds) 
and thereby a reduction in ECV results in hypovolemia 
and reduced perfusion, with nonosmotic stimulation of 
AVP secretion. AVP reduces renal water excretion, and the 
ingestion/infusion of hypotonic fluids (e.g., water or 5% 
dextrose) in this situation can result in hyponatremia. With 
hypoperfusion, the RAAS and the sympathetic nervous 
system are activated, resulting in low urine sodium secre-
tion.25 However, a low urine sodium concentration is not 
always present in patients on diuretic therapy or in those 
with adrenal deficiency and/or metabolic alkalosis from 
vomiting. When the sodium/ECV deficit is restored (e.g., 
with 0.9% NaCl/Ringer’s lactate/acetate), the AVP stimulus 
is abolished, and a high EFWC can result in a rapid SNa 
increase, with impending overcorrection.

Cerebral salt wasting (CSW) is a condition with hypo-
volemia resulting from inappropriate diuresis with a high 
urinary sodium concentration in conjunction with cerebral 
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and adrenal function.29,71 However, in the critically ill 
patient, other hyponatremia mechanisms are likely to 
coexist (e.g., renal impairment, use of diuretics) and must 
be detected and corrected. When persistent SIADH is the 
likely diagnosis, the cornerstone is investigation and treat-
ment of its underlying causes (e.g., cancer).

In critical illness, correction of the hyponatremia is 
achieved primarily by restriction of hypotonic water and 
infusion of hypertonic saline (e.g., 0.1–0.4 mmol/kg/hr). In 
the persistent form of SIADH, V2-receptor antagonist treat-
ment may be the most effective option; however, treatment 
most be monitored to avoid overcorrection and dehydration. 
EFWC often can be increased with loop diuretics or osmoti-
cally by supplemental salt or urea treatment.72

Hormonal Deficiency
Adrenal deficiency can induce hyponatremia.73 In the 
critically ill patient, a random plasma cortisol level above 

sodium concentration is high, infusion of 0.9% NaCl can 
result in a worsening of the hyponatremia because the 
sodium is excreted in a smaller volume than that infused 
and electrolyte-free water is retained (“desalination”).12 
Failure to increase SNa with 0.9% NaCl is a practical way 
to distinguish SIADH from hyponatremia with reduced ECV.

In the critically ill, SIADH may be due to various drugs 
(see Table 56.1) and diseases (see Table 56.2). Causes of 
SIADH may be divided rationally into (1) self-limiting 
mechanisms (common in the hospitalized patient), with 
an inherent risk of overcorrection when the AVP stimulus 
is abolished (e.g., cessation of nausea), and (2) persistent 
conditions (e.g., paraneoplastic phenomenon) that, in the 
absence of arginine V2-receptor antagonist treatment, rarely 
will be overcorrected.6

The conventional criteria for SIADH are plasma hypo-
osmolality (P-Osm < 275 mOsm/kg) without maximally 
diluted urine (urine osmolality > 100 mOsm/kg, usu-
ally >300 mOsm/kg); high urine sodium concentration 
(>40 mmol/L); normal circulation; and normal renal, thyroid,  

TABLE 56.2 

Causes Associated With Syndrome of Inappropriate Antidiuretic Hormone Secretion/Antidiuresis (SIADH)

GROUPS SELF-LIMITING CONDITIONS PERSISTENT CONDITIONS

Central nervous system 
disorders

Hemorrhage and masses:
Bleeding subarachnoid, subdural, intracranial, or 
epidural

Traumatic brain injury
Spinal cord injury
Brain tumors
Hydrocephalus
Cerebrovascular incident
Infection/inflammatory disorders:
Encephalitis (especially acute autoimmune 
encephalitis)103

Meningitis
Brain abscess
Guillain–Barré syndrome
AMSAN
AIDS with cerebral affection
Others:
Acute psychosis
Delirium tremens

