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  Osmotic pressure is generally dependent 
only on the number of nondiff usible solute 
particles. This is because the average kinetic 
energy of particles in solution is similar 
regardless of their mass.  

  Potassium is the most important determinant 
of intracellular osmotic pressure, whereas 
sodium is the most important determinant of 
extracellular osmotic pressure.  

  Fluid exchange between the intracellular 
and interstitial spaces is governed by the 
osmotic forces created by diff erences in 
nondiff usible solute concentrations.  

  Serious manifestations of hyponatremia 
are generally associated with plasma 
sodium concentrations <120 mEq/L.  

  Very rapid correction of hyponatremia 
has been associated with demyelinating 
lesions in the pons (central pontine 
myelinolysis), resulting in serious 
permanent neurological sequelae.  

  The major hazard of increases in extracellular 
volume is impaired gas exchange due to 
pulmonary interstitial edema, alveolar edema, 
or large collections of pleural or ascitic fl uid.  

  Intravenous replacement of potassium 
chloride is usually reserved for patients 
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  K E Y  C O N C E P T S 

with, or at risk for, signifi cant cardiac 
manifestations or severe muscle weakness.  

  Because of its lethal potential, hyperkalemia 
exceeding 6 mEq/L should always be 
corrected.  

  Symptomatic hypercalcemia requires 
rapid treatment. The most eff ective initial 
treatment is rehydration followed by a brisk 
diuresis (urinary output 200–300 mL/h) 
utilizing administration of intravenous saline 
infusion and a loop diuretic to accelerate 
calcium excretion.  

  Symptomatic hypocalcemia is a medical 
emergency and should be treated 
immediately with intravenous calcium 
chloride (3–5 mL of a 10% solution) or calcium 
gluconate (10–20 mL of a 10% solution).  

  Some patients with severe 
hypophosphatemia may require mechanical 
ventilation postoperatively because of 
muscle weakness.  

  Marked hypermagnesemia can lead to 
respiratory and cardiac arrest.  

  Isolated hypomagnesemia should be 
corrected prior to elective procedures 
because of its potential for causing cardiac 
arrhythmias.    
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1108 SECTION V Perioperative & Critical Care Medicine

 Fluid and electrolyte disturbances are extremely 
common in the perioperative period. Large vol-
umes of intravenous fl uids are frequently required 
to correct fl uid defi cits and compensate for blood 
loss during surgery. Major disturbances in fl uid and 
electrolyte balance can rapidly alter cardiovascular, 
neurological, and neuromuscular functions, and 
anesthesia providers must have a clear understand-
ing of normal water and electrolyte physiology. Th is 
chapter examines the body’s fl uid compartments 
and common water and electrolyte derangements, 
their treatment, and anesthetic implications. Acid–
base disorders and intravenous fl uid therapy are dis-
cussed in other chapters. 

  Nomenclature of Solutions 
 Th e system of international units (SI) has still 
not gained universal acceptance in clinical prac-
tice, and many older expressions of concentration 
remain in common use. Th us, for example, the 
quantity of a solute in a solution may be expressed 
in grams, moles, or equivalents. To complicate 
matters further, the concentration of a solution 
may be expressed either as quantity of solute per 
volume of solution or quantity of solute per weight 
of solvent. 

  MOLARITY, MOLALITY, 
& EQUIVALENCY 
 One mole of a substance represents 6.02 × 10 23

molecules. Th e weight of this quantity in grams is 
commonly referred to as gram-molecular weight. 
Molarity is the standard SI unit of concentration 
that expresses the number of moles of solute per 
liter  of solution. Molality is an alternative term that 
expresses moles of solute per  kilogram  of solvent. 
Equivalency is also commonly used for substances 
that ionize: the number of equivalents of an ion in 
solution is the number of moles multiplied by its 
charge (valence). Th us, a 1 M solution of MgCl 2  
yields 2 equivalents of magnesium per liter and 
2 equivalents of chloride per liter.  

  OSMOLARITY, OSMOLALITY, 
& TONICITY 
Osmosis  is the net movement of water across a semi-
permeable membrane as a result of a diff erence in 
nondiff usible solute concentrations between the two 
sides.  Osmotic pressure  is the pressure that must be 
applied to the side with more solute to prevent a net 
movement of water across the membrane to dilute 
the solute. 

     Osmotic pressure is generally dependent only 
on the number of nondiff usible solute par-

ticles. Th is is because the average kinetic energy of 
particles in solution is similar regardless of their 
mass. One osmole equals 1 mol of nondissociable 
substances. For substances that ionize, however, 
each mole results in  n  Osm, where  n  is the number 
of ionic species produced. Th us, 1 mol of a highly 
ionized substance such as NaCl dissolved in solu-
tion should produce 2 Osm; in reality ionic inter-
action between the cation and anion reduces the 
eff ective activity of each such that NaCl behaves as 
if it is only 75% ionized. A diff erence of 1 mOsm/L 
between two solutions results in an osmotic pres-
sure of 19.3 mm Hg. Th e osmolarity of a solution is 
equal to the number of osmoles per  liter  of solution, 
whereas its osmolality equals the number of osmoles 
per  kilogram  of solvent.  Tonicity,  a term that is oft en 
used interchangeably with osmolarity and osmolal-
ity, refers to the eff ect a solution has on cell volume. 
An  isotonic  solution has no eff ect on cell volume, 
whereas  hypotonic  and  hypertonic  solutions increase 
and decrease cell volume, respectively.   

  Fluid Compartments 
 Body water is distributed between two major fl uid 
compartments separated by cell membranes: intra-
cellular fl uid (ICF) and extracellular fl uid (ECF). 
Th e latter can be further subdivided into intra-
vascular and interstitial compartments. Th e inter-
stitium includes all fl uid that is both outside cells 
and outside the vascular endothelium. Th e relative 
contributions of each compartment to total body 
water (TBW) and body weight are delineated in 
Table 49–1 .  
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 CHAPTER 49 Management of Patients with Fluid & Electrolyte Disturbances 1109

 Th e volume of fl uid (water) within a compart-
ment is determined by its solute composition and 
concentrations ( Table 49–2 ). Diff erences in solute 
concentrations are largely due to the characteristics 
of the physical barriers that separate compartments 
(see below). Th e osmotic forces created by “trapped” 
solutes govern the distribution of water between com-
partments and ultimately each compartment’s volume.  

  INTRACELLULAR FLUID 
 Th e outer membrane of cells plays an important 
role in regulating intracellular volume and compo-
sition. A membrane-bound adenosine triphosphate 

(ATP)–dependent pump exchanges Na +  for K +  in a 
3:2 ratio. Because cell membranes are relatively 
impermeable to sodium and (to a lesser extent) 
potassium ions, potassium is concentrated intracel-

lularly, whereas sodium is concentrated extra-
cellularly.     As a result, potassium is the most 

important determinant of intracellular osmotic 
pressure, whereas sodium is the most important 
determinant of extracellular osmotic pressure. 

 Th e impermeability of cell membranes to most 
proteins results in a high intracellular protein con-
centration. Because proteins act as nondiff usible sol-
utes (anions), the unequal exchange ratio of 3 Na +
for 2 K +  by the cell membrane pump is critical in 
preventing relative intracellular hyperosmolality. 
Interference with Na + –K + -ATPase activity, as occurs 
during ischemia or hypoxia, results in progressive 
swelling of cells.  

  EXTRACELLULAR FLUID 
 Th e principal function of ECF is to provide a 
medium for delivery of cell nutrients and electro-
lytes and for removal of cellular waste products. 
Maintenance of a normal extracellular volume—
particularly the circulating component (intravascu-
lar volume)—is critical. For the reasons described 

2

   TABLE 491  Body fl uid compartments 
(based on average 70-kg male). 

Compartment

Fluid as 
Percent Body 
Weight (%)

Total Body 
Water (%)

Fluid 
Volume (L)

Intracellular 40 67 28

Extracellular
Interstitial 15 25 10.5
Intravascular 5 8 3.5

Total 60 100 42

   TABLE 492  The composition of fl uid compartments. 

Gram-Molecular 
Weight

Intracellular 
(mEq/L)

Extracellular

 Intravascular 
(mEq/L) 

 Interstitial 
(mEq/L) 

Sodium 23.0 10 145 142

Potassium 39.1 140 4 4

Calcium 40.1 <1 3 3

Magnesium 24.3 50 2 2

Chloride 35.5 4 105 110

Bicarbonate 61.0 10 24 28

Phosphorus 31.0  1  75 2 2

Protein (g/dL) 16 7 2

 1  PO 
4

3−  is 95 g.
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1110 SECTION V Perioperative & Critical Care Medicine

above, sodium is quantitatively the most important 
extracellular cation and the major determinant of 
extracellular osmotic pressure and volume. Changes 
in ECF volume are therefore related to changes in 
total body sodium content. Th e latter is a function of 
sodium intake, renal sodium excretion, and extrare-
nal sodium losses (see below). 

  Interstitial Fluid 
 Very little interstitial fl uid is normally in the form of 
free fl uid. Most interstitial water is in chemical asso-
ciation with extracellular proteoglycans, forming a 
gel. Interstitial fl uid pressure is generally thought to 
be negative (about −5 mm Hg). As interstitial fl uid 
volume increases, interstitial pressure also rises and 
eventually becomes positive. When the latter occurs, 
the free fl uid in the gel increases rapidly and appears 
clinically as edema. 

 Because only small quantities of plasma pro-
teins can normally cross capillary cleft s, the pro-
tein content of interstitial fl uid is relatively low 
(2 g/dL). Protein entering the interstitial space is 
returned to the vascular system via the lymphatic 
system.  

  Intravascular Fluid 
 Intravascular fl uid, commonly referred to as plasma, 
is restricted to the intravascular space by the vas-
cular endothelium. Most electrolytes (small ions) 
freely pass between plasma and the interstitium, 
resulting in nearly identical electrolyte composi-
tion. However, the tight intercellular junctions 
between adjacent endothelial cells impede the pas-
sage of plasma proteins to outside the intravascular 
compartment. As a result, plasma proteins (mainly 
albumin) are the only osmotically active solutes in 
fl uid not normally exchanged between plasma and 
interstitial fl uid. 

 Increases in extracellular volume are normally 
proportionately refl ected in intravascular and inter-
stitial volume. However, when interstitial pressure 
becomes positive, continued increases in ECF result 
in expansion of only the interstitial fl uid compart-
ment ( Figure 49–1 ). In this way, the interstitial 
compartment acts as an overfl ow reservoir for the 
intravascular compartment. Th is is seen clinically in 
the form of tissue edema.    

  EXCHANGE BETWEEN 
FLUID COMPARTMENTS 
 Diff usion is the random movement of molecules 
due to their kinetic energy and is responsible for the 
majority of fl uid and solute exchange between com-
partments. Th e rate of diff usion of a substance across 
a membrane depends upon (1) the permeability of 
that substance through that membrane, (2) the con-
centration diff erence for that substance between the 
two sides, (3) the pressure diff erence between either 
side because pressure imparts greater kinetic energy, 
and (4) the electrical potential across the membrane 
for charged substances. 

  Diff usion Through Cell Membranes 
 Diff usion between interstitial fl uid and ICF may 
take place by one of several mechanisms: (1) 
directly through the lipid bilayer of the cell mem-
brane, (2) through protein channels within the 
membrane, or (3) by reversible binding to a carrier 
protein that can traverse the membrane (facilitated 
diff usion). Oxygen, CO 2 , water, and lipid-soluble 
molecules penetrate the cell membrane directly. 
Cations such as Na + , K + , and Ca 2+  penetrate the 
membrane poorly because of the cell transmem-
brane voltage potential (which is positive to the 
outside) created by the Na + –K +  pump. Th erefore, 
these cations can diff use only through specifi c pro-
tein channels. Passage through these channels is 
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  FIGURE 491     The relationship between blood volume 
and extracellular fl uid volume.   (Modifi ed and reproduced, with 

permission, from Guyton AC:  Textbook of Medical Physiology,  7th ed. 

W.B. Saunders, 1986.)  
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 CHAPTER 49 Management of Patients with Fluid & Electrolyte Disturbances 1111

dependent on membrane voltage and the binding 
of ligands (such as acetylcholine) to the membrane 
receptors. Glucose and amino acids diff use with 
the help of membrane-bound carrier proteins. 

     Fluid exchange between the intracellular and 
interstitial spaces is governed by the osmotic 

forces created by diff erences in nondiff usible sol-
ute concentrations. Relative changes in osmolality 
between the intracellular and interstitial compart-
ments result in a net water movement from the 
hypoosmolar to the hyperosmolar compartment.  

  Diff usion Through 
Capillary Endothelium 
 Capillary walls are typically 0.5 µm thick, consist-
ing of a single layer of endothelial cells with their 
basement membrane. Intercellular cleft s, 6–7 nm 
wide, separate each cell from its neighbors. Oxygen, 
CO 2 , water, and lipid-soluble substances can pen-
etrate directly through both sides of the endothelial 
cell membrane. Only low-molecular-weight water-
soluble substances such as sodium, chloride, potas-
sium, and glucose readily cross intercellular cleft s. 
High-molecular-weight substances such as plasma 
proteins penetrate the endothelial cleft s poorly 
(except in the liver and the lungs, where the cleft s 
are larger). 

 Fluid exchange across capillaries diff ers from 
that across cell membranes in that it is governed 
by signifi cant diff erences in hydrostatic pressures 
in addition to osmotic forces ( Figure 49–2 ). Th ese 
forces are operative on both arterial and venous 
ends of capillaries, with a tendency for fl uid to 
move out of capillaries at the arterial end and 
back into capillaries at the venous end. Moreover, 
the magnitude of these forces diff ers between the 
various tissue beds. Arterial capillary pressure is 
determined by precapillary sphincter tone. Th us 
capillaries that require a high pressure such as 
glomeruli have low precapillary sphincter tone, 
whereas the normally low-pressure capillaries of 
muscle have high precapillary sphincter tone. Nor-
mally, all but 10% of the fl uid fi ltered is reabsorbed 
back into capillaries. What is not reabsorbed 
(about 2 mL/min) enters the interstitial fl uid and 
is then returned by lymphatic fl ow to the intravas-
cular compartment.     