Brain tumors
Systemic lupus erythematosus
Multiple sclerosis

Pulmonary disorders Infections:
Bacterial pneumonia
Viral pneumonia
Pulmonary abscess
Tuberculosis
Empyema
Aspergillosis
Mechanical ventilation
Asthma

Medication-related causes See Table 56.1
Tumor-related/paraneoplastic 
causes

Cancer:
Lung (especially small cell cancer)
Oropharynx
Gastrointestinal
Urogenital
Thymoma
Lymphomas
Sarcomas

Other causes Prolonged strenuous activity (exercise associated)
Perioperative state
Pain
Stress
Nausea and vomiting

Gain-of-function mutations in the 
renal V2-receptor

Reset-osmostat

Conditions in italics are fairly common in the critically ill patient.
AIDS, Acquired immunodeficiency syndrome; AMSAN, acute motor and sensor axonal neuropathy.
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SNa denotes hypertonicity, and correction for any hyper-
glycemia is important. Hypernatremia is less common than 
hyponatremia, but the patient is generally more ill and has a 
higher mortality according to large retrospective studies.2–5,74 
However, a causal relationship between elevated SNa and 
mortality requires further exploration. In contrast, it is 
well known that a rapid and large increase in SNa causes 
brain shrinking and can result in brain hemorrhage, osmotic 
demyelination, brain damage, and death.75,76

In the approach to the patient with hypernatremia, it is 
rational to separate patients with dehydration (reduced 
weight, negative fluid balance) from patients with increased 
sodium and water (increased weight, positive fluid balance). 
Treatment is fundamentally different (Fig. 56.4). In all cases, 
the correction of hypernatremia must be controlled to reduce 

700 nmol/L (25 µg/dL) virtually excludes adrenal defi-
ciency.73 If this value is inconclusive, low-dose adrenocor-
ticotropic hormone stimulation should be performed. 
Hypothyroidism is associated occasionally with hypona-
tremia. The mechanisms are unclear. Patients should be 
screened by measuring plasma thyroid-stimulating hormone 
and T4.73

HYPERNATREMIA

Hypernatremia is typically defined as a serum sodium 
concentration higher than 145 mmol/L; however, this 
definition may vary between different laboratories. Elevated 

Hypernatremia (SNa >145 without ICP lability)

1. Vital signs (GCS, blood pressure, heart rate, CRT, skin temp.)
2. Correct SNa with 0.4 mmol/L per mmol/L increase in blood sugar > 5 mmol/L
3. Spot urine UNa og UK (do not wait for the answer)

Dehydration:
Water loss, weight loss

Sodium/potassium excess:
Positive fluid chart, weight gain

A. Severe hypovolemia (e.g., low blood pressure):

Bolus Ringer’s-lactate IV:

• 5 mL/kg (adults)

• 20 mL/kg (children)

Evaluation of vital signs/hemodynamics
before eventually repeated bolus

B. No signs of severe hypovolemia
• 5-10 mL/kg water per oral

• 5-10 mL/kg 5% Glucose IV (NB hyperglycemia)

SNa >145 and reduction <10 � repeat B
SNa <145. Monitor SNa to avoid reduction >10

SNa is monitored

1. Reduce sodium load
(In fluids, nutrition, drugs)

2. Increase sodium excretion
Consider use of thiazides/metolazone

Consider pause of loop diuretics

Monitoring:
SNa and weight

Spot urine UNa and UK:

(UNa + UK) > SNa � ↓ SNa

(UNa + UK) < SNa � ↑ SNa

Vital signs/hemodynamics

If SNa still increase consider:

• 5 mL/kg water per oral or

• 5 mL/kg 5% glucose IV

* SNa >160 dialysis

Diabetes insipidus:
Polyuria >4 mL/kg/hr, increasing SNa and

UNa <20 or urine osmolality <300�

IV desmopressin 2 µg (adullts) 0.5–1 µg (kids)

SNa is monitored frequently

FIGURE 56.4 Hypernatremia treatment algorithm. CRT, Capillary refill time; GCS, Glasgow coma scale score; ICP, intracranial pressure, 
SNa, serum sodium concentration in mmol/L; UK, urine potassium concentration in mmol/L; urine osmolality in mOsm/kg; UNa, urine 
sodium concentration in mmol/L. Diagnosis and treatment of underlying disease is essential. 
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release from degenerating magnocellular neurons), and 
finally CDI.84 In critically ill patients outside the neuroin-
tensive care unit, CDI is rare but important to diagnose 
(e.g., in the brain death donor to preserve organs).