3

  Disorders of Water Balance 
 Th e human body at birth is approximately 75% 
water by weight. By 1 month this value decreases to 
65%, and by adulthood to 60% for males and 50% for 
females. Th e higher fat content in females decreases 
water content. For the same reason, obesity and 
advanced age further decrease water content. 

  NORMAL WATER BALANCE 
 Th e normal adult daily water intake averages 
2500 mL, which includes approximately 300 mL as 
a byproduct of the metabolism of energy substrates. 
Daily water loss averages 2500 mL and is typically 
accounted for by 1500 mL in urine, 400 mL in respi-
ratory tract evaporation, 400 mL in skin evaporation, 
100 mL in sweat, and 100 mL in feces. Evaporative 
loss is very important in thermoregulation because 
this mechanism normally accounts for 20–25% of 
heat loss. 

 Both ICF and ECF osmolalities are tightly 
regulated to maintain normal water content in tis-
sues. Changes in water content and cell volume can 
induce serious impairment of function, particularly 
in the brain (see below).  

  RELATIONSHIP OF PLASMA 
SODIUM CONCENTRATION, 
EXTRACELLULAR OSMOLALITY, 
& INTRACELLULAR 
OSMOLALITY 
 Th e osmolality of ECF is equal to the sum of the 
 concentrations of all dissolved solutes. Because Na +
and its anions account for nearly 90% of these sol-
utes, the following approximation is valid: 

 Plasma osmolality = 2 ×  Plasma sodium 
concentration 

 Moreover, because ICF and ECF are in 
osmotic equilibrium, plasma sodium concentration 
[Na + ] plasma  generally refl ects total body osmolality: 

= Extracellular solutes + intracellular solutes
TBW

Total body osmolality
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  FIGURE 492     Capillary fl uid exchange. The numbers 
in this fi gure are in mm Hg and indicate the pressure 
gradient for the respective pressures. “Net” refers to the 

net pressure at either end of the capillary, ie, 13 mm Hg 
at the arterial and 7 mm Hg at the venous end of the 
capillary.  
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 Because sodium and potassium are the major 
intra- and extracellular solutes, respectively: 

Total body osmolality

=
(Na+

extracellular × 2) + (K+
intracellular solutes × 2)

TBW     

 Combining the two approximations: 

≈[Na+]plasma

Na+
extracellular + K+

intracellular

TBW     

 Using these principles, the eff ect of isotonic, 
hypotonic, and hypertonic fl uid loads on compart-
mental water content and plasma osmolality can be 
calculated ( Table 49–3 ). Th e potential importance 
of intracellular potassium concentration is readily 
apparent from this equation. Th us signifi cant potas-
sium losses may contribute to hyponatremia.  

 In pathological states, glucose and—to a much 
lesser extent—urea can contribute signifi cantly to 
extracellular osmolality. A more accurate approxi-
mation of plasma osmolality is therefore given by 
the following equation: 

Plasma osmolality (mOsm/kg) 

+= [Na+] × 2 + BUN
2.8

glucose
18     

 where [Na + ] is expressed as mEq/L and blood urea 
nitrogen (BUN) and glucose as mg/dL. Urea is an 
ineff ective osmole because it readily permeates cell 
membranes and is therefore frequently omitted 
from this calculation: 

  
Effective plasma osmolality = [Na+] × 2 + glucose

18   

 Plasma osmolality normally varies between 
280  and 290 mOsm/L. Plasma sodium concentra-
tion decreases approximately 1 mEq/L for every 
62 mg/dL increase in glucose concentration. A 
discrepancy between the measured and calculated 
osmolality is referred to as an  osmolal gap . Signifi -
cant osmolal gaps indicate a high concentration of 
an abnormal osmotically active molecule in plasma 
such as ethanol, mannitol, methanol, ethylene gly-
col, or isopropyl alcohol. Osmolal gaps may also be 
seen in patients with chronic kidney failure (attrib-
uted to retention of small solutes), patients with 
ketoacidosis (as a result of a high concentration of 

ketone bodies), and those receiving large amounts 
of glycine (as during transurethral resection of the 
prostate). Lastly, osmolal gaps may also be present 
in patients with marked hyperlipidemia or hyper-
proteinemia. In such instances, the protein or lipid 

   TABLE 493  Eff ect of diff erent fl uid loads on 
extracellular and intracellular water contents.  1   

 A. Normal 
Total body solute = 280 mOsm/kg × 42 kg = 11,760 mOsm
Intracellular solute = 280 mOsm/kg × 25 kg = 7000 mOsm
Extracellular solute = 280 mOsm/kg × 17 kg = 4760 mOsm
Extracellular sodium concentration = 280 ÷ 2 = 140 mEq/L

Osmolality
Volume (L)
Net water gain

 Intracellular 
 280
 25
 0

 Extracellular 
 280
 17
 0

 B. Isotonic load: 2 L of Isotonic saline (NaCl) 
Total body solute = 280 mOsm/kg × 44 kg = 12,320 mOsm
Intracellular solute = 280 mOsm/kg × 25 kg = 7000 mOsm
Extracellular solute = 280 mOsm/kg × 19 kg = 5320 mOsm

Osmolality
Volume (L)
Net water gain

 Intracellular 
280

25
0

 Extracellular 
280

19
2

Net effect: Fluid remains in extracellular compartment.

 C. Free water (hypotonic) load: 2 L water 
New body water = 42 + 2 = 44 kg
New body osmolality = 11,760 mOsm ÷ 44 kg = 267 mOsm/kg
New intracellular volume  = 7000 mOsm ÷ 267 mOsm/kg 

= 26.2 kg
New extracellular sodium concentration = 267 ÷ 2 = 133 mEq/L

Osmolality
Volume (L)
Net water gain

 Intracellular 
267.0

 26.2
 +1.2

 Extracellular 
267.0

 17.8
 +0.8

Net effect: Fluid distributes between both compartments.

 D. Hypertonic load: 600 mEq NaCl (no water) 
Total body solute = 11,760 + 600 = 12,360 mOsm/kg
New body osmolality  = 12,360 mOsm/kg ÷ 42 kg 

= 294 mOsm
New extracellular solute = 600 + 4760 = 5360 mOsm
New extracellular volume  = 5360 mOsm ÷ 294 mOsm/kg 

= 18.2 kg
New intracellular volume = 42 – 18.2 = 23.8 kg
New extracellular sodium concentration = 294 ÷ 2 = 147 mEq/L

Osmolality
Volume (L)
Net water gain

 Intracellular 
294.0
23.8
–1.2

 Extracellular 
294.0
18.2
+1.2

Net effect: An intracellular to extracellular movement of water.

  1  Based on a 70-kg adult male.
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part of plasma contributes signifi cantly to plasma 
volume; although plasma [Na + ] is decreased, [Na + ] 
in the water phase of plasma (true plasma osmolal-
ity) remains normal. Th e water phase of plasma is 
normally only 93% of its volume; the remaining 7% 
consists of plasma lipids and proteins.  

  CONTROL OF PLASMA 
OSMOLALITY 
 Plasma osmolality is closely regulated by osmo-
receptors in the hypothalamus. Th ese specialized 
neurons control both the secretion of antidiuretic 
hormone (ADH) and the thirst mechanism. Plasma 
osmolality is therefore maintained within relatively 
narrow limits by varying both water intake and 
water excretion. 

  Secretion of Antidiuretic Hormone 
 Specialized neurons in the supraoptic and paraven-
tricular nuclei of the hypothalamus are very sensi-
tive to changes in extracellular osmolality. When 
ECF osmolality increases, these cells shrink and 
release ADH from the posterior pituitary. ADH 
markedly increases water reabsorption in renal 
collecting tubules (see Chapter 29), which tends 
to reduce plasma osmolality back to normal. Con-
versely, a decrease in extracellular osmolality causes 
osmoreceptors to swell and suppresses the release 
of ADH. Decreased ADH secretion allows a water 
diuresis, which tends to increase osmolality to nor-
mal. Peak diuresis occurs once circulating ADH is 
metabolized (90–120 min). With complete suppres-
sion of ADH secretion, the kidneys can excrete up to 
10–20 L of water per day.  

  Nonosmotic Release 
of Antidiuretic Hormone 
 Th e carotid baroreceptors and probably atrial 
stretch receptors can also stimulate ADH release 
following a 5–10% decrease in blood volume. Other 
nonosmotic stimuli include pain, emotional stress, 
and hypoxia.  

  Thirst 
 Osmoreceptors in the lateral preoptic area of the 
hypothalamus are also very sensitive to changes in 

extracellular osmolality. Activation of these neurons 
by increases in ECF osmolality induces thirst and 
causes the individual to drink water. Conversely, 
hypoosmolality suppresses thirst. Th irst is the major 
defense mechanism against hyperosmolality and 
hypernatremia, because it is the only mechanism 
that increases water intake.   

  HYPEROSMOLALITY 
& HYPERNATREMIA 
 Hyperosmolality occurs whenever total body solute 
content increases relative to TBW and is usually, but 
not always, associated with hypernatremia ([Na + ] 
> 145 mEq/L). Hyperosmolality without hyperna-
tremia may be seen during marked hyperglycemia 
or following the accumulation of abnormal osmoti-
cally active substances in plasma (see above). In the 
latter two instances, plasma sodium concentration 
may actually decrease as water is drawn from the 
intracellular to the extracellular compartment. For 
every 100 mg/dL increase in plasma glucose con-
centration, plasma sodium decreases approximately 
1.6 mEq/L. 

 Hypernatremia is nearly always the result of 
either a relative loss of water in excess of sodium 
(hypotonic fl uid loss) or the retention of large quan-
tities of sodium. Even when renal concentrating 
ability is impaired, thirst is normally highly eff ec-
tive in preventing hypernatremia. Hypernatremia 
is therefore most commonly seen in debilitated 
patients who are unable to drink, the very aged, 
the very young, and patients with altered con-
sciousness. Patients with hypernatremia may have 
a low, normal, or high total body sodium content 
( Table 49–4 ). 

   Hypernatremia & 
Low Total Body Sodium Content 
 Th ese patients have lost both sodium and water, 
but the water loss is in relative excess to that of the 
sodium loss. Hypotonic losses can be renal (osmotic 
diuresis) or extrarenal (diarrhea or sweat). In either 
case, patients usually manifest signs of hypovolemia 
(see Chapter 51). Urinary sodium concentration is 
generally greater than 20 mEq/L with renal losses 
and less than 10 mEq/L with extrarenal losses.  
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  Hypernatremia & Normal 
Total Body Sodium Content 
 Th is group of patients generally manifests signs of 
water loss without overt hypovolemia unless the 
water loss is massive. Total body sodium content 
is generally normal. Nearly pure water losses can 
occur via the skin, respiratory tract, or kidneys. 
Occasionally transient hypernatremia is observed 
with movement of water into cells following exer-
cise, seizures, or rhabdomyolysis. Th e most com-
mon cause of hypernatremia in conscious patients 
with normal total body sodium content is  diabetes 
insipidus . Diabetes insipidus is characterized by 
marked impairment in renal concentrating ability 
that is due either to decreased ADH secretion (cen-
tral diabetes insipidus) or failure of the renal tubules 
to respond normally to circulating ADH (nephro-
genic diabetes insipidus). Rarely, “essential hyperna-
tremia” may be encountered in patients with central 
nervous system disorders. Th ese patients appear to 
have “reset” osmoreceptors that function at a higher 
baseline osmolality. 

  A. Central Diabetes Insipidus 
 Lesions in or around the hypothalamus and the 
pituitary stalk frequently produce diabetes insipi-
dus. Diabetes insipidus oft en develops with brain 
death. Transient diabetes insipidus is also com-
monly seen following neurosurgical procedures and 

head trauma. Th e diagnosis is suggested by a his-
tory of polydipsia, polyuria (oft en >6 L/d), and the 
absence of hyperglycemia. In the perioperative set-
ting, the diagnosis of diabetes insipidus is suggested 
by marked polyuria without glycosuria and a uri-
nary osmolality lower than plasma osmolality. Th e 
absence of thirst in unconscious individuals leads to 
marked water losses and can rapidly produce hypo-
volemia. Th e diagnosis of central diabetes insipidus 
is confi rmed by an increase in urinary osmolality 
following the administration of exogenous ADH. 
Aqueous vasopressin (5–10  units subcutaneously 
or intramuscularly every 4–6 h) is the treatment of 
choice for acute central diabetes insipidus. Vaso-
pressin in oil (0.3 mL intramuscularly every day) 
is longer lasting but is more likely to cause water 
intoxication. Desmopressin (DDAVP), a synthetic 
analogue of ADH with a 12- to 24-h duration of 
action, is available as an intranasal preparation 
(10–40 mcg/d either as a single daily dose or divided 
into two doses) that can be used in both ambulatory 
and perioperative settings.  

  B. Nephrogenic Diabetes Insipidus 
 Nephrogenic diabetes insipidus can be congenital 
but is more commonly secondary to other dis-
orders, including chronic kidney disease, hypo-
kalemia and hypercalcemia, sickle cell disease, 
and hyperproteinemias. Nephrogenic diabetes 
insipidus can also be secondary to the side effects 
of some drugs (amphotericin B, lithium, dem-
eclocycline, ifosfamide, mannitol). ADH secre-
tion in nephrogenic diabetes insipidus is normal, 
but the kidneys fail to respond to ADH; urinary 
concentrating ability is therefore impaired. The 
mechanism may be either a decreased response 
to circulating ADH or interference with the renal 
countercurrent mechanism. The diagnosis is 
confirmed by failure of the kidneys to produce 
hypertonic urine following the administration of 
exogenous ADH. Treatment is generally directed 
at the underlying illness and ensuring an ade-
quate fluid intake. Volume depletion by a thia-
zide diuretic can paradoxically decrease urinary 
output by reducing water delivery to collecting 
tubules. Sodium and protein restriction can simi-
larly reduce urinary output.   

   TABLE 494  Major causes of hypernatremia. 