The treatment of CDI is the restoration of water deficit 
and desmopressin.85 In the debilitated patient with brain 
damage, especially when combined with hypodipsia/adipsia, 
or in infants, the balance between water intake and the 
effect of desmopressin can be difficult to manage, resulting 
in large fluctuations in SNa after discharged from the ICU. 
In these situations, treatment with thiazide can be a more 
safe approach than desmopressin.86

Nephrogenic diabetes insipidus refers to polyuria and 
a urine concentration defect because of renal resistance to 
the action of AVP. Nephrogenic diabetes insipidus can be 
hereditary or acquired. In the adult, the most common 
causes are chronic lithium ingestion, V2-antagonist treatment, 
hypercalcemia, and obstructive uropathy (see Table 56.3).87 
Treatment can be challenging and may consist of drug 
evaluation, correction of hypercalcemia, a low-solute diet 
to decrease urine volume, prostaglandin synthesis inhibitors, 
and thiazides.87,88

Hypernatremia With Increased Sodium and  
Total Body Water
Hypernatremia with increased total body sodium and water 
develops when the cation balance is positive, which is 
observed frequently in ICU-acquired hypernatremia.34,89,90 
The disorder normally results in weight gain and is only 
possible to detect clinically if large. Keeping in mind that 
the daily recommended sodium intake is 100 mmol, which 
equals 0.7 L of 0.9% NaCl or 0.8 L Ringer’s lactate, it is 
more the rule than the exception that critically ill patients 
receive 4 to 10 times more sodium than recommended 
because of fluid resuscitation and drug administration.91 
The use of hypertonic solutions, for example, NaHCO3 
treatment or 0.9% NaCl with added 40 mmol KCl to correct 
hypokalemia, may contribute to hypernatremia. In addition 

the risk of brain edema, and at the same time the underlying 
diseases should be treated. A treatment algorithm is proposed 
in Fig. 56.4.

Hypernatremia With Reduced Total Body  
Water: Dehydration
Conditions interfering with normal thirst and sufficient 
water intake are important mechanisms of dehydration.24,77 
Individuals at risk of insufficient drinking often have an 
altered mental status (critical illness, sedation, neurologic 
impairment), or they are intubated patients, infants,78 or 
geriatric patients.79 Less common, true deficits in thirst and 
osmoregulation occur in patients with acquired hypotha-
lamic lesions from conditions such as neoplasm, granulo-
matous infiltration, traumatic brain injury, and vascular 
disease (e.g., aneurysmal bleeding).26

An enhanced loss of hypotonic body fluids ([Na]fluid + 
[K]fluid) < SNa contributes to the hypernatremia. A high loss 
through the skin can result from fever,34,77,80 a high ambient 
temperature, exercise, or extensive skin defects such as 
seen in burns. Gastrointestinal loss of hypotonic fluid can 
be large because of diarrhea (e.g., laxatives) and vomiting. 
A renal concentrating defect (positive EFWC) frequently 
contributes to the increased SNa. Several mechanisms are 
responsible for this. Loop diuretics contribute, especially 
in the critically ill patient.34 Osmotic diuresis (U-Osm 
>300 mOsm in combination with hypernatremia) can be 
induced by hyperglycemia. Osmotic urea diuresis is seen 
in association with excessive protein nutrition and protein 
wasting and is diagnosed by the presence of increased 
electrolyte-free water excretion, whereas free water excretion 
is negative.81 Mannitol also induces osmotic diuresis besides 
a translocational reduction in measured SNa.