   Impaired thirst 
   Coma 
 Essential hypernatremia     

  Solute diuresis 
   Osmotic diuresis: diabetic ketoacidosis, nonketotic  
 hyperosmolar coma, mannitol administration    

  Excessive water losses 
   Renal

   Neurogenic diabetes insipidus 
 Nephrogenic diabetes insipidus    

 Extrarenal
   Sweating       

  Combined disorders 
   Coma plus hypertonic nasogastric feeding    
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  Hypernatremia & Increased 
Total Body Sodium Content 
 Th is condition most commonly results from the 
administration of large quantities of hypertonic 
saline solutions (3% NaCl or 7.5% NaHCO 3 ). 
Patients with primary hyperaldosteronism and 
Cushing’s syndrome may also have elevations in 
serum sodium concentration along with signs of 
increased sodium retention.  

  Clinical Manifestations 
of Hypernatremia 
 Neurological manifestations predominate in patients 
with hypernatremia and are generally thought to 
result from cellular dehydration. Restlessness, leth-
argy, and hyperrefl exia can progress to seizures, 
coma, and ultimately death. Symptoms correlate 
more closely with the rate of movement of water out 
of brain cells than with the absolute level of hyper-
natremia. Rapid decreases in brain volume can rup-
ture cerebral veins and result in focal intracerebral 
or subarachnoid hemorrhage. Seizures and serious 
neurological damage are common, particularly in 
children with acute hypernatremia when plasma 
[Na + ] exceeds 158 mEq/L. Chronic hypernatremia 
is usually better tolerated than the acute form. Aft er 
24–48 h, intracellular osmolality begins to rise as a 
result of increases in intracellular inositol and amino 

acid (glutamine and taurine) concentrations. As 
intracellular solute concentration increases, neuro-
nal water content slowly returns to normal.  

  Treatment of Hypernatremia 
 Th e treatment of hypernatremia is aimed at restor-
ing plasma osmolality to normal as well as cor-
recting the underlying cause. Water defi cits should 
generally be corrected over 48 h with a hypotonic 
solution such as 5% dextrose in water (see below). 
Abnormalities in extracellular volume must also be 
corrected ( Figure 49–3 ). Hypernatremic patients 
with decreased total body sodium should be given 
isotonic fl uids to restore plasma volume to normal 
 prior  to treatment with a hypotonic solution. Hyper-
natremic patients with increased total body sodium 
should be treated with a loop diuretic along with 
intravenous 5% dextrose in water. Th e treatment of 
diabetes insipidus is discussed above.  

 Rapid correction of hypernatremia can result 
in seizures, brain edema, permanent neurological 
damage, and even death. Serial Na +  osmolalities 
should be obtained during treatment. In general, 
decreases in plasma sodium concentration should 
not proceed at a rate faster than 0.5 mEq/L/h. 

  Example 
 A 70-kg man is found to have a plasma [Na + ] of 
160 mEq/L. What is his water defi cit? 

  FIGURE 493     Algorithm for 
treatment of hypernatremia.  

Hypernatremia

Water and Na+ loss Increased Na+ content

Replace isotonic loss

Replace water deficit

Replace water deficit

Replace any water deficit

Loop diuretic

Water loss

Morg_Ch49_1107-1140.indd   1116 11/02/13   10:39 AM



 CHAPTER 49 Management of Patients with Fluid & Electrolyte Disturbances 1117 

 If one assumes that hypernatremia in this cases 
represents water loss only, then total body osmoles 
are unchanged. Th us, assuming a normal [Na + ] of 
140 mEq/L and TBW content that is 60% of body 
weight: 

  Normal TBW × 140 = present TBW × [Na+]plasma or 

(70 × 0.6) × 140 = present TBW × 160  
 Solving the equation: 

  Present TBW = 36.7 L

Water defi cit =  normal TBW − present TBW or 
(70 × 0.6) − 36.7 = 5.3 L  

 To replace this defi cit over 48 h, it is necessary 
to give 5% dextrose in water intravenously, 5300 mL 
over 48 h, or 110 mL/h. 

 Note that this method ignores any coexisting 
isotonic fl uid defi cits, which if present should be 
replaced with an isotonic solution.   

  Anesthetic Considerations 
 Hypernatremia has been demonstrated to increase 
the minimum alveolar concentration for inhalation 
anesthetics in animal studies, but its clinical signifi -
cance is more closely related to the associated fl uid 
defi cits. Hypovolemia accentuates any vasodilation 
or cardiac depression from anesthetic agents and 
predisposes to hypotension and hypoperfusion of 
tissues. Decreases in the volume of distribution for 
drugs necessitate dose reductions for most intrave-
nous agents, whereas decreases in cardiac output 
enhance the uptake of inhalation anesthetics. 

 Elective surgery should be postponed in patients 
with signifi cant hypernatremia (>150 mEq/L) until 
the cause is established and fl uid defi cits are cor-
rected. Both water and isotonic fl uid defi cits should 
be corrected prior to elective surgery.   

  HYPOOSMOLALITY & 
HYPONATREMIA 
 Hypoosmolality is nearly always  associated with 
 hyponatremia ([Na + ] < 135 mEq/L).  Table  49–5  
lists  rare instances in which hyponatremia does 
not necessarily refl ect hypoosmolality ( pseudo-
hyponatremia ). Routine measurement of plasma 

osmolality in hyponatremic patients rapidly excludes 
pseudohyponatremia.  

 Hyponatremia invariably refl ects water reten-
tion from either an absolute increase in TBW or a 
loss of sodium in relative excess to loss of water. Th e 
kidneys’ normal capacity to produce dilute urine 
with an osmolality as low as 40 mOsm/kg (specifi c 
gravity 1.001) allows them to excrete over 10 L of 
free water per day if necessary. Because of this tre-
mendous reserve, hyponatremia is nearly always 
the result of a defect in urinary diluting  capacity 
( urinary osmolality > 100 mOsm/kg or specifi c 
gravity > 1.003). Rare instances of hyponatremia 
without an abnormality in renal diluting capacity 
(urinary osmolality < 100 mOsm/kg) are generally 
attributed to primary polydipsia or reset osmorecep-
tors; the latter two conditions can be diff erentiated 
by water restriction. 

 Clinically, hyponatremia is best  classifi ed accord-
ing to total body sodium content ( Table 49–6 ). 
 Hyponatremia associated with transurethral resec-
tion of the prostate is discussed in Chapter 31. 

   Hyponatremia & 
Low Total Body Sodium 
 Progressive losses of both sodium and water even-
tually lead to extracellular volume depletion. As the 
intravascular volume defi cit reaches 5–10%, non-
osmotic ADH secretion is activated (see above). 
With further volume depletion, the stimuli for 
nonosmotic ADH release overcome any hypona-
tremia-induced suppression of ADH. Preservation 
of circulatory volume takes place at the expense of 
plasma osmolality. 

   TABLE 495  Causes of pseudohyponatremia.  1   

  Hyponatremia with a normal plasma osmolality 
   Asymptomatic

   Marked hyperlipidemia 
 Marked hyperproteinemia    

 Symptomatic 
 Marked glycine absorption during transurethral surgery    

   Hyponatremia with an elevated plasma osmolality 
   Hyperglycemia 
 Administration of mannitol     

  1  Adapted from Rose RD:  Clinical Physiology of Acid-Base and Electrolyte 
Disorders , 3rd ed. McGraw-Hill, 1989.
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 Fluid losses resulting in hyponatremia may be 
renal or extrarenal in origin. Renal losses are most 
commonly related to thiazide diuretics and result 
in a urinary [Na + ] greater than 20 mEq/L. Extrare-
nal losses are typically gastrointestinal and usually 
produce a urinary [Na + ] of less than 10 mEq/L. A 
major exception to the latter is hyponatremia due 
to vomiting, which can result in a urinary [Na + ] 
greater than 20 mEq/L. In those instances, bicar-
bonaturia from the associated metabolic alkalosis 
obligates concomitant excretion of Na +  with HCO 3  
to maintain electrical neutrality in the urine; urinary 
chloride concentration, however, is usually less than 
10 mEq/L.  

  Hyponatremia & Increased 
Total Body Sodium 
 Edematous disorders are characterized by an 
increase in both total body sodium and TBW. When 
the increase in water exceeds that in sodium, hypo-
natremia occurs. Edematous disorders include con-
gestive heart failure, cirrhosis, kidney failure, and 

nephrotic syndrome. Hyponatremia in these set-
tings results from progressive impairment of renal 
free water excretion and generally parallels underly-
ing disease severity. Pathophysiological mechanisms 
include nonosmotic ADH release and decreased 
delivery of fl uid to the distal diluting segment in 
nephrons (see Chapter 29). Th e “eff ective” circulat-
ing blood volume is reduced.  

  Hyponatremia with 
Normal Total Body Sodium 
 Hyponatremia in the absence of edema or hypovo-
lemia may be seen with glucocorticoid insuffi  ciency, 
hypothyroidism, drug therapy (chlorpropamide 
and cyclophosphamide), and the syndrome of inap-
propriate antidiuretic hormone secretion (SIADH). 
Th e hyponatremia associated with adrenal hypo-
function may be due to cosecretion of ADH with 
 corticotropin-releasing factor (CRF). Diagnosis of 
SIADH requires exclusion of other causes of hypo-
natremia and the absence of hypovolemia, edema, 
and adrenal, renal, or thyroid disease. Various 
malignant tumors, pulmonary diseases, and central 
nervous system disorders are commonly associated 
with SIADH. In most such instances, plasma ADH 
concentration is not elevated but is inadequately 
suppressed relative to the degree of hypoosmolality 
in plasma; urine osmolality is usually greater than 
100  mOsm/kg and urine sodium concentration is 
greater than 40 mEq/L.  

  Clinical Manifestations 
of Hyponatremia 
 Symptoms of hyponatremia are primarily neuro-
logical and result from an increase in intracellular 
water. Th eir severity is generally related to the rapid-
ity with which extracellular hypoosmolality devel-
ops. Patients with mild to moderate hyponatremia 
([Na + ] > 125 mEq/L) are frequently asymptomatic. 
Early symptoms are typically nonspecifi c and 
may include anorexia, nausea, and weakness. Pro-
gressive cerebral edema, however, results in leth-
argy, confusion, seizures, coma, and fi nally death. 

     Serious manifestations of hyponatremia are 
generally associated with plasma sodium con-

centrations less than 120 mEq/L. Compared with 

4

   TABLE 496  Classifi cation of hypoosmolal 
hyponatremia. 

   Decreased total sodium content 
   Renal

   Diuretics 
 Mineralocorticoid deficiency 
 Salt-losing nephropathies 
 Osmotic diuresis (glucose, mannitol) 
 Renal tubular acidosis    

 Extrarenal
   Vomiting 
 Diarrhea 
 Integumentary loss (sweating, burns) 
 “Third-spacing”        

  Normal total sodium content 
   Primary polydipsia 
 Syndrome of inappropriate antidiuretic hormone 
 Glucocorticoid deficiency 
 Hypothyroidism 
 Drug-induced    

  Increased total sodium content 
   Congestive heart failure 
 Cirrhosis 
 Nephrotic syndrome    
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men, premenopausal women appear to be at greater 
risk of neurological impairment and damage from 
hyponatremia. 

 Patients with slowly developing or chronic 
hyponatremia are generally less symptomatic, prob-
ably because the gradual compensatory loss of intra-
cellular solutes (primarily Na + , K + , and amino acids) 
restores cell volume to near normal. Neurological 
symptoms in patients with chronic hyponatremia 
may be related more closely to changes in cell mem-
brane potential (due to a low extracellular [Na + ]) 
than to changes in cell volume.  

  Treatment of Hyponatremia 
 As with hypernatremia, the treatment of hypona-
tremia ( Figure 49–4 ) is directed at correcting both 
the underlying disorder as well as the plasma [Na + ]. 
 Isotonic saline is generally the treatment of choice 
for hyponatremic patients with decreased total 
body sodium content.  Once the ECF defi cit is cor-
rected, spontaneous water diuresis returns plasma 
[Na + ] to normal. Conversely, water restriction is 
the primary treatment for hyponatremic patients 
with normal or increased total body sodium. More 

Hyponatremia

Normal
extracellular

volume

Decreased
extracellular

volume

Increased
extracellular

volume

Renal Extrarenal

Replace isotonic deficit
Replace sodium deficit

Adrenal or
thyroid hypofunction

Cortisol or
thyroid hormone

Heart failure
Cirrhosis
Nephrotic syndrome

Renal failure

UNa

> 20 mEq/L

UNa

< 20 mEq/L

Restrict water

UNa

> 20 mEq/L

UNa

< 10 mEq/L

UNa = Urinary sodium concentration

UNa

> 20 mEq/L

Restrict water Restrict water
Loop diuretic

  FIGURE 494     Algorithm for treatment of hyponatremia.  
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specifi c treatments such as hormone replacement 
in patients with adrenal or thyroid hypofunction 
and measures aimed at improving cardiac output 
in patients with heart failure may also be indicated. 
Demeclocycline, a drug that antagonizes ADH 
activity at the renal tubules, has proved to be a use-
ful adjunct to water restriction in the treatment of 
patients with SIADH.  

 Acute symptomatic hyponatremia requires 
prompt treatment. In such instances, correction 
of plasma [Na + ] to greater than 125 mEq/L is usu-
ally suffi  cient to alleviate symptoms.  Th e amount of 
NaCl necessary to raise plasma [Na + ] to the desired 
value, the Na +  defi cit, can be estimated by the follow-
ing formula:  

  Na +  defi cit = TBW × (desired [Na + ] − present [Na + ])  

     Excessively rapid correction of hyponatre-
mia has been associated with demyelinating 

lesions in the pons ( central pontine myelinolysis ), 
resulting in permanent neurological sequelae. Th e 
rapidity with which hyponatremia is corrected 
should be tailored to the severity of symptoms. Th e 
following correction rates have been suggested: for 
mild symptoms, 0.5 mEq/L/h or less; for moderate 
symptoms, 1 mEq/L/h or less; and for severe symp-
toms, 1.5 mEq/L/h or less. 

  Example 
 An 80-kg woman is lethargic and is found to have 
plasma [Na + ] of 118 mEq/L. How much NaCl must 
be given to raise her plasma [Na + ] to 130 mEq/L? 

  Na+ defi cit = TBW × (130 − 118)  

 TBW is approximately 50% of body weight in 
females: 

  Na+ defi cit = 80 × 0.5 × (130 − 118) = 480 mEq  

 Because normal (isotonic) saline contains 
154 mEq/L, the patient should receive 480 mEq ÷
154 mEq/L, or 3.12 L of normal saline. For a cor-
rection rate of 0.5 mEq/L/h, this amount of saline 
should be given over 24 h (130 mL/h). 

 Note that this calculation does not take into 
account any coexisting isotonic fl uid defi cits, which, 
if present, should also be replaced. More rapid cor-
rection of hyponatremia can be achieved by giving a 

5

loop diuretic to induce water diuresis while replacing 
urinary Na +  losses with isotonic saline. Even more 
rapid corrections can be achieved with intravenous 
hypertonic saline (3% NaCl). Hypertonic saline may 
be indicated in markedly symptomatic patients with 
plasma [Na + ] less than 110 mEq/L. Th ree percent 
NaCl should be given cautiously as it can precipi-
tate pulmonary edema, hypokalemia, hyperchlore-
mic metabolic acidosis, and transient hypotension; 
bleeding has been associated with prolongation of 
the prothrombin time and activated partial throm-
boplastin time.   

  Anesthetic Considerations 
 Hyponatremia is oft en a manifestation of a serious 
underlying disorder and requires careful preop-
erative evaluation. A plasma sodium concentration 
greater than 130 mEq/L is usually considered safe 
for patients undergoing general anesthesia. In most 
circumstances, plasma [Na+] should be corrected 
to greater than 130 mEq/L for elective procedures, 
even in the absence of neurological symptoms. 
Lower concentrations may result in signifi cant cere-
bral edema that can be manifested intraoperatively 
as a decrease in minimum alveolar concentration or 
postoperatively as agitation, confusion, or somno-
lence. Patients undergoing transurethral resection 
of the prostate can absorb signì cant amounts of 
water from irrigation fl uids (as much as 20 mL/min) 
and are at high risk for rapid development of pro-
found acute water intoxication.    

  Disorders of Sodium Balance 
 ECF volume is directly proportionate to total body 
sodium content. Variations in ECF volume result 
from changes in total body sodium content. A posi-
tive sodium balance increases ECF volume, whereas 
a negative sodium balance decreases ECF volume. 
It is important to reemphasize that  extracellular 
(plasma)  Na +   concentration is more indicative of 
water balance than total body sodium content.  

  NORMAL SODIUM BALANCE 
 Net sodium balance is equal to total sodium intake 
(adults average 170 mEq/d) minus both renal sodium 
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excretion and extrarenal sodium losses. (One gram 
of sodium yields 43 mEq of Na +  ions, whereas 1 g 
of sodium chloride yields 17 mEq of Na +  ions.) Th e 
kidneys’ ability to vary urinary Na +  excretion from 
less than 1 mEq/L to more than 100 mEq/L allows 
them to play a critical role in sodium balance (see 
Chapter 29).  

  REGULATION OF SODIUM 
BALANCE & EXTRACELLULAR 
FLUID VOLUME 
 Because of the relationship between ECF volume 
and total body sodium content, regulation of one 
is intimately tied to the other. Th is regulation is 
achieved via sensors (see below) that detect changes 
in the most important component of ECF, namely, 
the “eff ective” intravascular volume. Th e latter corre-
lates more closely with the rate of perfusion in renal 
capillaries than with measurable intravascular fl uid 
(plasma) volume. Indeed, with edematous disorders 
(heart failure, cirrhosis, and kidney failure), “eff ec-
tive” intravascular volume can be independent of the 
measurable plasma volume, ECF volume, and even 
cardiac output. 

 ECF volume and total body sodium content are 
ultimately controlled by appropriate adjustments 
in renal Na +  excretion. In the absence of kidney 
disease, diuretic therapy, and selective renal isch-
emia, urinary Na +  concentration refl ects “eff ective” 
intravascular volume. A low urine Na +  concentra-
tion (<10 mEq/L) is therefore generally indicative 
of a low “eff ective” intravascular fl uid volume and 
refl ects secondary retention of Na +  by the kidneys. 

  Control Mechanisms 
 Th e multiple mechanisms involved in regulating 
ECF volume and sodium balance normally comple-
ment one another but can function independently. 
In addition to altering renal Na +  excretion, some 
mechanisms also produce more rapid compensatory 
hemodynamic responses when “eff ective” intravas-
cular volume is reduced. 

  A. Sensors of Volume 
 Baroreceptors are the principal volume receptors in 
the body. Because blood pressure is the product of 

cardiac output and systemic vascular resistance (see 
Chapter 20), signifi cant changes in intravascular vol-
ume (preload) not only aff ect cardiac output but also 
transiently aff ect arterial blood pressure. Th us, the 
baroreceptors at the carotid sinus and aff erent renal 
arterioles (juxtaglomerular apparatus) indirectly 
function as sensors of intravascular volume.  Changes 
in blood pressure at the carotid sinus modulate sym-
pathetic nervous system activity and nonosmotic 
ADH secretion, whereas changes at the aff erent 
renal arterioles modulate the renin– angiotensin– 
aldosterone system.  Stretch receptors in both atria 
are aff ected by changes in intravascular volume, and 
the degree of atrial distention modulates the release 
of atrial natriuretic hormone and ADH.  

  B. Eff ectors of Volume Change 
 Regardless of the mechanism, eff ectors of vol-
ume change ultimately alter urinary Na +  excretion. 
Decreases in “eff ective” intravascular volume decrease 
urinary Na +  excretion, whereas increases in the “eff ec-
tive” intravascular volume increase urinary Na +  excre-
tion. Th ese mechanisms include the following: 
  1. Renin–angiotensin–aldosterone  —Renin secre-
tion increases the formation of angiotensin II. Th e 
latter increases the secretion of aldosterone and 
has a direct eff ect in enhancing Na +  reabsorption 
in the proximal renal tubules. Angiotensin II is also 
a potent direct vasoconstrictor and potentiates the 
actions of norepinephrine. Secretion of aldosterone 
enhances Na +  reabsorption in the distal nephron 
(see Chapter 29) and is a major determinant of uri-
nary Na +  excretion.  
  2. Atrial natriuretic peptide (ANP)  —Th is peptide 
is normally released from both right and left  atrial 
cells following atrial distention. ANP appears to 
have two major actions: arterial vasodilation and 
increased urinary sodium and water excretion in the 
renal collecting tubules. Na + -mediated aff erent arte-
riolar dilation and eff erent arteriolar constriction 
can also increase glomerular fi ltration rate (GFR). 
Other eff ects include the inhibition of both renin 
and aldosterone secretion and antagonism of ADH.  
  3. Brain natriuretic peptide (BNP)  —ANP, BNP, and 
C-type natriuretic peptide are structurally related 
peptides. BNP is released by the ventricles in response 
to increased ventricular volume and pressure, and 
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ventricular overdistention, and also by the brain in 
response to increased blood pressure. BNP levels are 
usually approximately 20% of ANP levels, but dur-
ing an episode of acute congestive heart failure BNP 
levels may exceed those of ANP. BNP levels can be 
measured clinically, and a recombinant form of 
BNP, nesiritide (Natrecor), is available to treat acute 
decompensated congestive heart failure.  
  4. Sympathetic nervous system activity  — 
Enhanced sympathetic activity increases Na +  reab-
sorption in the proximal renal tubules, resulting in 
Na +  retention, and increases renal vasoconstriction, 
which reduces renal blood fl ow (see Chapter 29). 
Conversely, stimulation of left  atrial stretch recep-
tors results in decreases in renal sympathetic tone 
and increases in renal blood fl ow (cardiorenal refl ex) 
and glomerular fi ltration.  
  5. Glomerular fi ltration rate and plasma sodium 
concentration  —Th e amount of Na +  fi ltered in the 
kidneys is directly proportionate to the product of 
the GFR and plasma Na +  concentration. Because 
GFR is usually proportionate to intravascular vol-
ume, intravascular volume expansion can increase 
Na +  excretion. Conversely, intravascular volume 
depletion decreases Na +  excretion. Similarly, even 
small elevations of blood pressure can result in a 
relatively large increase in urinary Na +  excretion 
because of the resultant increase in renal blood 
fl ow and glomerular fi ltration rate. Blood pressure– 
induced diuresis ( pressure natriuresis ) appears to be 
independent of any known humorally or neurally 
mediated mechanism. 
   6. Tubuloglomerular balance  —Despite wide varia-
tions in the amount of Na +  fi ltered in nephrons, Na +  
reabsorption in the proximal renal tubules is normally 
controlled within narrow limits. Factors considered to 
be responsible for tubuloglomerular balance include 
the rate of renal tubular fl ow and changes in peri-
tubular capillary hydrostatic and oncotic pressures. 
Altered Na +  reabsorption in the proximal tubules can 
have a marked eff ect on renal Na +  excretion. 
   7. Antidiuretic hormone  —Although ADH secre-
tion has little eff ect on Na +  excretion, nonosmotic 
secretion of this hormone (see above) can play an 
important part in maintaining extracellular volume 
with moderate to severe decreases in the “eff ective” 
intravascular volume.    

  Extracellular Osmoregulation 
versus Volume Regulation 
 Osmoregulation protects the normal ratio of sol-
utes to water, whereas extracellular volume regula-
tion preserves absolute solute and water content 
( Table 49–7 ). As noted previously, volume regulation 
generally takes precedence over osmoregulation.   

  Anesthetic Implications 
 Problems related to altered sodium balance result 
from its manifestations as well as the underlying 
disorder. Disorders of sodium balance present either 
as hypovolemia (sodium defi cit) or hypervolemia 
(sodium excess). Both disturbances should be cor-
rected prior to elective surgical procedures. Cardiac, 
liver, and renal function should also be carefully 
evaluated in the presence of sodium excess (gener-
ally manifested as tissue edema). 

 Hypovolemic patients are sensitive to the vaso-
dilating and negative inotropic eff ects of vapor 
anesthetics, propofol, and agents associated with 
histamine release (morphine, meperidine). Dosage 

   TABLE 497  Osmoregulation versus volume 
regulation.  1   

Volume Regulation Osmoregulation

Purpose Control extracellular 
volume

Control 
extracellular 
osmolality

Mechanism Vary renal Na +  excretion Vary water intake
Vary renal water 

excretion

Sensors   Afferent renal arterioles 
 Carotid baroreceptors 
 Atrial stretch receptors  

Hypothalamic 
osmoreceptors

Effectors Renin-angiotensin-
aldosterone

Sympathetic nervous 
system

Tubuloglomerular balance
Renal pressure natriuresis
Atrial natriuretic peptide
Antidiuretic hormone
Brain natriuretic peptide

Thirst
Antidiuretic 

hormone

  1  Adapted from Rose RD:  Clinical Physiology of Acid-Base and Electrolyte 
Disorders , 3rd ed. McGraw-Hill, 1989.
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requirements for other drugs must also be reduced 
to compensate for decreases in their volume of dis-
tribution. Hypovolemic patients are particularly 
sensitive to sympathetic blockade from spinal or 
epidural anesthesia. If an anesthetic must be admin-
istered prior to adequate correction of hypovolemia, 
etomidate or ketamine may be the induction agents 
of choice for general anesthesia. 

 Hypervolemia should generally be corrected 
preoperatively with diuretics.     Th e major haz-
ard of increases in extracellular volume is 

impaired gas exchange due to pulmonary interstitial 
edema, alveolar edema, or large collections of pleu-
ral or ascitic fl uid.    

  Disorders of Potassium Balance 
 Potassium plays a major role in the electrophysiol-
ogy of cell membranes as well as in carbohydrate 
and protein synthesis (see below). Th e resting cell 
membrane potential is normally dependent on 
the ratio of intracellular to extracellular potassium 
concentrations. Intracellular potassium concentra-
tion is estimated to be 140 mEq/L, whereas extra-
cellular potassium concentration is normally about 
4 mEq/L. Under some conditions, a redistribution 
of K +  between the ECF and ICF compartments can 
result in marked changes in extracellular [K + ] with-
out a change in total body potassium content. 

  NORMAL POTASSIUM 
BALANCE 
 Dietary potassium intake averages 80 mEq/d in 
adults (range, 40–140 mEq/d). About 70 mEq of that 
amount is normally excreted in urine, whereas the 
remaining 10 mEq is lost through the gastrointes-
tinal tract. 

 Renal excretion of potassium can vary from as 
little as 5 mEq/L to over 100 mEq/L. Nearly all the 
potassium fi ltered in glomeruli is normally reab-
sorbed in the proximal tubule and the loop of Henle. 
Th e potassium excreted in urine is the result of distal 
tubular secretion. Potassium secretion in the distal 
tubules is coupled to aldosterone-mediated reab-
sorption of sodium (see Chapter 29).  
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  REGULATION OF 
EXTRACELLULAR POTASSIUM 
CONCENTRATION 
 Extracellular potassium concentration is deter-
mined by cell membrane Na + –K + -ATPase activity 
and plasma [K + ], and is infl uenced by the balance 
of potassium intake and excretion. Cell membrane 
Na + –K + -ATPase activity regulates the distribution of 
potassium between cells and ECF, whereas plasma 
[K + ] is the major determinant of urinary potassium 
excretion.  

  INTERCOMPARTMENTAL 
SHIFTS OF POTASSIUM 
 Intercompartmental shift s of potassium are known 
to occur following changes in extracellular pH (see 
Chapter 50), circulating insulin levels, circulating 
catecholamine activity, plasma osmolality, and pos-
sibly hypothermia. Insulin and catecholamines are 
known to directly aff ect Na + –K + -ATPase activity 
and decrease plasma [K + ]. Exercise can also tran-
siently increase plasma [K + ] as a result of the release 
of K +  by muscle cells; the increase in plasma [K + ] 
(0.3–2 mEq/L) is proportionate to the intensity and 
duration of muscle activity. Intercompartmental 
potassium shift s are also thought to be responsible 
for changes in plasma [K + ] in syndromes of periodic 
paralysis (see Chapter 35). 