Taken together, dehydration combined with sodium loss 
is the most common cause of hypernatremia in patients 
admitted to hospital.77 Because of concomitant sodium loss, 
these conditions result in more profound hypovolemia 
(reduced ECV and hence plasma volume) than dehydration 
alone.82 The patient is treated by restoring the ECV and 
correcting the water deficit.

Although rare in the critically ill, diabetes insipidus 
deserves special attention. Patients with diabetes insipidus 
have a functionally decreased renal AVP response to 
hypertonicity. In general AVP secretion and response are 
maximal with an SNa more than 145 mmol/L. In this situ-
ation, a low urine sodium concentration (<20 mmol/L) or 
urine osmolality value lower than 800 mOsm/kg indicates 
diabetes insipidus in the absence of an osmotic diuresis.83 
If the diluted urine is not balanced by hypotonic fluid 
input, then SNa increases rapidly. Another hallmark is 
polyuria (>4 mL/kg/hr). However, if the dehydration is 
allowed to develop, the concomitant hypovolemia and 
hypoperfusion will reduce urine output despite the diabetes 
insipidus. Therefore it is mandatory to evaluate the state 
of the circulation.

Central diabetes insipidus (CDI) refers to polyuria and 
a urine concentration defect as a consequence of a deficiency 
of AVP secretion (Box 56.2). The condition is relatively 
frequent in the neurointensive care unit in patients with 
traumatic brain injury, aneurysmal subarachnoid hemor-
rhage, brain death, tumors, or after pituitary or skull base 
surgery. Of notice, adrenal insufficiency is also frequent in 
this population, and if hormone substitution is not under-
taken, it can mask diabetes insipidus. Postoperative CDI 
can be partial and transient and sometimes have a triphasic 
course: first CDI, then SIADH (because of uncontrolled AVP 

Modified from Garofeanu CG, Weir M, Rosas-Arellano MP, et al. Causes 
of reversible nephrogenic diabetes insipidus: A systematic review. Am J 
Kidney Dis. 2005;45:626–637.

BOX 56.2 

Differential Diagnosis of Central Diabetes Insipidus

Idiopathic/autoimmune
Primary neurologic:

Neurosurgery (usually transsphenoidal or skull base)
Traumatic brain injury
Aneurysmal subarachnoid hemorrhage
Hypoxic/ischemic encephalopathy
High intracranial pressure/brain death

Tumors:
Leukemia
Lymphoma
Metastatic lung cancer

Infiltrative disorders:
Histiocytosis X/eosinophilic granuloma
Sarcoidosis
Wegener granulomatosis
Autoimmune lymphocytic hypophysitis

Other:
Anorexia nervosa
Acute fatty liver of pregnancy
Postsupraventricular tachycardia
Familial/Wolfram syndrome
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hypernatremia must be treated to rule out any contribution 
to an altered level of consciousness. In addition, severe 
dehydration can predispose to venous thrombosis and 
rhabdomyolysis. In severe cases with rapid and large 
increases in SNa (e.g., salt or soya intoxication or incautious 
saline infusion in diabetes insipidus) the osmotic stress 
can result in brain hemorrhage, osmotic demyelination, 
and death.10,53 In the more chronic forms of hypernatremia, 
brain adaption includes the accumulation of organic 
osmolytes in brain cells to partly restore brain volume.94

Safe Correction of Hypernatremia
The first principle in treatment is to secure airway, breathing, 
and circulation. In the severely dehydrated patient, the 
concomitant hypovolemia can result in circulatory failure.82 
In this situation, treatment with bolus infusions of 0.9% 
NaCl/Ringer’s lactate (approximately 5 mL/kg) is appropriate. 
Boluses are repeated according to hemodynamic parameters 
(see Fig. 56.4). This should be paralleled by investigation 
and treatment of the underlying mechanisms (e.g., insulin, 
antibiotics, and antipyretics). Clinical evaluation of volume 
status is notoriously imprecise, and therefore the distinction 
between dehydration and sodium/water excess must also 
rely on the patient’s history of input and output, the fluid 
chart, weighing the patient, and vital signs. A urine sample 
should be obtained and analyzed for UNa and UK to cal-
culate EFWC and therefore the kidney’s contribution to the 
hypernatremia.