 Because the ICF may buff er up to 60% of an 
acid load (see Chapter 50), changes in extracellu-
lar hydrogen ion concentration (pH) directly aff ect 
extracellular [K + ]. In the setting of acidosis, extra-
cellular hydrogen ions enter cells, displacing intra-
cellular potassium ions; the resultant movement of 
potassium ions out of cells maintains electrical bal-
ance but increases extracellular and plasma [K + ]. 
Conversely, during alkalosis, extracellular potas-
sium ions move into cells to balance the movement 
of hydrogen ions out of cells; as a result, plasma [K + ] 
decreases. Although the relationship is variable, a 
useful rule of thumb is that plasma potassium con-
centration changes approximately 0.6 mEq/L per 
0.1 unit change in arterial pH (range 0.2–1.2 mEq/L 
per 0.1 unit). 
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 Changes in circulating insulin levels can 
directly alter plasma [K + ] independent of that hor-
mone’s eff ect on glucose transport. Insulin enhances 
the activity of membrane-bound Na + –K + -ATPase, 
increasing cellular uptake of potassium in the liver 
and in skeletal muscle, and insulin secretion may 
play an important role in the basal control of plasma 
potassium concentration and in the physiological 
response to increased potassium loads. 

 Sympathetic stimulation also increases intra-
cellular uptake of potassium by enhancing Na + –K + -
ATPase activity. Th is eff ect is mediated through 
activation of β 2 -adrenergic receptors. In contrast, 
α-adrenergic activity may impair the intracellular 
movement of K + . Plasma [K + ] oft en decreases fol-
lowing the administration of β 2 -adrenergic agonists 
as a result of uptake of potassium by muscle and the 
liver. Moreover, β-adrenergic blockade can impair 
the handling of a potassium load in some patients. 

 Acute increases in plasma osmolality (hyper-
natremia, hyperglycemia, or mannitol administra-
tion) may increase plasma [K + ] (about 0.6 mEq/L 
per 10 mOsm/L). In such instances, the movement 
of water out of cells (down its osmotic gradient) is 
accompanied by movement of K +  out of cells. Th e 
latter may be the result of “solvent drag” or the 
increase in intracellular [K + ] that follows cellular 
dehydration. 

 Hypothermia has been reported to lower 
plasma [K + ] as a result of cellular uptake. Rewarm-
ing reverses this shift  and may result in transient 
hyperkalemia if potassium was given during the 
hypothermia. 

  Urinary Excretion of Potassium 
 Urinary potassium excretion generally parallels its 
extracellular concentration. Potassium is secreted 
by tubular cells in the distal nephron. Extracellular 
[K + ] is a major determinant of aldosterone secre-
tion from the adrenal gland. Hyperkalemia stimu-
lates aldosterone secretion, whereas hypokalemia 
suppresses aldosterone secretion. Renal tubular 
fl ow in the distal nephron may also be an impor-
tant determinant of urinary potassium excretion 
because high tubular fl ow rates (as during osmotic 
diuresis) increase potassium secretion by keeping 
the capillary to renal tubular gradient for potassium 

secretion high. Conversely, slow tubular fl ow rates 
increase [K + ] in tubular fl uid and decrease the gradi-
ent for K +  secretion, thereby decreasing renal potas-
sium excretion.   

  HYPOKALEMIA 
 Hypokalemia, defi ned as plasma [K + ] less than 
3.5 mEq/L, can occur as a result of (1) an intercom-
partmental shift  of K +  (see above), (2) increased 
potassium loss, or (3) an inadequate potassium intake 
( Table 49–8 ). Plasma potassium concentration typi-
cally correlates poorly with the total potassium defi cit. 
A decrease in plasma [K + ] from 4 mEq/L to 3 mEq/L 
usually represents a 100- to 200-mEq defi cit, whereas 
plasma [K + ] below 3 mEq/L can represent a defi cit 
anywhere between 200 mEq and 400 mEq.  

   TABLE 498  Major causes of hypokalemia. 

   Excess renal loss 
   Mineralocorticoid excess

   Primary hyperaldosteronism (Conn’s syndrome) 
 Glucocorticoid-remediable hyperaldosteronism    

 Renin excess
   Renovascular hypertension    

 Bartter’s syndrome 
 Liddle’s syndrome 
 Diuresis 
 Chronic metabolic alkalosis 
 Antibiotics

   Carbenicillin 
 Gentamicin 
 Amphotericin B    

 Renal tubular acidosis
   Distal, gradient-limited 
 Proximal 
 Ureterosigmoidostomy        

  Gastrointestinal losses 
   Vomiting 
 Diarrhea, particularly secretory diarrheas    

  ECF → ICF shifts 
   Acute alkalosis 
 Hypokalemic periodic paralysis 
 Barium ingestion 
 Insulin therapy 
 Vitamin B 

12
  therapy 

 Thyrotoxicosis (rarely)    

  Inadequate intake  
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  Hypokalemia due to the Intracellular 
Movement of Potassium 
 Hypokalemia due to the intracellular movement of 
potassium occurs with alkalosis, insulin therapy, 
β 2 -adrenergic agonists, and hypothermia and dur-
ing attacks of hypokalemic periodic paralysis (see 
above). Hypokalemia may also be seen following 
transfusion of previously frozen red cells; these 
cells lose potassium in the preservation process 
and take up potassium following reinfusion. Cel-
lular K +  uptake by red blood cells (and platelets) 
also accounts for the hypokalemia seen in patients 
recently treated with folate or vitamin B 12  for mega-
loblastic anemia.  

  Hypokalemia due 
to Increased Potassium Losses 
 Excessive potassium losses are usually either renal 
or gastrointestinal. Renal wasting of potassium is 
most commonly the result of diuresis or enhanced 
mineralocorticoid activity. Other renal causes 
include hypomagnesemia (see below), renal tubular 
acidosis (see Chapter 29), ketoacidosis, salt-wasting 
nephropathies, and some drug therapies (carbenicil-
lin and amphotericin B). Increased gastrointestinal 
loss of potassium is most commonly due to nasogas-
tric suctioning or to persistent vomiting or diarrhea. 
Other gastrointestinal causes include losses from fi s-
tulae, laxative abuse, villous adenomas, and pancre-
atic tumors secreting vasoactive intestinal peptide. 

 Chronic increased sweat formation occasionally 
causes hypokalemia, particularly when potassium 
intake is limited. Dialysis with a low-potassium-
containing dialysate solution can also cause hypo-
kalemia. Uremic patients may actually have a total 
body potassium defi cit (primarily intracellular) 
despite a normal or even high plasma concentra-
tion; the absence of hypokalemia in these instances 
is probably due to an intercompartmental shift  from 
the acidosis. Dialysis in these patients unmasks the 
total body potassium defi cit and oft en results in 
hypokalemia. 

 Urinary [K + ] less than 20 mEq/L is generally 
indicative of increased extrarenal losses, whereas 
concentrations greater than 20 mEq/L suggest renal 
wasting of K + .  

   TABLE 499  Eff ects of hypokalemia.  1   

  Cardiovascular   
 Electrocardiographic changes/arrhythmias 
 Myocardial dysfunction    

  Neuromuscular 
   Skeletal muscle weakness 
 Tetany 
 Rhabdomyolysis 
 Ileus    

  Renal 
   Polyuria (nephrogenic diabetes insipidus) 
 Increased ammonia production 
 Increased bicarbonate reabsorption    

  Hormonal 
   Decreased insulin secretion 
 Decreased aldosterone secretion    

   Metabolic 
   Negative nitrogen balance 
 Encephalopathy in patients with liver disease     

  1  Adapted from Schrier RW, ed:  Renal and Electrolyte Disorders , 3rd ed. 
Little, Brown and Company, 1986.

  Hypokalemia due to 
Decreased Potassium Intake 
 Because of the kidney’s ability to decrease urinary 
potassium excretion to as low as 5–20 mEq/L, 
marked reductions in potassium intake are required 
to produce hypokalemia. Low potassium intakes, 
however, oft en accentuate the eff ects of increased 
potassium losses.  

  Clinical Manifestations 
of Hypokalemia 
 Hypokalemia can produce widespread organ dysfunc-
tion ( Table 49–9 ). Most patients are asymptomatic 
until plasma [K + ] falls below 3 mEq/L. Cardiovascular 
eff ects are most prominent and include an abnormal 
ECG ( Figure 49–5 ), arrhythmias, decreased cardiac 
contractility, and a labile arterial blood pressure due 
to autonomic dysfunction. Chronic hypokalemia 
has also been reported to cause myocardial fi brosis. 
 ECG manifestations are primarily due to delayed 
ventricular repolarization and include T-wave fl at-
tening and inversion, an increasingly prominent 
U wave, ST-segment depression, increased P-wave 
amplitude, and prolongation of the P–R interval . 
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Increased myocardial cell automaticity and delayed 
repolarization promote both atrial and ventricular 
arrhythmias.   

 Neuromuscular eff ects of hypokalemia include 
skeletal muscle weakness, fl accid paralysis, hypo-
refl exia, muscle cramping, ileus, and, rarely, rhab-
domyolysis. Hypokalemia induced by diuretics is 
oft en associated with metabolic alkalosis; as the 
kidneys absorb sodium to compensate for intra-
vascular volume depletion and in the presence of 
diuretic-induced hypochloremia, bicarbonate is 
absorbed. Th e end result is hypokalemia and hypo-
chloremic metabolic alkalosis. Renal dysfunction is 
seen due to impaired concentrating ability (resis-
tance to ADH, resulting in polyuria) and increased 
production of ammonia resulting in impairment 
of urinary acidifi cation. Increased ammonia pro-
duction represents intracellular acidosis; hydrogen 
ions move intracellularly to compensate for intra-
cellular potassium losses. Th e resulting metabolic 
alkalosis, together with increased ammonia pro-
duction, can precipitate encephalopathy in patients 
with advanced liver disease. Chronic hypokalemia 
has been associated with renal fi brosis (tubulointer-
stitial nephropathy).  

  Treatment of Hypokalemia 
 Th e treatment of hypokalemia depends on the 
presence and severity of any associated organ 

dysfunction. Signifi cant ECG changes such as ST-
segment changes or arrhythmias mandate con-
tinuous ECG monitoring, particularly during 
intravenous K +  replacement. Digoxin therapy—as 
well as the hypokalemia itself—sensitizes the heart 
to changes in potassium ion concentration. Muscle 
strength should also be periodically assessed in 
patients with weakness. 

 In most circumstances, the safest method by 
which to correct a potassium defi cit is oral replace-
ment over several days using a potassium chlo-

ride solution (60–80 mEq/d).     Intravenous 
replacement of potassium chloride is usually 

be reserved for patients with, or at risk for, signifi -
cant cardiac manifestations or severe muscle 
 weakness. Th e goal of intravenous therapy is to 
remove the patient from immediate danger, not to 
 correct the entire potassium defi cit. Because of 
 potassium’s irritative eff ect on peripheral veins, 
 peripheral intravenous replacement should not 
exceed 8  mEq/h. Dextrose-containing solutions 
should generally be avoided because the resulting 
 hyperglycemia and secondary insulin secretion 
may actually worsen the low plasma [K + ]. 
More rapid intravenous potassium replacement 
(10–20  mEq/h) requires central venous adminis-
tration and close monitoring of the ECG. Intrave-
nous replacement should generally not exceed 
240 mEq/d. 

7

  FIGURE 495     Electrocardiographic eff ects of acute hypokalemia. Note progressive fl attening of the T wave, an 
increasingly prominent U wave, increased amplitude of the P wave, prolongation of the P–R interval, and ST-segment 
depression.  
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 Potassium chloride is the preferred potas-
sium salt when a metabolic alkalosis is also present 
because it also corrects the chloride defi cit discussed 
above. Potassium bicarbonate or equivalent (K +  
acetate or K +  citrate) is preferable for patients with 
metabolic acidosis. Potassium phosphate is a suit-
able alternative with concomitant hypophosphate-
mia (diabetic ketoacidosis).  

  Anesthetic Considerations 
 Hypokalemia is a common preoperative fi nding. 
Th e decision to proceed with elective surgery is 
oft en based on lower plasma [K + ] limits somewhere 
between 3 and 3.5 mEq/L. Th e decision, how-
ever, should also be based on the rate at which the 
hypokalemia developed as well as the presence or 
absence of secondary organ dysfunction. In general, 
chronic mild hypokalemia (3–3.5 mEq/L) without 
ECG changes does not substantially increase anes-
thetic risk. Th e latter may not apply to patients 
receiving digoxin, who may be at increased risk of 
developing digoxin toxicity from the hypokalemia; 
plasma [K + ] values above 4 mEq/L are desirable in 
such patients. 

 Th e intraoperative management of hypokale-
mia requires vigilant ECG monitoring. Intravenous 
potassium should be given if atrial or ventricular 
arrhythmias develop. Glucose-free intravenous 
solutions should be used and hyperventilation 
avoided to prevent further decreases in plasma [K + ]. 
Increased sensitivity to neuromuscular blockers 
(NMBs) may be seen; therefore dosages of NMBs 
should be reduced 25–50%, and a nerve stimulator 
should be used to follow both the degree of paralysis 
and the adequacy of reversal.   

  HYPERKALEMIA 
 Hyperkalemia exists when plasma [K + ] exceeds 
5.5 mEq/L. Hyperkalemia rarely occurs in nor-
mal individuals because of the kidney’s capability 
to excrete large potassium loads. When potassium 
intake is increased slowly, the kidneys can excrete as 
much as 500 mEq of K +  per day. Th e sympathetic 
nervous system and insulin secretion also play 
important roles in preventing acute increases in 
plasma [K + ] following acquired potassium loads. 

   TABLE 4910  Causes of hyperkalemia. 

  Pseudohyperkalemia 
   Red cell hemolysis 
 Marked leukocytosis/thrombocytosis    

  Intercompartmental shifts 
   Acidosis 
 Hypertonicity 
 Rhabdomyolysis 
 Excessive exercise 
 Periodic paralysis 
 Succinylcholine    

  Decreased renal potassium excretion 
   Renal failure 
 Decreased mineralocorticoid activity and impaired Na +  

reabsorption 
 Acquired immunodeficiency syndrome 
 Potassium-sparing diuretics

   Spironolactone 
 Eplerenone 
 Amiloride 
 Triamterene    

 ACE  1   inhibitors 
 Nonsteroidal antiinflammatory drugs 
 Pentamidine 
 Trimethoprim    

  Enhanced Cl −  reabsorption 
   Gordon’s syndrome 
 Cyclosporine    

   Increased potassium intake 
   Salt substitutes     

  1  ACE, angiotensin-converting enzyme.

 Hyperkalemia can result from (1) an intercom-
partmental shift  of potassium ions, (2) decreased 
urinary excretion of potassium, or, rarely, (3) an 
increased potassium intake ( Table 49–10 ). Mea-
surements of plasma potassium concentration can 
be spuriously elevated if red cells hemolyze in a 
blood specimen. In vitro release of potassium from 
white cells in a blood specimen can also falsely indi-
cate increased levels in the measured plasma [K + ] 
when the leukocyte count exceeds 70,000 × 10 9 /L. 
A similar release of potassium from platelets occurs 
when the platelet count exceeds 1,000,000 × 10 9 /L.  