Too-rapid SNa correction can provoke seizures, probably 
because of brain edema.95–97 The relative reduction in tonicity 
results in cellular swelling. However, failure to correct the 
hypernatremia is associated with a higher mortality than 
would be the case if the electrolyte imbalance had not been 
corrected.98,99 No optimal correction rate has been deter-
mined, but it has been suggested that it should not exceed 
0.5 mmol/L/hr.10,95 A practical approach is to decrease SNa 
5 to 6 mmol/L the first hours (1 mmol/L/hr) and then slow 
down the correction rate so that the total correction is 
10 mmol/L in 24 hours (0.5 mmol/L/hr).77,78 The change in 
tonicity is important. The measured SNa therefore must 
be corrected for any hyperglycemia. In addition, it must 
be kept in mind that the patient represents a dynamic system. 
Therefore formulas can only guide therapy and SNa should 
be monitored frequently.

In the patient with potentially increased intracranial 
pressure, the risk of hypernatremia must be weighed against 
the risk of increasing the intracranial pressure by reducing 
SNa. If reduction of SNa is believed to be appropriate, then 
the reduction should be small (e.g., 4 mmol/L/24 hr) and 
the patient meticulously monitored, perhaps with measure-
ment of ICP.

Prevention of Dysnatremia in the Intensive  
Care Unit
Large amounts of fluids are daily prescribed to critically 
ill patients. The primary goal is to secure the circulating 
volume and to maintain the water and electrolyte distribu-
tion. Unfortunately, inappropriate fluid administration 
commonly causes unintended hyponatremia or hyperna-
tremia, with an associated increase in morbidity and 
mortality.2–4,8,34,35,74 Because ICU-acquired hypo- and 
hypernatremia can largely be prevented, normonatremia 
is a possible indicator for quality of care.100 Eq. 2 lies at 
the root of the prevention of dysnatremia.

hypernatremia can be induced therapeutically with hyper-
tonic saline solutions to reduce elevated intracranial pressure 
because of, for example, traumatic brain injury or intracranial 
hemorrhage.92 Salt intoxication outside the hospital is rare 
but may arise as a consequence of suicide attempts with 
soya sauce.75

In healthy individuals, an increased salt load is excreted 
in the urine.63,64 Natriuresis can be diminished in the criti-
cally ill patient because of hypoperfusion (activating of 
RAAS and sympathetic nervous system) and a low glo-
merular filtration rate.89 Next, renal concentrating ability 
can be diminished as a result of the current disease (e.g., 
sepsis, burns) or treatment with loop diuretics.34

A diagnosis of sodium and water overload is made from 
the history, water, and cation balances, and, if available, 
weight changes. Treatment consists of creating a negative 
cation balance by reducing the cation input and increasing 
the cation output with thiazides or, rarely, dialysis.

Clinical Presentation of Hypernatremia
Hypernatremia denotes hypertonicity and the osmotic stress 
can cause neurologic symptoms: decreased level of con-
sciousness, lethargy, headache, irritability, restlessness, 
hyperreflexia, spasticity, and seizures.6,93 Cerebral symptoms 
can be the only sign of dehydration in the infants and 
elderly.78,79 In the critically ill patient it can be difficult to 
determine whether the cerebral symptoms stem from 
hypernatremia or the underlying disease. Nevertheless, 