  Hyperkalemia due to Extracellular 
Movement of Potassium 
 Movement of K +  out of cells can be seen with aci-
dosis, cell lysis following chemotherapy, hemolysis, 
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rhabdomyolysis, massive tissue trauma, hyperosmo-
lality, digitalis overdoses, during episodes of hyper-
kalemic periodic paralysis, and with administration 
of succinylcholine, β 2 -adrenergic blockers, and argi-
nine hydrochloride. Th e average increase in plasma 
[K + ] of 0.5 mEq/L following succinylcholine admin-
istration can be exaggerated in patients with large 
burns or severe muscle trauma and in those with 
muscle denervation, and its use in these settings 
should be avoided. 

 β 2 -Adrenergic blockade accentuates the increase 
in plasma [K + ] that occurs following exercise. 
Digoxin inhibits Na + –K + -ATPase in cell membranes, 
and digoxin overdose has been reported to cause 
hyperkalemia in some patients. Arginine hydro-
chloride, which is used to treat metabolic alkalosis, 
evaluate pituitary growth hormone reserve, and as 
a performance-enhancing supplement by athletes, 
can cause hyperkalemia as the cationic arginine ions 
enter cells and potassium ions move out to maintain 
electroneutrality.  

  Hyperkalemia due to 
Decreased Renal Excretion 
of Potassium 
 Decreased renal excretion of potassium can result 
from (1) marked reductions in glomerular fi ltration, 
(2) decreased aldosterone activity, or (3) a defect in 
potassium secretion in the distal nephron. 

 Glomerular fi ltration rates less than 5 mL/min are 
nearly always associated with hyperkalemia. Patients 
with lesser degrees of renal impairment can also read-
ily develop hyperkalemia when faced with increased 
potassium loads (dietary, catabolic, or iatrogenic). 
Uremia may also impair Na + –K + -ATPase activity. 

 Hyperkalemia due to decreased aldosterone 
activity can result from a primary defect in adre-
nal hormone synthesis or a defect in the renin–
aldosterone system. Patients with primary adrenal 
insuffi  ciency (Addison’s disease) and those with 
isolated 21-hydroxylase adrenal enzyme defi ciency 
have marked impairment of aldosterone synthesis. 
Patients with the syndrome of isolated hypoaldoste-
ronism (also called hyporeninemic hypoaldosteron-
ism, or type IV renal tubular acidosis) are usually 
diabetics with some degree of renal impairment; 
they have an impaired ability to increase aldosterone 

secretion in response to hyperkalemia. Although 
usually asymptomatic, these patients develop hyper-
kalemia when they increase their potassium intake 
or when given potassium- sparing diuretics. Th ey 
also oft en have varying degrees of Na +  wasting and a 
hyperchloremic metabolic acidosis. Similar fi ndings 
have been reported in patients with AIDS who have 
relative adrenal insuffi  ciency due to cytomegalovi-
rus infection. 

 Drugs interfering with the renin–aldosterone 
system have the potential to cause hyperkalemia, 
particularly in the presence of any degree of renal 
impairment. Nonsteroidal antiinfl ammatory drugs 
(NSAIDs) inhibit prostaglandin-mediated renin 
release. Angiotensin-converting enzyme (ACE) 
inhibitors interfere with angiotensin II–mediated 
release of aldosterone. Large doses of heparin can 
interfere with aldosterone secretion. Th e potassium-
sparing diuretic spironolactone directly antagonizes 
aldosterone activity at the kidneys. 

 Decreased renal excretion of potassium can 
also occur as a result of an intrinsic or acquired 
defect in the distal nephron’s ability to secrete 
potassium. Such defects may occur even in the 
presence of normal renal function and are char-
acteristically unresponsive to mineralocorticoid 
therapy. Th e kidneys of patients with pseudohy-
poaldosteronism display an intrinsic resistance to 
aldosterone. Acquired defects have been associ-
ated with systemic lupus erythematosus, sickle cell 
anemia, obstructive uropathies, and cyclosporine 
nephropathy in transplanted kidneys.  

  Hyperkalemia due to 
Increased Potassium Intake 
 Increased potassium loads rarely cause hyperka-
lemia in normal individuals unless large amounts 
are given rapidly and intravenously. Hyperkale-
mia, however, may be seen when potassium intake 
is increased in patients receiving β blockers or 
in patients with renal impairment. Unrecognized 
sources of potassium include potassium penicillin, 
sodium substitutes (primarily potassium salts), and 
transfusion of stored whole blood. Th e plasma [K + ] 
in a unit of whole blood can increase to 30 mEq/L 
aft er 21 days of storage. Th e risk of hyperkalemia 
from multiple transfusions is reduced, although not 
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eliminated, by minimizing the volume of plasma 
given through the use of packed red blood cell trans-
fusions (see Chapter 51).  

  Clinical Manifestations 
of Hyperkalemia 
 Th e most important eff ects of hyperkalemia are on 
skeletal and cardiac muscle. Skeletal muscle weak-
ness is generally not seen until plasma [K + ] is greater 
than 8 mEq/L, and is due to sustained spontaneous 
depolarization and inactivation of Na +  channels of 
muscle membrane, eventually resulting in paralysis. 
Cardiac manifestations ( Figure 49–6 ) are primarily 
due to delayed depolarization, and are consistently 
present when plasma [K + ] is greater than 7 mEq/L. 
ECG changes characteristically progress sequen-
tially from symmetrically peaked T waves (oft en 
with a shortened QT interval) → widening of the 
QRS complex → prolongation of the P–R interval 
→ loss of the P wave → loss of R-wave amplitude →
ST-segment depression (occasionally elevation) →
an ECG that resembles a sine wave, before progres-
sion to ventricular fi brillation and asystole. Contrac-
tility may be relatively well preserved until late in the 
course of progressive hyperkalemia. Hypocalcemia, 
hyponatremia, and acidosis accentuate the cardiac 
eff ects of hyperkalemia.   

  Treatment of Hyperkalemia 
     Because of its lethal potential, hyperkalemia 
exceeding 6 mEq/L should always be cor-

rected. Treatment is directed to reversal of cardiac 
manifestations and skeletal muscle weakness, and 
to restoration of normal plasma [K + ]. Th erapeu-
tic modalities employed depend on the cause of 
hyperkalemia and the severity of manifestations. 
Hyperkalemia associated with hypoaldosteronism 
can be treated with mineralocorticoid replace-
ment. Drugs contributing to hyperkalemia should 
be discontinued and sources of increased potas-
sium intake reduced or stopped. 

 Calcium (5–10 mL of 10% calcium gluconate or 
3–5 mL of 10% calcium chloride) partially antago-
nizes the cardiac eff ects of hyperkalemia and is use-
ful in patients with marked hyperkalemia. Its eff ects 
are rapid but short lived. Care must be exercised in 
administering calcium to patients taking digoxin, as 
calcium potentiates digoxin toxicity. 

 When metabolic acidosis is present, intrave-
nous sodium bicarbonate (usually 45 mEq) will pro-
mote cellular uptake of potassium and can decrease 
plasma [K + ] within 15 min. β Agonists promote 
cellular uptake of potassium and may be useful in 
acute hyperkalemia associated with massive transfu-
sions; low-dose epinephrine infusion oft en rapidly 

8

  FIGURE 496     Electrocardiographic eff ects 
of hyperkalemia. Electrocardiographic changes 
characteristically progress from symmetrically peaked 
T waves, often with a shortened QT interval, to widening 
of the QRS complex, prolongation of the P–R interval, loss 

of the P wave, loss of R-wave amplitude, and ST-segment 
depression (occasionally elevation)—to an ECG that 
resembles a sine wave—before fi nal progression into 
ventricular fi brillation or asystole.  
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decreases plasma [K + ] and provides inotropic sup-
port in this setting. An intravenous infusion of glu-
cose and insulin (30–50 g of glucose with 10 units of 
insulin) is also eff ective in promoting cellular uptake 
of potassium and lowering plasma [K + ], but may 
take up to 1 h for peak eff ect. 

 For patients with some renal function, furose-
mide is a useful adjunct in increasing urinary excre-
tion of potassium. In the absence of renal function, 
elimination of excess potassium can be accom-
plished only with nonabsorbable cation-exchange 
resins such as oral or rectal sodium polystyrene sul-
fonate (Kayexalate). Each gram of resin binds up to 
1 mEq of K +  and releases 1.5 mEq of Na + ; the oral 
dose is 20 g in 100 mL of 20% sorbitol. 

 Dialysis is indicated in symptomatic patients 
with severe or refractory hyperkalemia. Hemodialy-
sis is faster and more eff ective than peritoneal dialy-
sis in decreasing plasma [K + ]. Maximal potassium 
removal with hemodialysis approaches 50 mEq/h, 
compared with 10–15 mEq/h for peritoneal dialysis.  

  Anesthetic Considerations 
 Elective surgery should not be undertaken in 
patients with signifi cant hyperkalemia. Anesthetic 
management of hyperkalemic surgical patients is 
directed at both lowering the plasma potassium con-
centration and preventing any further increases. Th e 
ECG should be carefully monitored. Succinylcholine 
is contraindicated, as is the use of any potassium-
containing intravenous solutions such as lactated 
Ringer’s injection. Th e avoidance of metabolic or 
respiratory acidosis is critical to prevent further 
increases in plasma [K + ]. Ventilation should be con-
trolled under general anesthesia, and mild hyper-
ventilation may be desirable. Lastly, neuromuscular 
function should be monitored closely, as hyperkale-
mia can accentuate the eff ects of NMBs.    

  Disorders of Calcium Balance 
 Although 98% of total body calcium is in bone, 
maintenance of a normal extracellular calcium con-
centration is critical to homeostasis. Calcium ions 
are involved in nearly all essential biological func-
tions, including muscle contraction, the release of 

neurotransmitters and hormones, blood coagula-
tion, and bone metabolism, and abnormalities in 
calcium balance can result in profound physiologi-
cal derangements. 

  NORMAL CALCIUM BALANCE 
 Calcium intake in adults averages 600–800 mg/d. 
Intestinal absorption of calcium occurs primar-
ily in the proximal small bowel but is variable. 
Calcium is also secreted into the intestinal tract; 
moreover, this secretion appears to be constant 
and independent of absorption. Up to 80% of the 
daily calcium intake is normally lost in feces. 

 Th e kidneys are responsible for most cal-
cium excretion. Renal calcium excretion averages 
100 mg/d but may vary from as low as 50 mg/d to 
more than 300 mg/d. Normally, 98% of the fi lterable 
calcium is reabsorbed. Calcium reabsorption paral-
lels that of sodium in the proximal renal tubules and 
the ascending loop of Henle. In the distal tubules, 
however, calcium reabsorption is dependent on 
parathyroid hormone (PTH) secretion, whereas 
sodium reabsorption is dependent on aldosterone 
secretion. Increased PTH levels enhance distal 
 calcium reabsorption and thereby decrease urinary 
calcium excretion. 

  Plasma Calcium Concentration 
 Th e normal plasma calcium concentration is 
8.5–10.5 mg/dL (2.1–2.6 mmol/L). Approximately 
50% is in the free ionized form, 40% is protein 
bound (mainly to albumin), and 10% is complexed 
with anions such as citrate and amino acids. 
Th e free ionized calcium concentration ([Ca 2+ ]) 
is  phys iologically most important. Plasma [Ca 2+ ] 
is normally 4.75–5.3 mg/dL (2.38–2.66 mEq/L or 
1.19–1.33 mmol/L). Changes in plasma albumin 
concentration aff ect total but not ionized calcium 
concentrations: for each increase or decrease of 
1 g/dL in albumin, the total plasma calcium con-
centration increases or decreases approximately 
0.8–1.0 mg/dL, respectively. 

 Changes in plasma pH directly aff ect the degree 
of protein binding and thus ionized calcium con-
centration. Ionized calcium increases approximately 
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0.16 mg/dL for each decrease of 0.1 unit in plasma 
pH and decreases by the same amount for each 
0.1 unit increase in pH.  

  Regulation of Extracellular 
Ionized Calcium Concentration 
 Calcium normally enters ECF by either absorp-
tion from the intestinal tract or resorption of bone; 
only 0.5–1% of calcium in bone is exchangeable 
with ECF. In contrast, calcium normally leaves the 
extracellular compartment by (1) deposition into 
bone, (2) urinary excretion, (3) secretion into the 
intestinal tract, and (4) sweat formation. Extracel-
lular [Ca 2+ ] is closely regulated by three hormones: 
parathyroid hormone (parathormone, PTH), vita-
min D, and calcitonin. Th ese hormones act primar-
ily on bone, the distal renal tubules, and the small 
bowel. 

  PTH  is the most important regulator of plasma 
[Ca 2+ ]. Decreases in plasma [Ca 2+ ] stimulate PTH 
secretion, while increases in plasma [Ca 2+ ] inhibit 
PTH secretion. Th e calcemic eff ect of PTH is due to 
(1) mobilization of calcium from bone, (2) enhance-
ment of calcium reabsorption in the distal renal 
tubules, and (3) an indirect increase in intestinal 
absorption of calcium via acceleration of 1,25-dihy-
droxycholecalciferol synthesis in the kidneys (see 
below). 

  Vitamin D  exists in several forms in the body, 
but 1,25-dihydroxycholecalciferol has the most 
important biological activity. It is the product of the 
metabolic conversion of (primarily endogenous) 
cholecalciferol, fi rst by the liver to 25-cholecalcif-
erol and then by the kidneys to 1,25-dihydroxycho-
lecalciferol. Th e latter transformation is enhanced 
by secretion of PTH as well as hypophosphatemia. 
Vitamin D augments intestinal absorption of cal-
cium, facilitates the action of PTH on bone, and 
appears to augment renal reabsorption of calcium in 
the distal tubules. 