TABLE 56.3 

Differential Diagnosis of Nephrogenic Diabetes Insipidus

Hereditary causes Aquaporin 2 mutations
Arginine vasopressin receptor 

mutations
Drug-related causes Lithium

V2-receptor antagonists
Antibiotic agents:
  Demeclocycline
  Ofloxacin
  Rifampin
  Netilmicin
Antifungal agent: amphotericin B
Antiviral agents:
  Cidofovir
  Foscarnet
  Indinavir
  Tenofovir
Antineoplastic agents:
  Cyclophosphamide
  Ifosfamide
  Methotrexate
Other drugs:
  Radiocontrast agents
  Colchicine
  Ethanol
  Orlistat

Metabolic Hypokalemia
Other conditions Hypercalcemia

Sjögren syndrome
Sickle cell disease
Release of urinary tract obstruction
Amyloidosis
Pregnancy
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acquired in the ICU could be minimized by vigilance and 
an understanding of what causes them according to Edelman 
(see Eq. 2). Nevertheless, the critically ill patient represents a 
dynamic system, and the complex mechanisms that maintain 
total body sodium and water homeostasis are challenged, 
making fluctuations in SNa inevitable.

Key Points

1. Disorders of sodium and water balance are common 
in hospitalized and critically ill patients.

2. Disorders of sodium and water balance may rep-
resent a surrogate for the severity of underlying 
illness or the progression of chronic disease.

3. Hyponatremia and hypernatremia are associated 
with an increased mortality.

4. Hyponatremia with severe cerebral symptoms is 
a medical emergency, and serum sodium concentra-
tion must be controlled to reduce the risk of osmotic 
demyelination.

5. Fluctuations in serum sodium concentrations 
could be minimized by prescribing fluids with the 
same attention as given to the prescription of other  
drugs.
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Intensive Care Unit–Acquired Hyponatremia. In the 
critically ill patient, nonosmotic AVP secretion is frequent 
and results in a reduced EFWC. This condition puts the 
patient at risk of hyponatremia upon infusion of fluids that 
are extremely hypotonic such as 5% dextrose (glucose), 
0.45% NaCl in 5% dextrose, and half-strength Darrow in 
5% dextrose.31,45 If hyponatremia develops despite infusion 
of 0.9% NaCl and UNa + UK ≫ SNa, then the kidney is 
part of the problem and water should be restricted and/or 
treatment with 3% NaCl instituted according to the patient’s 
water balance.

In patients with potentially increased intracranial pres-
sure resulting from, for example, meningitis (see Box 56.1), 
even slight changes in intracranial volume can increase 
intracranial pressure critically, with the risk of brain damage 
and ultimately herniation. As a consequence, even slight 
decreases in SNa of only 4 to 6 mmol/L can be critical, 
and treatment with hypotonic fluids is best avoided.45 
Besides avoidance of extremely hypotonic fluids such as 
5% glucose and half-strength Darrow’s, this also includes 
avoidance of slightly hypotonic fluids such as lactated 
Ringer’s, which also decreases SNa.101,102 Consequently, 0.9% 
NaCl is first-line fluid for patients with potentially increased 
intracranial pressure, and SNa should be monitored closely. 
Decreasing SNa is treated with hypertonic saline.

ICU-acquired hypernatremia resulting from dehydration 
should be reduced to a minimum by weighing the patient. 
An unintended increase in SNa resulting from water and 
cation excess is more challenging. The imbalance is caused 
by a large sodium load combined with inappropriate low 
renal secretion. In this situation, sodium input should be 
restricted (drugs, fluids, nutrition), and, if indicated, the 
output can be increased by the use of thiazides. Treatment 
is not more water in a situation of water excess.6,89

CONCLUSION

Critically ill patients commonly have disorders of sodium 
and water balance that are often iatrogenic. These disorders 
may represent a surrogate for increased neurohormonal 
activation, organ dysfunction, and worsening severity of 
illness or progression of underlying chronic disease. Timely 
recognition and appropriate intervention are required to 
prevent the increases in morbidity and mortality that accom-
pany these disorders. Hyponatremia and hypernatremia 
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