  Calcitonin  is a polypeptide hormone that is 
secreted by parafollicular cells in the thyroid gland. 
Its secretion is stimulated by hypercalcemia and 
inhibited by hypocalcemia. Calcitonin inhibits 
bone reabsorption and increases urinary calcium 
excretion.   

  HYPERCALCEMIA 
 Hypercalcemia can occur as a result of a vari-
ety of disorders ( Table 49–11 ). In  primary hyper-
parathyroidism , secretion of PTH is increased and 
is independent of [Ca 2+ ]. In contrast, in  second-
ary hyperparathyroidism  (chronic renal failure 
or malabsorption), the elevated PTH levels are in 
response to chronic hypocalcemia. Prolonged sec-
ondary hyperparathyroidism, however, can occa-
sionally result in autonomous secretion of PTH, 
resulting in a normal or elevated [Ca 2+ ] ( tertiary 
hyperparathyroidism ).  

 Patients with cancer can present with hypercal-
cemia whether or not bone metastases are present. 
Most oft en this is due to direct bony destruction, or 
secretion of humoral mediators of hypercalcemia 
(PTH-like substances, cytokines, or prostaglandins), 
or both. Hypercalcemia due to increased turnover 
of calcium from bone can also be encountered in 
patients with benign conditions such as Paget’s 
disease and chronic immobilization. Increased 
gastrointestinal absorption of calcium can lead to 
hypercalcemia in patients with the  milk-alkali syn-
drome  (marked increase in calcium intake), hypervi-
taminosis D, or granulomatous diseases (enhanced 
sensitivity to vitamin D). 

  Clinical Manifestations 
of Hypercalcemia 
 Hypercalcemia oft en produces anorexia, nausea, 
vomiting, weakness, and polyuria. Ataxia, irritabil-
ity, lethargy, or confusion can rapidly progress to 

   TABLE 4911  Causes of hypercalcemia. 

  Hyperparathyroidism 
 Malignancy 
 Excessive vitamin D intake 
 Paget’s disease of bone 
 Granulomatous disorders (sarcoidosis, tuberculosis) 
 Chronic immobilization 
 Milk-alkali syndrome 
 Adrenal insufficiency 
 Drug-induced

   Thiazide diuretics 
 Lithium     
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coma. Hypertension is oft en present initially before 
hypovolemia supervenes. ECG signs include a 
shortened ST segment and a shortened QT interval. 
Hypercalcemia increases cardiac sensitivity to digi-
talis. Pancreatitis, peptic ulcer disease, and kidney 
failure may also complicate hypercalcemia.  

  Treatment of Hypercalcemia 
     Symptomatic hypercalcemia requires rapid 
treatment. Th e most eff ective initial treatment 

is rehydration followed by a brisk diuresis (urinary 
output 200–300 mL/h) utilizing intravenous saline 
infusion and a loop diuretic to accelerate calcium 
excretion. Premature diuretic therapy prior to rehy-
dration may aggravate the hypercalcemia by exac-
erbating volume depletion. Renal loss of potassium 
and magnesium usually occurs during diuresis, and 
laboratory monitoring and intravenous replacement 
as necessary should be performed. Although hydra-
tion and diuresis may remove the potential risk of 
cardiovascular and neurological complications of 
hypercalcemia, the serum calcium level usually 
remains elevated above normal. Additional therapy 
with a bisphosphonate or calcitonin may be required 
to further lower the serum calcium level. Severe 
hypercalcemia (>15 mg/dL) usually requires addi-
tional therapy aft er saline hydration and furosemide 
calciuresis. Bisphosphonates or calcitonin are pre-
ferred agents. Intravenous administration of pami-
dronate (Aredia) or etidronate (Didronel) is oft en 
utilized in this setting. Dialysis is very eff ective in 
correcting severe hypercalcemia and may be neces-
sary in the presence of kidney or heart failure. Addi-
tional treatment depends on the underlying cause of 
the hypercalcemia and may include glucocorticoids 
in the setting of vitamin D–induced hypercalcemia 
such as granulomatous disease states. 

 It is necessary to look for the underlying eti-
ology and direct appropriate treatment toward the 
cause of the hypercalcemia once the initial threat of 
hypercalcemia has been removed. Approximately 
90% of all hypercalcemia is due to either malignancy 
or hyperparathyroidism. Th e best laboratory test for 
discriminating between these two main categories 
of hypercalcemia is the PTH assay. Th e serum PTH 
concentration is usually suppressed in malignancy 
states and elevated in hyperparathyroidism.  
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  Anesthetic Considerations 
 Signifi cant hypercalcemia is a medical emergency 
and should be corrected, if possible, before admin-
istration of any anesthetic. Ionized calcium levels 
should be monitored closely. If surgery must be 
performed, saline diuresis should be continued 
intraoperatively with care to avoid hypovolemia; 
appropriate goal-directed hemodynamic and fl uid 
management therapy (see Chapter 51) should be 
utilized, especially for patients with cardiac impair-
ment. Serial measurements of [K + ] and [Mg 2+ ] 
are helpful in detecting iatrogenic hypokalemia 
and hypomagnesemia. Responses to anesthetic 
agents are not predictable. Ventilation should 
be controlled under general anesthesia. Acidosis 
should be avoided so as to not worsen the elevated 
plasma [Ca 2+ ].   

  HYPOCALCEMIA 
 Hypocalcemia should be diagnosed only on the 
basis of the plasma ionized calcium concentration. 
When direct measurements of plasma [Ca 2+ ] are not 
available, the total calcium concentration must be 
corrected for decreases in plasma albumin concen-
tration (see above). Th e causes of hypocalcemia are 
listed in  Table 49–12 .  

   TABLE 4912  Causes of hypocalcemia. 

  Hypoparathyroidism  

  Pseudohypoparathyroidism  

  Vitamin D deficiency 
   Nutritional 
 Malabsorption

   Postsurgical (gastrectomy, short bowel) 
 Inflammatory bowel disease    

 Altered vitamin D metabolism    

  Hyperphosphatemia  

  Precipitation of calcium 
   Pancreatitis 
 Rhabdomyolysis 
 Fat embolism    

   Chelation of calcium 
   Multiple rapid red blood transfusions or rapid infusion 
of large amounts of albumin     
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 Hypocalcemia due to hypoparathyroidism is a 
relatively common cause of symptomatic hypocal-
cemia. Hypoparathyroidism may be surgical, idio-
pathic, part of multiple endocrine defects (most 
oft en with adrenal insuffi  ciency), or associated 
with hypomagnesemia. Magnesium defi ciency may 
impair the secretion of PTH and antagonize the 
eff ects of PTH on bone. Hypocalcemia during sep-
sis is also thought to be due to suppression of PTH 
release. Hyperphosphatemia (see below) is also a 
relatively common cause of hypocalcemia, particu-
larly in patients with chronic renal failure. Hypo-
calcemia due to vitamin D defi ciency may be the 
result of a markedly reduced intake (nutritional), 
vitamin D malabsorption, or abnormal vitamin D 
metabolism. 

 Chelation of calcium ions with the citrate ions 
in blood preservatives is an important cause of 
perioperative hypocalcemia in transfused patients; 
similar transient decreases in [Ca 2+ ] are also pos-
sible following rapid infusions of large volumes of 
albumin. Hypocalcemia following acute pancreati-
tis is thought to be due to precipitation of calcium 
with fats (soaps) following the release of lipolytic 
enzymes and fat necrosis; hypocalcemia following 
fat embolism may have a similar basis. Precipitation 
of calcium (in injured muscle) may also be seen fol-
lowing rhabdomyolysis. 

 Less common causes of hypocalcemia include 
calcitonin-secreting medullary carcinomas of the 
thyroid, osteoblastic metastatic disease (breast and 
prostate cancer), and  pseudohypoparathyroidism 
(familial unresponsiveness to PTH). Transient hypo-
calcemia may be seen following heparin, protamine, 
or glucagon administration. 

  Clinical Manifestations 
of Hypocalcemia 
 Manifestations of hypocalcemia include paresthe-
sias, confusion, laryngeal stridor (laryngospasm), 
carpopedal spasm (Trousseau’s sign), masseter 
spasm (Chvostek’s sign), and seizures. Biliary colic 
and bronchospasm have also been described. ECG 
may reveal cardiac irritability or QT interval pro-
longation, which may not correlate in severity with 
the degree of hypocalcemia. Decreased cardiac con-
tractility may result in heart failure, hypotension, 

or both. Decreased responsiveness to digoxin and 
β-adrenergic agonists may also occur.  

  Treatment of Hypocalcemia 
     Symptomatic hypocalcemia is a medical emer-
gency and should be treated immediately with 

intravenous calcium chloride (3–5 mL of a 10% solu-
tion) or calcium gluconate (10–20 mL of a 10% solu-
tion). (Ten milliliters of 10% CaCl 2  contains 272 mg 
of Ca 2+ , whereas 10 mL of 10% calcium gluconate 
contains only 93 mg of Ca 2+ .) To avoid precipita-
tion, intravenous calcium should not be given with 
bicarbonate- or phosphate-containing solutions. 
Serial ionized calcium measurements are manda-
tory. Repeat boluses or a continuous infusion (Ca 2+

1–2 mg/kg/h) may be necessary. Plasma magnesium 
concentration should be checked to exclude hypo-
magnesemia. In chronic hypocalcemia, oral calcium 
(CaCO 3 ) and vitamin D replacement are usually 
necessary.  

  Anesthetic Considerations 
 Signifi cant hypocalcemia should be corrected pre-
operatively. Serial ionized calcium levels should be 
monitored intraoperatively in patients with a his-
tory of hypocalcemia. Alkalosis should be avoided to 
prevent further decreases in [Ca 2+ ]. Intravenous cal-
cium may be necessary following rapid transfusions 
of citrated blood products or large volumes of albu-
min solutions. Potentiation of the negative inotropic 
eff ects of barbiturates and volatile anesthetics should 
be expected. Responses to NMBs are inconsistent 
and require close monitoring with a nerve stimulator.    

  Disorders of 
Phosphorus Balance 
 Phosphorus is an important intracellular constitu-
ent. Its presence is required for the synthesis of 
(1) the phospholipids and phosphoproteins in cell 
membranes and intracellular organelles, (2) the 
phosphonucleotides involved in protein synthesis 
and reproduction, and (3) ATP used for the storage 
of energy. Only 0.1% of total body phosphorus is in 
ECF; 85% is in bone and 15% is intracellular. 
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  NORMAL PHOSPHORUS 
BALANCE 
 Phosphorus intake averages 800–1500 mg/d in 
adults. About 80% of that amount is normally 
absorbed in the proximal small bowel. Vitamin 
D increases intestinal absorption of phosphorus. 
Th e kidneys are the major route for phosphorus 
excretion and are responsible for regulating total 
body phosphorus content. Urinary excretion of 
 phosphorus depends on both intake and plasma 
concentration. Secretion of PTH can augment 
 urinary phosphorus excretion by inhibiting its 
proximal tubular reabsorption. Th e latter eff ect 
may be off set by PTH-induced release of phosphate 
from bone. 

  Plasma Phosphorus Concentration 
 Plasma phosphorus exists in both organic and 
inorganic forms. Organic phosphorus is mainly in 
the form of phospholipids. Of the inorganic phos-
phorus fraction, 80% is fi lterable in the kidneys and 
20% is protein bound. Th e majority of inorganic 
phosphorus is in the form of H 2 PO 4  

−  and HPO 4  
2−  

in a 1:4 ratio. By convention, plasma phosphorus 
is measured as milligrams of elemental phospho-
rus. Normal plasma phosphorus concentration is 
2.5–4.5 mg/dL (0.8–1.45 mmol/L) in adults and 
up to 6 mg/dL in children. Plasma phosphorus 
concentration is usually measured during fasting, 
because a recent carbohydrate intake transiently 
decreases the plasma phosphorus concentration. 
Hypophosphatemia increases vitamin D produc-
tion, whereas hyperphosphatemia depresses it. 
Th e latter plays an important role in the genesis 
of secondary hyperparathyroidism in patients with 
chronic kidney failure (see Chapter 30).   

  HYPERPHOSPHATEMIA 
 Hyperphosphatemia may be seen with increased 
phosphorus intake (abuse of phosphate laxatives 
or excessive potassium phosphate administration), 
decreased phosphorus excretion (renal insuffi  -
ciency), or massive cell lysis (following chemother-
apy for lymphoma or leukemia). 

  Clinical Manifestations 
of Hyperphosphatemia 
 Although hyperphosphatemia itself does not 
appear to be directly responsible for any functional 
disturbances, its secondary eff ect on plasma [Ca 2+ ] 
can be important. Marked hyperphosphatemia is 
thought to lower plasma [Ca 2+ ] by precipitation 
and deposition of calcium phosphate in bone and 
soft  tissues.  

  Treatment of Hyperphosphatemia 
 Hyperphosphatemia is generally treated with phos-
phate-binding antacids such as aluminum hydrox-
ide or aluminum carbonate.  

  Anesthetic Considerations 
 Although specifi c interactions between hyperphos-
phatemia and anesthesia are generally not described, 
renal function should be carefully evaluated. Sec-
ondary hypocalcemia should also be excluded.   

  HYPOPHOSPHATEMIA 
 Hypophosphatemia is usually the result of either a 
negative phosphorus balance or cellular uptake of 
extracellular phosphorus (an intercompartmental 
shift ). Intercompartmental shift s of phosphorus 
can occur during alkalosis and following carbo-
hydrate ingestion or insulin administration. Large 
doses of aluminum or magnesium-containing ant-
acids, severe burns, inadequate phosphorus sup-
plementation during hyperalimentation, diabetic 
ketoacidosis, alcohol withdrawal, and prolonged 
respiratory alkalosis can all produce a negative phos-
phorus balance and lead to severe hypophosphate-
mia (<0.3 mmol/dL or <1.0 mg/dL). In contrast to 
respiratory alkalosis, metabolic alkalosis rarely leads 
to severe hypophosphatemia. 

  Clinical Manifestations of 
Hypophosphatemia 
 Mild to moderate hypophosphatemia (1.5–2.5 mg/
dL) is generally asymptomatic. In contrast, severe 
hypophosphatemia (<1.0 mg/dL) is oft en associ-
ated with widespread organ dysfunction. Cardio-
myopathy, impaired oxygen delivery (decreased 
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2,3-diphosphoglycerate levels), hemolysis, impaired 
leukocyte function, platelet dysfunction, encepha-
lopathy, skeletal myopathy, respiratory failure, rhab-
domyolysis, skeletal demineralization, metabolic 
acidosis, and hepatic dysfunction have all been asso-
ciated with severe hypophosphatemia.  

  Treatment of Hypophosphatemia 
 Oral phosphorus replacement is generally preferable 
to parenteral replacement because of the increased 
risk of phosphate precipitation with calcium, result-
ing in hypocalcemia, and also because of the increased 
risks of hyperphosphatemia, hypomagnesemia, and 
hypotension. Accordingly, intravenous replacement 
therapy is usually reserved for instances of symptom-
atic hypophosphatemia and extremely low phosphate 
levels (<0.32 mmol/L). In situations where oral phos-
phate replacement is utilized, vitamin D is required 
for intestinal phosphate absorption.  

  Anesthetic Considerations 
 Anesthetic management of patients with hypophos-
phatemia requires familiarity with its complications 
(see above). Hyperglycemia and respiratory alkalo-
sis should be avoided to prevent further decreases 
in plasma phosphorus concentration. Neuromus-
cular function must be monitored carefully when 

NMBs are given.     Some patients with severe 
hypophosphatemia may require mechanical 

ventilation postoperatively because of muscle 
weakness.    

  Disorders of 
Magnesium Balance 
 Magnesium is an important intracellular cation that 
functions as a cofactor in many enzyme pathways. 
Only 1–2% of total body magnesium stores is present 
in the ECF compartment; 67% is contained in bone, 
and the remaining 31% is intracellular. Magnesium 
has been reported to decrease anesthetic require-
ments, attenuate nociception, blunt the cardiovascular 
response to laryngoscopy and intubation, and poten-
tiate NMBs. Suggested mechanisms of action include 
altering central nervous system neurotransmitter 
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release, moderating adrenal medullary catechol-
amine release, and antagonizing the eff ect of calcium 
on vascular smooth muscle. Magnesium impairs the 
calcium-mediated presynaptic release of acetylcholine 
and may also decrease motor end-plate sensitivity to 
acetylcholine and alter myocyte membrane potential. 

 In addition to the treatment of magnesium 
defi ciency, administration of magnesium is utilized 
therapeutically for preeclampsia and eclampsia, 
torsades de pointes and digoxin-induced cardiac 
tachyarrhythmias, and status asthmaticus. 

  NORMAL MAGNESIUM 
BALANCE 
 Magnesium intake averages 20–30 mEq/d (240–
370 mg/d) in adults. Of that amount, only 30–40% 
is absorbed, mainly in the distal small bowel. Renal 
excretion is the primary route for elimination, 
averaging 6–12 mEq/d. Magnesium reabsorption 
by the kidneys is very effi  cient. Twenty-fi ve per-
cent of fi ltered magne sium is reabsorbed in the 
proximal tubule, whereas 50–60% is reabsorbed in 
the thick ascending limb of the loop of Henle. Fac-
tors known to increase magne sium reabsorption in 
the kidneys include hypomagnesemia, PTH, hypo-
calcemia, ECF depletion, and metabolic alkalosis. 
Factors known to increase renal excretion include 
hypermagnesemia, acute volume expansion, hyper-
aldosteronism, hypercalcemia, ketoacidosis, diuret-
ics, phosphate depletion, and alcohol ingestion. 

  Plasma Magnesium Concentration 
 Plasma [Mg 2+ ] is closely regulated between 1.7 
and 2.1 mEq/L (0.7–1 mmol/L or 1.7–2.4 mg/dL) 
through interaction of the gastrointestinal tract 
(absorption), bone (storage), and the kidneys (excre-
tion). Approximately 50–60% of plasma magnesium 
is unbound and diff usible.   

  HYPERMAGNESEMIA 
 Increases in plasma [Mg 2+ ] are nearly always due to 
excessive intake (magnesium-containing antacids or 
laxatives), renal impairment (GFR < 30 mL/min), 
or both. Less common causes include adrenal 
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insuffi  ciency, hypothyroidism, rhabdomyolysis, and 
lithium administration. Magnesium sulfate therapy 
for preeclampsia and eclampsia can cause hyperma-
gnesemia in the mother as well as in the fetus. 

  Clinical Manifestations of 
Hypermagnesemia 
 Symptomatic hypermagnesemia typically presents 
with neurological, neuromuscular, and cardiac 
manifestations, including hyporefl exia, sedation, 
muscle weakness, and respiratory depression. 
Vasodilation, bradycardia, and myocardial depres-
sion may cause hypotension. ECG signs may 
include prolongation of the P–R interval and wid-

ening of the QRS complex.     Marked hyper-
magnesemia can lead to respiratory and 

cardiac arrest.  

  Treatment of Hypermagnesemia 
 With relatively mild hypermagnesemia, all that 
is usually necessary is to discontinue source(s) of 
magnesium intake (most oft en antacids). In cases 
of relatively high [Mg 2+ ], and especially in the pres-
ence of clinical signs of magnesium toxicity, intra-
venous calcium can temporarily antagonize most 
of the eff ects of clinical toxicity. A loop diuretic in 
conjunction with intravenous fl uid replacement 
enhances urinary magnesium excretion in patients 
with adequate renal function. When diuretic 
administration with intravenous infusion is used 
to enhance magnesium excretion, serial measure-
ments of [Ca 2+ ] and [Mg 2+ ] should be obtained, 
a urinary catheter is required, and goal-directed 
hemodynamic and fl uid management should be 
considered. Dialysis may be necessary in patients 
with marked renal impairment. In cases of severe 
magnesium toxicity, ventilatory or circulatory 
support, or both, may be necessary.  

  Anesthetic Considerations 
 Hypermagnesemia requires close monitoring of 
the ECG, blood pressure, and neuromuscular 
function. Potentiation of the vasodilatory and 
negative inotropic properties of anesthetics should 
be expected. Dosages of nondepolarizing NMBs 
should be reduced.   
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  HYPOMAGNESEMIA 
 Hypomagnesemia is a common and frequently 
overlooked problem, particularly in critically ill 
patients, and is oft en associated with defi ciencies of 
other intracellular components such as potassium 
and phosphorus. It is commonly found in patients 
undergoing major cardiothoracic or abdominal 
operations, and its incidence among patients in 
intensive care units may exceed 50%. Defi ciencies 
of magnesium are generally the result of inadequate 
intake, reduced gastrointestinal absorption, and 
increased renal excretion ( Table 49–13 ). Drugs that 
cause renal wasting of magnesium include ethanol, 
theophylline, diuretics, cisplatin, aminoglycosides, 
cyclosporine, amphotericin B, pentamidine, and 
granulocyte colony-stimulating factor.  

  Clinical Manifestations 
of Hypomagnesemia 
 Most patients with hypomagnesemia are asymp-
tomatic, but anorexia, weakness, fasciculation, par-
esthesias, confusion, ataxia, and seizures may be 

   TABLE 4913  Causes of hypomagnesemia. 

  Inadequate intake 
   Nutritional    

  Reduced gastrointestinal absorption 
   Malabsorption syndromes 
 Small bowel or biliary fistulas 
 Prolonged nasogastric suctioning 
 Severe vomiting or diarrhea 
 Chronic laxative abuse    

  Increased renal losses 
   Diuresis 
 Diabetic ketoacidosis 
 Hyperparathyroidism 
 Hyperaldosteronism 
 Hypophosphatemia 
 Nephrotoxic drugs 
 Postobstructive diuresis    

   Multifactorial 
   Chronic alcoholism 
 Protein–calorie malnutrition 
 Hyperthyroidism 
 Pancreatitis 
 Burns     
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Fluid replacement consists of 3500 mL of lactated 
Ringer’s injection and 750 mL of 5% albumin.  

One hour after admission to the postanes-
thesia care unit, the patient is awake, his blood 
pressure is 130/70 mm Hg, and he appears to 
be breathing well (18 breaths/min, Fi O  2  = 0.4). 
Urinary output has been only 20 mL in the last 
hour. Laboratory measurements are as  follows: 
Hb, 10.4 g/dL; plasma Na + , 133 mEq/L; K + , 
3.8 mEq/L; Cl − , 104 mEq/L; total CO 2 , 20 mmol/L; 
Pa O  2 , 156 mm Hg; arterial blood pH, 7.29; Pa CO  2 , 
38 mm Hg; and calculated HCO 3  − , 18 mEq/L.   

 What is the most likely explanation 
for the hyponatremia? 

  Multiple factors tend to promote hyponatre-
mia postoperatively, including nonosmotic antidi-
uretic hormone (ADH) secretion (surgical stress, 
hypovolemia, and pain), large evaporative and 
functional fl uid losses (tissue sequestration), and 
the administration of hypotonic intravenous fl u-
ids. Hyponatremia is particularly common postop-
eratively in patients who have received relatively 
large amounts of lactated Ringer’s injection ([Na + ] 
130 mEq/L); the postoperative plasma [Na + ] gener-
ally approaches 130 mEq/L in such patients. (Fluid 
replacement in this patient was appropriate con-
sidering basic maintenance requirements, blood 
loss, and the additional fl uid losses usually associ-
ated with this type of surgery.)    

 Why is the patient hyperchloremic and acidotic 
(normal arterial blood pH is 7.35–7.45)? 

  Operations for supravesical urinary diversion 
utilize a segment of bowel (ileum, ileocecal seg-
ment, jejunum, or sigmoid colon) that is made to 
function as a conduit or reservoir. The simplest and 
most common procedure utilizes an isolated loop 
of ileum as a conduit: the proximal end is anasto-
mosed to the ureters, and the distal end is brought 
through the skin, forming a stoma.  

  Whenever urine comes in contact with 
bowel mucosa, the potential for signifi cant 
fl uid and electrolyte exchange exists. The ileum 
actively absorbs chloride in exchange for bicar-
bonate, and sodium in exchange for potassium 

encountered. Hypomagnesemia is frequently associ-
ated with both hypocalcemia (impaired PTH secre-
tion) and hypokalemia (due to renal K +  wasting). 
Cardiac manifestations include electrical irritability 
and potentiation of digoxin toxicity; both factors 
are aggravated by hypokalemia. Hypomagnesemia 
is associated with an increased incidence of atrial 
fi brillation. Prolongation of the P–R and QT inter-
vals may also be present.  

  Treatment of Hypomagnesemia 
 Asymptomatic hypomagnesemia can be treated 
orally or intramuscularly. Serious manifestations 
such as seizures should be treated with intravenous 
magnesium sulfate, 1–2 g (8–16 mEq or 4–8 mmol) 
given slowly over 15–60 min.  

  Anesthetic Considerations 
 Although no specifi c anesthetic interactions are 
described, coexistent electrolyte disturbances such 
as hypokalemia, hypophosphatemia, and hypocalce-
mia are oft en present and should be corrected prior 

to surgery.     Isolated hypomagnesemia should 
be corrected prior to elective procedures 

because of its potential for causing cardiac arrhyth-
mias. Moreover, magnesium appears to have intrin-
sic antiarrhythmic properties and possibly cerebral 
protective eff ects (see Chapter 26). It is frequently 
administered preemptively to lessen the risk of post-
operative atrial fi brillation in patients undergoing 
cardiac surgery.  

 CASE DISCUSSION

Electrolyte Abnormalities 
Following Urinary Diversion 
  A 70-year-old man with carcinoma of the blad-
der presents for radical cystectomy and ileal 
loop urinary diversion. He weighs 70 kg and has 
a 20-year history of hypertension. Preoperative 
laboratory measurements revealed normal 
plasma electrolyte concentrations and a blood 
urea nitrogen (BUN) of 20 mg/dL with a serum 
creatinine of 1.5 mg/dL. The operation lasts 4 h 
and is performed under uncomplicated general 
anesthesia. The estimated blood loss is 900 mL. 
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or hydrogen ions. When chloride absorption 
exceeds sodium absorption, plasma chloride con-
centration increases, whereas plasma bicarbon-
ate concentration decreases—a hyperchloremic 
metabolic acidosis is established. In addition, the 
colon absorbs NH 4+  directly from urine; the latter 
may also be produced by urea-splitting bacteria. 
Hypokalemia results if signifi cant amounts of Na +  
are exchanged for K + . Potassium losses through 
the conduit are increased by high urinary sodium 
concentrations. Moreover, a potassium defi cit may 
be present—even in the absence of hypokale-
mia—because movement of K +  out of cells (sec-
ondary to the acidosis) can prevent an appreciable 
decrease in extracellular plasma [K + ].    

 Are there any factors that tend to increase the 
likelihood of hyperchloremic metabolic acidosis 
following urinary diversion? 

  The longer the urine is in contact with bowel, 
the greater the chance that hyperchloremia and 
acidosis will occur. Mechanical problems such as 
poor emptying or redundancy of a conduit—along 
with hypovolemia—thus predispose to hyperchlo-
remic metabolic acidosis. Preexisting renal impair-
ment also appears to be a major risk factor and 
probably represents an inability to compensate for 
the excessive bicarbonate losses.    

 What treatment, if any, is required for this 
patient? 

  The ileal loop should be irrigated with saline—
through the indwelling catheter or stent—to 
exclude partial obstruction and ensure free drain-
age of urine. Hypovolemia should be considered 
and treated based on goal-directed hemodynamic 
and fl uid therapy or the response to a fl uid chal-
lenge (see Chapter 51). A mild to moderate sys-
temic acidosis (arterial pH > 7.25) is generally 
well tolerated by most patients. Moreover, hyper-
chloremic metabolic acidosis following ileal con-
duits is often transient and usually due to urinary 
stasis. Persistent or more severe acidosis requires 
treatment with sodium bicarbonate. Potassium 
replacement may also be required if hypokalemia 
is present.    

 Are electrolyte abnormalities seen with other 
types of urinary diversion? 

  Procedures employing bowel as a conduit (ileal 
or colonic) are less likely to result in hyperchlore-
mic metabolic acidosis than those in which bowel 
functions as a reservoir. The incidence of hyper-
chloremic metabolic acidosis approaches 80% fol-
lowing ureterosigmoidostomies.      
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